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Abstract

The microbial community residing in the reticulo-rumen degrades plant material to
provide energy for its ruminant host. The key enzymes and proteins for plant fibre degradation
are secreted from the microbial cells, and form part of the ‘metasecretome’ - the collection of
cell-surface and secreted proteins that mediate important interactions between the microbiota and
their rumen environment. Consequently, the metasecretome represents a valuable repository of
bioactivities with potential applications in enhancing fibre digestibility and feed efficiency in
ruminant animals, and in improving the depolymerisation of lignocellulosic feedstocks for biofuel
production.

A new metasecretome phage display approach was developed in this thesis, with the aim
to focus sequencing efforts on the metasecretome-encoding component of complex microbial
community genomes (metagenomes). This was achieved by combining secretome-selective phage
display at a metagenomic scale with next-generation sequence analysis. The ability of this
approach to focus metagenome mining onto sequences encoding surface and secreted proteins
from the highly fibrolytic rumen plant-adherent microbiota of a dairy cow has been assessed.

The metasecretome selection protocol efficiently enriched for a broad spectrum of
metasecretome protein coding sequences, both in terms of the taxonomic and functional diversity,
and the membrane-targeting signals present. This allowed in silico identification of functionally
diverse surface and secreted carbohydrate-active enzymes (CAZymes). In particular, the
metasecretome dataset was enriched for sequences encoding putative components characteristic
of cellulosomes, the cell-surface multi-protein structures specialised for the degradation of plant
fibre.

Over one-sixth of the putative CAZymes identified in the metasecretome dataset shared a
low sequence similarity with putative CAZymes identified through previous genomic and
metagenomic studies; hence this work has identified proteins that potentially have novel
carbohydrate-active functions.

Affinity screening of the metagenomic phage display library on amorphous cellulose and
arabinoxylan significantly enriched for a putative serine/threonine protein kinase. In silico
analyses have not associated this protein with recognised carbohydrate binding functions, thus the
observed binding may have not been carbohydrate specific.

Overall, the methodology developed in this thesis is applicable for the high-throughput
metasecretome exploration and is complementary to existing strategies used for mining surface

and secreted proteins of complex microbial communities.
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Chapter 1. Literature review

1.1 Introduction

The rumen is the fermentative forestomach of ruminant animals, and is often described
as the engine of the New Zealand economy. As of June 2012, products derived from ruminant
animals (including dairy, meat and wool) represented over 50% of New Zealand’s total
commodity export and contributed over $19 billion to the economy . Accordingly, the pastoral
agricultural industry is heavily reliant on ruminants, and in 2012, New Zealand had 3.7 million
beef and 6.4 million dairy cattle, 31.3 million sheep and 1.1 million deer [1].

The diet of New Zealand ruminants is predominantly based on pasture and contains a
large proportion of fibre [2]. Dietary fibre is mainly composed of plant cell wall
polysaccharides, and cannot be degraded by the animal’s own digestive enzymes, and instead,
its degradation is performed by a complex microbial community residing within the rumen.
Digestibility of the lignocellulosic component of fibre represents the main limiting factor for
increasing ruminant productivity. Secreted and cell-surface associated fibrolytic enzymes and
accessory proteins produced by rumen microbes have a central role in initiating fibre
degradation and therefore are of significant interest.

Such proteins have potential applications in agriculture, biomass waste management
and biofuel production, and can also contribute to a better understanding of the mechanisms
underlying fibrolytic processes. They also represent potential targets for improving the
enzymatic performance, lowering production costs and obtaining enzymes tailored for specific
application through genetic engineering and directed evolution [3-6].

Rumen microorganisms have been used, since the early 1980s, as a source of enzymatic
activities involved in the degradation of lignocellulose. The traditional approach to tap into this
resource is via the cultivation of rumen microbes and screening for individual strains with the
desired activities. Considering that only a limited fraction of the rumen microbial diversity is
currently represented by microbes in culture [7-9], complex microbial communities are being
explored using culture-independent molecular approaches, including metagenomics [10].
Metagenomic approaches for novel bioactive discovery include shotgun sequencing of
community DNA to determine the genetic potential of the community, or targeted functional
screens of libraries constructed from community DNA [11]. Structural and functional genomic

studies of cultured fibre-degrading microorganisms, in combination with metagenomic studies
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of different biomass-degrading ecosystems, have revealed new approaches for fibre degradation
and binding [12-25].

The rumen represents one of the most complex microbial ecosystems, and its
complexity, in combination with current limits of high-throughput sequencing platforms
typically results in low coverage of the complete metagenomic gene pool, even in a large scale
metagenomic investigations [26]. Genes encoding secreted and surface fibrolytic enzymes and
accessory proteins represent a fraction of the secretome protein encoding genes in the rumen
bacterial community, which comprise 10 — 30% of the total coding capacity of bacterial
genomes [27, 28]. Focusing sequencing efforts onto the subset of metagenomic sequences
encoding secreted and surface proteins is predicted to increase the chance of detecting rare
genes that have not yet been captured by traditional metagenomic approaches and could lead to
expanding the known repertoire of catalytic and accessory fibrolytic activities from a highly

complex microbial community.

1.2 Rumen

1.2.1 Rumen, a continuous-flow fermenter for microbial fibre degradation

Ruminant animals possess a foregut fermentation strategy, and comprise nearly 200
species of herbivorous mammals belonging to six different families. The majority of ruminant
species are members of the families Bovidae and Cervidae, found natively across a range of
climates and habitats on all continents except Antarctica and Australia. Domesticated ruminants,
such as cattle, sheep, goats, water buffalos, yaks and reindeer, sustain the livelihoods of
hundreds of millions of people worldwide [29, 30].

The defining characteristic of ruminants is the possession of the rumen. This term
commonly refers to the first two compartments of the animal’s four-chambered stomach, the
reticulum and the rumen. The rumen is followed in the digestive tract by the omasum, and the
true acid stomach, known as the abomasum, which is similar in structure and function to the
stomach of monogastric animals [31]. Ruminant animals have evolved a unique symbiotic
relationship with a complex microbial community residing in their rumen. Members of this
community have key roles in initial feed digestion, and the release of energy locked in the plant
cell walls which are indigestible to the ruminant host. About 55 — 65% of digestion takes place
in the rumen, 20 — 30% in the small intestine and 5 — 15% in the large intestine. The microbiota
are responsible for digestion in the rumen and large intestine, while host enzymes enable

abomasal and small intestine digestion [2].
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The rumen is a large organ that can hold around 60 — 120 kg of content (digesta) in
cows and 6 — 8 kg digesta in sheep, with daily digesta flow of 120 — 200 L for cows and
10 — 30 L for sheep. Digesta in the rumen typically contains only 9 — 18% of dry matter and is
buffered by copious amounts of saliva [2, 31]. The rumen acts as an anaerobic, continuous-flow
fermenter for microbial fibre digestion. It provides optimal conditions for maintaining high
microbial densities of predominantly obligate, and some facultative, anaerobes and facilitates
microbial digestion of plant material [31, 32]. Turnover rate of digesta in the rumen is diet-
dependant and is approximately 30 h. A stable temperature of 39°C is maintained in the rumen
and may rise slightly after feeding, when fermentation is maximal [33]. Acidic end-products of
carbohydrate fermentation are buffered with bicarbonates from saliva to maintain an optimal
rumen pH for fermentation (between 5.8 — 6.8) [34]. Physically, the rumen contents are mixed
by regular contractions and ruminated (regurgitated and chewed) several times, which assists
microbial fibre degradation and the reduction of plant fragments to a size where they can pass,
together with the liquid phase, out of the rumen [2, 35].

The end-products of the feed digestion in the rumen are: volatile fatty acids (VFAS),
such as acetate, propionate, butyrate and valerate; peptides, amino acids and nucleic acids
(mainly from degraded bacteria); saturated dietary and microbial long-chain fatty acids. Gases
(methane and carbon-dioxide) are also produced from rumen fermentation, but are expelled by
eructation [2]. VFAs are a major energy source, and together with microbial proteins, provide
70 — 85% of the nutrients absorbed by the animal, and are therefore of key importance for

nutrition and productivity [2, 36].

1.2.2 The rumen microbiota and its role in fibre digestion - an overview

The rumen microbiota is phylogenetically diverse, and is comprised of bacteria
(10% — 10" cells/mL of rumen contents), methanogenic archaea (10" — 10° cells/mL), protozoa
(10* — 10° cells/mL), fungi (10 — 10° cells/mL) and bacteriophage (10° — 10" particles/mL).
The relative concentrations of these microbes are highly dependent on diet composition [37-40].
The majority of rumen microbes are obligate anaerobes, but a significantly smaller fraction of
facultative anaerobes have an important role in maintaining anaerobic conditions in the rumen
by rapidly metabolizing oxygen that is introduced with ingested plant material.

Bacteria are the most numerous and diverse group among the rumen microbiota, and are
responsible for the majority of the digestion in the rumen. Based on their substrate preference,
bacteria belonging to diverse functional groups are present, such as fibrolytic, proteolytic,

amylolytic, lipolytic, ureolytic, tanninolytic and acetogenic bacteria. Fibrolytic bacteria are the
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main suppliers of VFAs and microbial proteins for the host and their role in fibre digestion will
be discussed in detail in section 1.2.3.

Protozoa, large unicellular eukaryotes, digest both plant particles and bacteria, and are
known to establish ecto- and endo- symbiotic associations with methanogens for the disposal of
the hydrogen resulting from feed fermentation. Protozoa can account for up to two thirds of the
total rumen microbial biomass [40], and are represented by entodiniomorphs belonging to the
family Ophryoscolecidae (dominated by Entodinium caudatum) and the holotrichs from the
order Vestibuliferida (dominated by Isotricha prostoma and/or Dasytricha ruminantium) [38]. It
is thought that entodiniomorphs are directly involved in the degradation of plant fragments,
including complex plant cell wall carbohydrates, while holotrichs do not have an active role in
the fibre degradation and depend on starch granules and soluble polysaccharides [41]. Although
protozoa are not considered to provide a significant nutrient supply to the host, they have a
limited role in digestion of higher-quality forages with more soluble carbohydrate and plant
polysaccharide degradation [42-44].

Anaerobic fungi can constitute 8 — 20% of total microbial biomass in the rumen [39, 45]
and, in New Zealand ruminants, major phylogenetic groups belong to genera Piromyces,
Neocallimastix, Caecomyces and Orpinomyces [46]. Rumen fungi have high fibrolytic potential
[47], as well as the potential for the degradation of the more recalcitrant plant cell walls in
forages due to the unique ability of some rumen fungi to degrade lignified cell walls [48, 49].
For this reason, fungi have an important role in the initiation of plant fibre degradation, by
disrupting the fibre structure and allowing access of fibrolytic enzymes from non-fungal
members of rumen microbial community [50].

Rumen methanogenic archaea are dominated by species belonging to
Methanobrevibacter, Methanomicrobium and Thermoplasmatales-affiliated uncultured group,
termed Rumen Cluster C [51], and constitute about 0.3 — 3.3% of the rumen microbiota [52].
Rumen methanogens can metabolise fermentation end-products into methane, preventing their
accumulation within the rumen [53]. Rumen methanogens are mainly hydrogenotrophic, and
they have an important role in eliminating the inhibitory effects of hydrogen on microbial
fermentation by providing the main pathway for its disposal [51, 54]. A significant proportion
(between 2% and 12%) of total energy derived from fermentation in the rumen can be lost
through the production of enteric methane, which is emitted from the ruminant host [55, 56].

The current understanding of the role of the large and dynamic bacteriophage
community within the rumen is limited. It is thought that phage have an impact on maintaining a
continual balance of microbial communities, and reducing the efficiency of feed utilisation in

ruminants through extensive bacterial lysis [57, 58].
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1.2.3 Bacterial diversity in the rumen

The techniques used to examine rumen microbial diversity and abundance have evolved
from historically used culture-based techniques to modern culture-independent molecular
techniques, such as phylogenetic analyses of small-subunit ribosomal RNA (rrs) gene
sequences, DNA fingerprinting techniques such as denaturing gradient gel electrophoresis
(DGGE) and mass DNA sequencing of phylogenetically informative loci [40].

Diet, host genetics, developmental stage of the ruminant, animal management,
geographic and temporal factors, as well as different environmental niches (microenvironments)
within the rumen are among factors known to influence rumen microbial community structure
and add to the large global diversity of the rumen microbiome. Analysis of rrs gene sequences
amplified from different ruminant species, and animals fed different diets across broad
geographic regions have helped in expanding our understanding of the phylogenetic diversity
within the rumen [7]. It was estimated that in order to achieve 99.9% coverage of the global
rumen microbial diversity at the species level, a minimum of ~80,000 bacterial and ~25,000
archaeal rrs gene sequences, from samples obtained under different conditions known to
influence rumen microbial community structure, would need to be analysed.

Depending on rumen microenvironments (environmental niches) they occupy, bacteria
can be classified into several groups [59, 60]. Bacteria loosely and firmly associated with feed
particles comprise up to 75% of the metabolically active rumen microbial community, and are
crucial for plant cell wall breakdown and feed digestion [59, 61, 62]. Bacteria associated with
the rumen epithelium, as well as bacteria attached to the surface of the protozoa and fungal
sporangia (~1% of total rumen population) have a minor role in feed digestion. Free-living
(planktonic) bacteria associated with rumen liquid phase, such as non fibre-adherent cells and
daughter cells released from the cell division process on the colonised fibre, comprise 20 — 30%
of the total community microbes. Bacteria from the liquid rumen fraction have indirect roles in
fibre degradation [61, 63], possibly by cross-feeding on products of plant polysaccharide
decomposition by adherent rumen microbes [64].

The significant impact of diet, microenvironment and animal variation on rumen
bacterial community structure has been well documented. Differences in community
composition are greater between animals fed different diets [19, 42, 62, 65-68] than between
rumen microbes from different microenvironments (e.g. bacteria loosely and firmly associated
with feed particles, free-living bacteria associated with rumen liquid) within an animal [62, 69];
and both factors have a greater impact on the microbial diversity compared to intraspecific
animal to animal variation when the same diet and microenvironment are compared [70].
Significant differences in community composition were observed when bacterial populations

were compared between any two rumen microbial microenvironments within the same diet, but
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in contrast, differences were not observed when the same rumen microbial fraction from
different individual animals on a same diet was compared [70]. Studies by Larue et al. (2005)
[62] and Kong et al. (2010) [70] showed that dietary factors affect community structure in the
rumen of sheep or cow and that, within the same diet, the sub-communities tightly attached to
feed have more complex and diverse profiles as compared to sub-communities that were either
loosely attached to the feed, or planktonic.

It is thought that the complexity of the feed, especially its structural carbohydrates and
secondary compounds, favours microbial diversity [26], and prompt responses in rumen
bacterial diversity have been demonstrated for animals fed contrasting forage diets. For
example, a greater diversity of rumen bacterial communities has been observed in animals fed
with the structurally more complex Bermudagrass hay diet compared to wheat forage [42] or, in
the case where two high-fibre diets were compared, in animals fed more nutritionally complex
alfalfa hay compared to animals fed triticale straw, with a relatively restricted nutrient content
[70]. However, although highly responsive to dietary changes at the species level, the rumen
microbial ecosystem appears to be stable at the phylum, class and even order level and returns
to the original state after being affected by external factors, such as dietary intervention [71].

The feed-adherent bacterial community is distinct, and more diverse compared to those
in the loosely-attached and planktonic fractions [62, 70] and is dominated by the Firmicutes
[62, 72]. Analysis of prokaryotic and fungal diversity in the rumens of cows consuming a forage
diet, based on sequence analysis of rrs gene loci, demonstrated a significant difference between
the bacterial community profiles of the liquid and solid rumen content fractions [73]. However,
the diversity of archaea and fungi did not appear to differ between the two fractions. This study
also showed that the solid fraction of the rumen was dominated by members of the order
Clostridiales, mainly Butyrivibrio and Blautia, while Prevotella and Tannerella from the order
Bacteroidales were overrepresented in the liquid fraction. Other studies have also shown that
members of genus Prevotella are more prevalent in the liquid fraction of pasture-fed cows and
Bermudagrass hay- or wheat-fed steers, while members of genus Butyrivibrio are more
abundant in the solid fraction of pasture-fed cows and Bermudagrass hay- or wheat-fed steers
[8, 42, 70].

The extent of bacterial diversity found in the rumen is currently unknown, and
estimations made in different studies place the number of bacterial species-level operational
taxonomic units between 400 to over 5000 [7, 8, 19, 22, 70, 73-76]. Based on molecular studies
of large-scale 16S rRNA gene libraries, it is estimated that only a small proportion (perhaps as
low as 10%) of the rumen microbial diversity is currently represented by microbes in culture
[7-9]. The cultivated rumen microorganisms do not necessarily represent the numerically
dominant or functionally significant members of the rumen microbiome, and this is a major

barrier for defining the biology, functional roles and interactions in this microbial ecosystem.
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The phyla distribution observed in the rumen appears to be universal for different gut
environments, including hindgut fermenters and monogastric animals [18]. A study of the
global diversity of the rumen microbiome, estimated through the analysis of the publicly
available bacterial and archaeal rrs gene sequences from globally distributed domesticated and
wild ruminant animals, identified 19 bacterial phyla, while almost all archaeal sequences were
assigned to only one phylum, the Euryarchaeota [7]. The phyla Firmicutes (dominated by the
clostridial families, Lachnospiraceae and Ruminococcaceae), Bacteroidetes (dominated by
Prevotellaceae) and Proteobacteria (with representatives from all five classes) accounted for up
to 90% of all bacterial assignments, and most studies, regardless of experimental conditions,
diet or rumen contents fraction, identified these phyla as being dominant in the rumen [7, 8, 60,
68-70, 76, 77].

The major differences in rumen communities are seen at the genus and species levels.
However, there is mounting evidence for existence of a core rumen microbiome, which is
consistently present in different animals, microbial fractions and diets, but exhibits high
variability in abundance across samples. The core bovine rumen microbiome is comprised of
25 — 32 genera, including Acetivibrio, Barnesiella, Butyrivibrio, Fibrobacter, Oscillibacter,
Paraprevotella, Prevotella, Pseudobutyrivibrio, Ruminococcus, Succiniclasticum and
Treponema [65, 70, 73, 75, 78, 79], as well as genera belonging to three large groups of
unclassified (and mainly uncultured) Clostridiales, Lachnospiraceae and Ruminococcaceae [7].
Most studies identified Prevotella as the predominant genus within the rumen microbiome
[7, 42, 65, 71, 73, 75, 78]. The abundance of this genus has been confirmed by real-time PCR
guantification, however the majority of Prevotella species are still uncultured [80-82].

A limited number of fibrolytic rumen bacteria have been identified. Cultivation and
genomic studies identified the Gram-negative Fibrobacter succinogenes [15] and Gram-positive
Ruminococcus flavefaciens [12] and Ruminococcus albus [83] as cellulose degrading specialists.
The Gram-negative Prevotella [13] is a generalist capable of degrading and utilizing many
different polysaccharides, but not cellulose, while the Butyrivibrio/Pseudobutyrivibrio
assemblage [14], which is prominent in the rumen of animals on high fibre diets [84, 85], are
considered to be a primary hemicellulose-degrading group [26, 86]. Based on population
guantification using real-time PCR, it is becoming clear that some of the uncultured bacteria are
not only as abundant as known hemicellulolytic bacteria but also might have an important role

in ruminal feed digestion [82].
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1.2.4 Mechanisms of attachment and degradation of plant material by ruminal
fibrolytic bacteria

The reduction of plant particle size by the ruminant host and microbial enzymatic
hydrolysis of plant cell wall polysaccharides are the crucial steps in ruminant digestion [87].
Chewing during eating and rumination results in the significant reduction of feed particle size,
thus increasing substrate hydration and exposed surface area (by 10* — 10° fold), and physically
disrupts the protective cutin layer of forage, exposing the more digestible interior layers of the
plant cell wall [88, 89]. Rumen bacteria generally start digestion from the luminal side (interior)
of disrupted plant cells, only after lignified cells in the feed have been physically ruptured [90].
It is well established that physical or chemical pre-treatment of the feed increases the
digestibility of fibre in the rumen compared to untreated substrates [86]. Pre-treatment creates
more adhesion sites and production of well-defined pits in the colonised tissue increases
subsequent degradation. The cell walls are degraded from the inside out, starting from the
lumen of broken cell, towards the outer layer of the secondary cell wall and lignified middle
lamella [91]. In contrast, non-lignified cell walls can be degraded by rumen bacteria both from
the exterior and interior, and bacteria can digest adjoining cells via digestion of intervening
walls [92].

Feed particles are fermented in the rumen until they are small enough, typically
millimetre-size (depending on host species), to pass through the reticulo-omasal orifice to the
omasum. A relatively long retention time of feed particles in the rumen is enabled by the large
rumen size and omasal laminae that trap large feed particles and flush them back to the rumen.
This allows prolonged enzymatic access and hydrolysis of the cell wall polysaccharides by
microbial fibrolytic enzymes [93]. Approximately one third of the cells within the typical forage
particle size leave the rumen undigested because of their inaccessibility to the rumen microbes
[94]. The extent of feed degradation depends on the digestion rate and rate of passage of solids
from the rumen. Prolonged retention of digesta in the rumen (critical for maximizing the plant
cell wall cellulose and hemicellulose digestion) and faster rumen emptying allowing greater
feed intake (which results in a net increase of digested nutrients) are two opposing forces
affecting the ruminant’s digestion and productivity [95].

Fibrolytic bacterial species demonstrate different specificities for binding and
colonisation of fibre in the rumen. This species-specific mode of adhesion to plant cell walls
reduces competition between fibrolytic bacteria [59]. The strategy of strong and specific
adhesion of rumen microbes to the plant material increases digestion of the plant cell wall
polysaccharides and has several advantages: enzymes are concentrated on the substrate; other

microbes are excluded from the site of hydrolysis; bacteria and their enzymes are protected from
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ruminal proteases, and bacteria attached to feed particles have up to three times longer retention
time in the rumen as compared to planktonic bacteria [96].

Ingested forage is primarily colonised by planktonic cells or through direct physical
contact of the incoming forage and feed that is already colonised. Colonisation is a relatively
rapid process due to the high densities of bacteria and plant material in the rumen [59, 91].
Initial non-specific adhesion of bacteria to unprotected sites of the substrate, through van der
Waals forces, and conformation to the substrate shape and wedging into feed cavities is enabled
by components of the bacterial glycocalyx, and happens shortly after contact with the substrate
[96, 97]. Specific adhesion is mediated by interaction of ligands or adhesins on bacterial cell
surfaces (such as fimbriae or pili, glycosylated epitopes of the bacterial glycocalyx and
carbohydrate binding modules of fibrolytic enzymes and cellulosome complexes) with the
fibrous substrate. During initial cell wall polysaccharide digestion, ruminal bacteria specifically
attached to feed fibre receive signals stimulating the expression of inducible ligands, adhesins
and fibrolytic enzymes. For example, a model describing the formation of a Fibrobacter
succinogenes biofilm on a cellulose surface proposes that surface proteins (fibro-slime domain-
containing proteins and pilins forming type IV pili) might play a role in attachment of the
bacterial cell to the substrate, thus mediating close contact of cellulases and hemicellulases
associated with the cell membrane with plant cell wall polysaccharides and initiating their
deconstruction [98, 99]. Out of 25 identified proteins from the outer membrane fraction of
cellulose-grown F. succinogenes, 16 were up-regulated by growth on cellulose compared to
when grown on glucose [98]. Both the non-specific and specific phases of bacterial adhesion
depend on factors related to: bacteria (such as age, glycocalyx condition and microbial
competition), substrate (factors such as the presence of the protective plant tissue cuticle,
surface area, hydration status and ionic charge) and environment (factors such as temperature,
pH, presence of cations and soluble carbohydrates) [59]. In the last phase of adhesion, adhered
bacteria proliferate to create colonies on potentially digestible sites of forage particles.

Several studies of the dynamics of the early stages of colonisation of fresh forage by
fibrolytic bacteria indicate that a diverse community of ruminal bacteria colonises forage
rapidly, with initial attachment accomplished within minutes of feed ingestion, and with the
adherent community size stabilizing after 15 min [60, 72]. Colonisation is immediately followed
by production of exopolymeric substances involved in biofilm formation in the rumen and it
was shown that it reaches a maximum after 1 h and 4 h for perennial ryegrass leaf and stem as
substrates, respectively [100, 101]. Huws and colleagues (2013) [101] demonstrated a biphasic
bacterial colonisation of perennial ryegrass in sacco in the cow rumen, with primary colonisers
starting to detach after approximately 2 h, and their partial replacement by secondary colonisers
as early as 2 — 4 h after introduction of the ryegrass in the rumen. A transition in bacterial 16S

rRNA gene diversity was detected by DGGE, suggesting that distinct bacterial communities are
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involved in these two stages. Prevotella contributed to more than 50% of the total detected
bacterial 16S rRNA at all time points examined (0 — 24 h). However, the majority of rrs gene
sequences belonged to uncultured and unknown bacteria, and could not be classified beyond the
family level, so the study did not provide insights into the functional roles of each distinct
population.

It was initially hypothesised that the spatial organisation and attachment of secondary
colonisers is influenced solely by soluble nutrients or microbial end products released by
primary colonisers maintaining their population [63]. A gene-centric metagenomic analysis,
used to assess the prevalence of enzymes involved in polysaccharide degradation, led to a model
of fibre degradation in which bacteria able to remove the easily available side chains of complex
plant polysaccharides are initial fibre colonisers, which are subsequently replaced by cellulose

and xylan degraders [19].

1.3 Carbohydrate-active enzymes involved in fibre degradation

1.3.1 Unique aspects of grass cell wall architecture

Plant dry matter is, in general, primarily composed of fibre (55 — 70%) and protein
(15 — 22%), with soluble sugars, nucleic acids, lipids, minerals and secondary compounds
making up the remainder [2]. In the context of ruminant nutrition, the term “fibre’ is often used
to refer to the plant cell walls [102]. Fibre is a feed component with the slowest and most
variable digestion in the ruminant’s diet and its quantity, structure and chemical composition
significantly differs between plant species, and within a plant both over time, and in different
tissues. As an estimate of the cell wall concentration in feed, neutral detergent fibre (NDF)
content is determined using a detergent fibre analysis system established by Van Soest [103].
The daily NDF intake capacity of high-producing dairy cows on a forage based diet is around
1.2% of their body weight [104]. Fibre content and its digestibility are the major limiting factors
for the intake potential and energy availability from feed in ruminant animals, and have great
impact on ruminant productivity [105].

The plant cell wall is a complex structure, containing up to three layers (middle lamella,
primary and secondary cell wall), providing structural support and protection to the plant cell.
The primary cell wall is a flexible and extensible layer of the growing cell, within which a thick
secondary cell wall is deposited in mature plants. The outermost layer, the middle lamella, lies
at the interface of adjacent plant cells. Plant cell walls are mainly composed of complex
carbohydrates, such as cellulose and matrix polysaccharides (hemicelluloses and pectins), a

phenolic component lignin, small amounts of structural proteins and some minor secondary
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compounds. Hemicellulose, together with lignin, forms a protective sheet around the cellulose
[106]. It cross-links cellulose via hydrogen bonds into a robust network inside the plant cell
wall, which covalently binds to lignin and is embedded in a pectin matrix [107]. The generalised
structure of the plant cell wall is represented in Figure 1.1.
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Figure 1.1 Generalised structure of the primary plant cell wall.

The primary plant cell wall consists of cellulose microfibrils (purple rods), hemicelluloses and
pectins. The hemicellulose—cellulose network is shown on the left part of the cell wall scheme
without pectins for clarity. The symbols used to represent the main plant cell wall structural
polysaccharides are represented in the box below the diagram. The predominant hemicellulose
in most plant species is xyloglucan, with smaller amounts of hemicelluloses such as
arabinoxylans and mannans (not shown) also present. The main pectin polysaccharides include
rhamnogalacturonan | and homogalacturonan, with smaller amounts of xylogalacturonan,
arabinan, arabinogalactan | (not shown), and rhamnogalacturonan Il. Pectin domains are
covalently linked together (orange circles) and bind to xyloglucan by covalent and non-covalent
bonds. In addition, neutral pectin polysaccharides (green) can also bind cellulose. Figure taken
from [108] with permission.

Cellulose, the most abundant form of fixed carbon on Earth, is comprised of cellulose

microfibrils, formed through bundling and crystallisation of dozens of linear chains of
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B-(1,4)-linked D-glucan subunits. The cellulose microfibrils are tightly and parallelly packed
into insoluble crystalline regions via hydrogen bonding and hydrophobic stacking.
Approximately every 100 — 150 nm along the microfibrils there are weak points, where less
compact, staggered microfibrils form soluble amorphous regions [109]. The relative proportion
of crystalline to amorphous cellulose varies during the cell wall formation and maturation and
between cell types. In naturally occurring cellulose, 40 — 90% has a crystalline structure, with
the rest being amorphous [110]. In addition to crystalline and amorphous regions, variable
nanodomains comprised of different amorphous structures and several crystalline allomorphs,
are also present in the cellulose structure [111].

Hemicelluloses and pectins are extremely heterogeneous groups of complex matrix
polysaccharides, comprised of different 5- and 6-carbon monosaccharide units. These polymers
can bear various chemical modifications (usually acetylations and methylations), adding to the
complexity of fibre. Hemicelluloses account for approximately one third of all renewable
organic carbon on Earth [112] and include complex branched heteropolymers (such as
xyloglucans, arabinoxylans, glucuronoarabinoxylans and mannans), with variable structure,
degree and pattern of substitution that can bind tightly to the cellulose surface [108]. Basic
structural components of hemicellulose are represented in Figure 1.2. Arabinoxylan consists of
a (1,4)-linked B-D-xylan backbone, substituted with O-2, O-3 or 0-2,3 linked a-L-arabinose
residues and with attached ferulic acid esters, acetyl groups or glucuronic acid residues (in
glucuronoarabinoxylans, GAX) [113]. Their twisted chains and great number of substituents
prevent the tight packing of these molecules into a crystalline array. In contrast, ribbon-like
mannan molecules comprised of linear arrays of -1,4 linked mannose units pack together, but
less tightly than cellulose molecules [114]. The backbone structure of xyloglucans is similar to
cellulose, but on average, three quarters of backbone glucose residues are decorated with xylose
and these side chains can also carry serially appended galactose and fucose residues.

The predominant pectins in plant cell walls are homogalacturonan and
rhamnogalacturonans | and 11, but xylogalacturonan, galactans, arabinans, as well as other pectic
polysaccharides can be present in the matrix. All pectic polysaccharides are rich in
a-D-galacturonic acid and can have branches (e.g. xylose in xylogalacturonan); additional
backbone sugar residues (e.g. rhamnose in rhamnogalacturonan | or at least 12 different
glycosyl residues linked together by more than 20 different glycosidic linkages in
rhamnogalacturonan 1l); modifications (e.g. methyl esterified carboxyl groups in
homogalacturonan and xylogalacturonan) and can exist with multimeric organisation (e.g.
rhamnogalacturonans Il are present in plant cell walls as borate cross-linked dimers) [115].

Lignins, a large group of highly branched phenylpropanoid polymers, are mainly built
from monolignols (coniferyl alcohol, sinapyl alcohol and minor amounts of p-coumaryl

alcohol), methoxylated to various degrees in the form of guaiacyl, syringyl and
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p-hydroxyphenyl units, respectively. In addition, phenolic acid and other hydroxycinnamic
acids, such as ferulic acids can be also present in cell wall lignin [116].

Ruminant animal production systems throughout the world rely heavily on forages and
crop residues as the major feed resource. The diet of New Zealand ruminants consists mainly of
ryegrass (Lolium perenne) with 10 — 20% of the forage legume white clover (Trifolium repens),
supplemented with silage and specialist crops to fill feed gaps during winter and summer [2,
117]. Grass type Il cell walls are a major source of dietary fibre for ruminants and they differ
significantly from type | cell walls, found in dicots and non-commelinoid monocots [118], in
relative abundance and cross-linking of hemicelluloses, as well as in the amounts of pectins,
phenolic compounds and proteins [119]. In grass primary cell walls, cellulose fibres are encased
in a network of GAX. High levels of mixed linkage glucans and hydroxycinnamates are present,
with very little pectin and structural proteins. Adjacent GAX molecules are cross-linked by
hydroxycinnamates, contributing to the indigestibility of this cell wall fraction in grasses [120].
Secondary cell walls, deposited inside the primary cell walls comprise at least 50% of the cell
mass in both stems and leaves. They are largely composed of cellulose and GAX with fewer
side chains than in the primary cell walls, which results in stronger hemicellulose-cellulose
interactions. Grass secondary cell walls also have substantial amounts of lignin, which fills the
pores between polysaccharides and contains much higher amounts of hydroxycinnamates than
dicots [119]. On the other hand, legume cell walls are pectin rich [92] and hydroxycinnamic

acids are virtually absent [102].

1.3.2 Strategies for cell wall digestion in the rumen

Bacterial, fungal and protozoal members of complex microbial communities in the
rumen and from other fibre-degrading ecosystems (e.g. soils, swamps, seawater sediments,
thermal and volcanic springs, sewage sludge, compost heaps) use universal biomass-degrading
strategies. Their cellulolytic and hemicellulolytic enzymes are built from combinations of the
same basic modules belonging to different families of a large and diverse group of
carbohydrate-active enzymes (CAZymes). These enzymes contain at least one function-defining
catalytic domain and one or more accessory modules (e.g. carbohydrate binding modules,
scaffoldins), assisting or modifying the primary hydrolytic action of the enzyme [64]. The
efficient breakdown of substrates as chemically complex as plant cell walls require the
coordinated activity of a plethora of enzymes that can attack the array of linkages that are found
within and between the plant cell wall polysaccharides and their closely associated polymers,

pectin and lignin.
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Fibre digestion in the rumen is not optimal due to the limited efficiency of
lignocellulosic degradation (supported by the finding that fibre recovered from faeces is still
fermentable) and energy losses via methanogenesis. It is known that feed efficiency in
ruminants can be improved through methane mitigation strategies and through strategies for
enhancing fibre degradability, such as mechanical and chemical pre-treatment of the feed and
reduction of plant lignin content through genetic manipulations of plant cell walls [86, 121].

The rumen microbiota has the metabolic potential to hydrolyse nearly the entire
spectrum of plant polysaccharides [19], but the extent of the actual digestibility of cell wall
polysaccharides in the rumen is limited by their rate of digestion. Pectins are generally more
rapidly digested compared to cellulose and hemicellulose, both in the case of microbial
digestion of polysaccharides isolated from the cell wall matrix in vitro, and embedded in intact
cell walls in vivo [91, 122]. The cell-wall polysaccharide degradability of both grasses and
legumes is negatively affected by lignin concentration, hydrophobicity and its cross-linking
with hemicellulose, as well as by shifts in polysaccharide composition during plant maturation
[105, 123-125]. Lignin composition and structure, on the other hand, are less likely to affect
digestibility [105]. The presence of pectin in forage cell walls can dramatically restrict the
access of xylanases and cellulases to their substrates, resulting in inefficient lignocellulose
degradation [126].

In contrast to hydrolytic enzyme systems involved in carbohydrate degradation, that can
act both aerobically and anaerobically, lignin depolymerisation requires oxygen. Lignolysis
(also known as ‘enzymatic combustion’) involves several non-specific oxidative ligninolytic
enzyme systems and their presence is limited to filamentous prokaryotes and some fungi [127].
For this reason, the degradation of lignified cell walls is inefficient in the rumen, and represents
a major rate-limiting step for the anaerobic degradation of lignocellulose [64].

In order to convert insoluble complex carbohydrate components of the cell wall into
soluble products that can be transported into the cell, fibre-degrading microorganisms use
extracellular enzymes that are either secreted, or associated with the cell surface [114]. These
microorganisms have evolved multiple enzymatic strategies, with enzymes and auxiliary
proteins involved in plant cell walls hydrolysis occurring in any of the following states: as
single or multi-functional enzymes, free or directly attached to the bacterial surface, and/or as a
part of intricate, cell-surface anchored multi-enzyme complexes, known as cellulosomes [5].
Many biomass-degrading organisms secrete synergistic cocktails of individual enzymes with
one or several catalytic domains per enzyme, whereas only a limited number of anaerobic
bacteria and fungi are known to synthesise cellulosomes, containing multiple catalytic units per
complex. It has been hypothesised that energetic constraints of anaerobic environments have
exerted greater selective pressure for the evolution of the highly efficient cellulosome

machinery in anaerobic bacteria and fungi, while free enzyme systems are the hallmark of
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aerobic bacteria and fungi [128]. Based on information from a limited number of sequenced
cellulose-degrading bacteria, it appears that clostridial species use all four strategies, and in
these organisms cellulosomal organisation is predominantly found. However, all of the currently
sequenced  representatives  belonging to the classes Bacilli,  Actinobacteria,
Gammaproteobacteria and Chloroflexi use a free enzyme strategy [64].

It has been proposed that multifunctional recruitment of enzymes/catalytic modules in
close spatial proximity enables the optimisation of their synergistic interaction, as well as
substrate targeting through scaffold-borne CBMs [128]. Mutants of Clostridium thermocellum
which lack the scaffoldin CipA from their cellulosomes due to a transposon insertion into the
CcipA gene, show a 15-fold reduced activity against crystalline cellulose compared to a wild-type
(wt). In contrast, the activity of the same cipA mutant against the soluble beta-glucans remains
intact, suggesting that recruitment of multiple cellulases into the cellulosome complex is crucial
for hydrolysis of crystalline substrates [129]. A highly efficient cellulose-degrading anaerobic
bacterium Caldicellulosiruptor bescii (formerly classified as Anaerocellum thermophilum
[130]), produces free multifunctional enzymes, and it is thought that synergistic interactions

between catalytic domains are enhanced through their physical linkage [131].

1.3.3 Carbohydrate Active Enzymes involved in fibre degradation

Carbohydrate Active Enzymes (CAZymes) are an extremely variable group of proteins
involved in the synthesis, degradation and modification of glycoconjugates, oligosaccharides
and polysaccharides. CAZymes have evolved divergently from a limited number of progenitors
by acquiring novel specificities at the substrate and product level. In general, it has been
estimated that 1 — 3% of genes within the publicly available genomes of prokaryotes and
eukaryotes encode CAZymes [132]. Moreover, organisms specialised in cell wall degradation
are known to dedicate a higher proportion of their genome’s coding capacity to encode larger
repertoire of CAZymes than average. For example, the genome of the human gut bacterium
Bacteroides thetaiotaomicron devotes 6.6% of its coding capacity to CAZymes, while
Butyrivibrio proteoclasticus B316" (formerly classified as Clostridium proteoclasticum [133]),
a highly xylanolytic rumen bacterium, present in high numbers in the rumen of animals
consuming mainly pasture or grass silage diet, dedicates over 6% of its coding capacity to
CAZymes [14, 134]. In silico analyses indicate that one third of polysaccharide degrading
enzymes from strain B316 are secreted and it is proposed that they are involved in the initial
degradation of insoluble plant polysaccharides (such as xylan, starch and pectin), while the
complete degradation of substituted and non-substituted xylooligomers is catalysed by various

intracellular enzymes [14].
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The CAZy family classification system was introduced in 1991 by Henrissat and
colleagues [135-138] in an effort to classify a limited number of glycoside hydrolases with
cellulolytic activity, and it was subsequently extended to all CAZymes. Unlike the historically
used Enzyme Commission (EC) and IUBMB (International Union of Biochemistry and
Molecular Biology) nomenclature that are based on substrate specificity, the CAZy family
classification approach is based on amino acid sequence similarity and it integrates structure and
mechanistic features of enzymes, as well as evolutionary relationships between enzymes [138].
This system often groups CAZymes with different substrate specificity in ‘poly-specific’
families, based on conservation of three-dimensional structure, catalytic amino acid residues
and stereo chemical mechanism [139]. CAZy families were originally created following a
hydrophobic cluster analysis from a limited number of available sequences [135] and were later
complemented by gapped BLAST- and HMM (Hidden Markov Model)- based sequence
similarity approaches.

CAZy families are based on information available from biochemically and structurally
characterised proteins; for some of these, enzymatic activity has been experimentally assessed
on a range of soluble and insoluble carbohydrate substrates. All sequences corresponding to the
catalytic and binding modules of carbohydrate-active enzymes are grouped in the ‘high-quality’
BLAST library and families are subsequently populated with various genomic and metagenomic
sequences deposited in public databases and their function is inferred based on their significant
sequence similarity with family members [138].

The most comprehensive specialised, knowledge-based resource, containing
continuously curated and updated genomic, structural and biochemical information on
CAZymes is the CAZy database [138, 140]. As of September 2013, the database lists over 340
protein families grouped into 6 classes: glycoside hydrolases (GHs, 132 families),
glycosyltransferases (GTs, 94 families), polysaccharide lyases (PLs, 22 families), carbohydrate
esterases (CEs, 16 families), auxiliary activities (AAs, 10 families) and associated carbohydrate-
binding modules (CBMs, 67) [141]. The enzymatic repertoire of the CAZy database has
recently been expanded with an ‘auxiliary activities’ class, with members acting on lignin, in
order to systematically describe range of enzyme mechanisms necessary for lignin
depolymerisation [127].

In terms of plant cell wall degradation, the most important catalytic CAZy modules
belong to GH, CE and PL classes, but can also involve AAs. Appended non-catalytic CBMs are
necessary for targeting of CAZymes to their carbohydrate substrates [64]. GHs catalyse the
hydrolysis and transglycosylation of glycosidic bonds in carbohydrates and glycoconjugates,
resulting either in net retention, or inversion of the anomeric stereochemistry of the substrate.
The three-dimensional structures (protein folds) of GHs are better conserved than their amino

acid sequences, resulting in further grouping of some families into clans (GH-A to GH-N)
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[138]. CEs remove ester-based modifications of carbohydrates, such as acetyl, feruloyl and
cinnamoyl groups in xylan, thus facilitating the action of GHs on complex polysaccharides
[142]. PLs use a B-elimination mechanism to catalyse the cleavage of uronic acid-containing
polysaccharides, such as glycosaminoglycans and pectin, to generate terminal hexenuronic acid
residue and a new reducing end. The catalytic mechanism of these enzymes is complementary
to the hydrolytic mechanism employed by GHs for polysaccharide breakdown [143-145]. AAs
include lytic polysaccharide monooxygenase, such as the recently re-classified GH61 (now
AA9) and CBM33 (now AA10) and other redox enzymes involved in lignin degradation

[127, 146].

Most cellulases and the majority of the hemicellulases belongs to GH class of enzymes,

while some of the hemicellulolytic and pectinolytic enzymes belong to CE and PL classes,

respectively (Table 1.1).

Table 1.1 Major CAZyme families involved in the degradation of plant cell wall

polysaccharides.

Main fibre-degrading enzymes

Function

CAZy family

Cellulases Endo- and exo-

glucanases

B-glucosidases

cleave internal bonds
randomly or cleave
cellobiose residues from

either end of cellulose chain

cleave glucose from non-
reducing end of cellobioses

and cellooligodextrins

GH5, GH6, GH7
(exclusively found in
fungi), GH8, GH9, GH12,
GH44, GH45, GH48 ?,
GH74, GH124

GH1, GH3, GH116

Hemicellulases ~ Xylanases

(hemicellulose

backbone

degrading

enzymes) Mannanases
Lichenases

Hemicellulases  B- xylosidases
(hemicellulose

side-chain

cleave B-1,4 bond of xylan
backbone releasing

xylooligomers

cleave B-1,4 bond of
mannan releasing mannan
oligomers

cleave B-1,4-glycosidic
bonds in 3-O-substituted
glucose of 1,3-1,4- B-
glucans

cleaves exo -1,4 bond of
xylooligomers releasing

xylose

GH10 and GH11 (exclusive
xylanases); GH5 and GH8
(only some members of the
family)

GH5, GH26, GH113

GH8, GH16, GH17

GH3, GH30, GH39, GH43,
GH52, GH54, GH116,
GH120
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Main fibre-degrading enzymes Function CAZy family
degrading a-glucuronidases cleave a-1, 2 bond between  GH67, GH115
enzymes) glucuronic acid side chain
substitutions
releasing glucuronic acid
a-L- cleave arabinansat O-2and  GH43, GH51, GH54,
arabinofuranosidases 0O-3 positions on xylan back  GH62, GH127
bone
1,4-B-mannosidases cleaves exo B-1,4 bond of GH1, GH2 and GH5
mannan oligomers releasing
mannose
Acetyl xylan esterases  cleaves acetyl side chain CE1, CE2, CE3, CE4, CES,
substitutions releasing acetic CE7, CE12
acid
Cinnamoyl and feruloyl cleaves hydroxycinnamic CEl
esterases acids side chain
substitutions releasing
p-coumaric and ferulic acids
Pectin- various pectate- cleave main chain and PL1, PL3, PL9, PL10
degrading degrading enzymes branches in pectic (pectate lyases); CE8
enzymes polysaccharides (pectin methyl esterase);

Degrading ester
linkage between
hemicellulose

and lignin

4-O-methyl-
glucuronoyl

methylesterase

cleave ester linkage between
4-0O-methyl-D-glucuronic

acid and alcohol group

CE12 (pectin acetyl
esterase), GH53 (endo-1,4-
B-galactanase); PL11
(rhamnogalacturonan
lyase), CE12
(rhamnogalacturonan acetyl
esterase)

CE15

® The founding member of the GH48 CAZy family is a predominant component of the
Clostridium thermocellum cellulosome and members of this family have been consistently
found in each new discovered cellulosome, as well as part of free and multifunctional cellulases.
Based on information from [64, 147].
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1.3.3.1 Catalytic modules of cellulases

Cellulose, despite its structural simplicity is an extremely tough substrate to degrade. It
is insoluble, has crystalline regions, and in plant cell walls, is entangled with hemicelluloses and
lignin. Cellulases are secreted or surface associated O-glycosyl-hydrolases that hydrolyse
cellulosic B-1,4-glucosidic bonds. This group of enzymes is very heterogeneous and has been
traditionally divided into three functional types: endocellulases, exocellulases and processive
endocellulase.

Endocellulases (endoglucanases, EC 3.2.1.4) have catalytic domains with an ‘open’
active site in the form of a groove or a cleft, enabling them to randomly bind to several sugar
units in the interior of long cellulose molecules [148]. Besides endocellulases, this ‘open’ active
site structure is common among other endo-acting polysaccharidases, such as xylanases, o-
amylases, lysozymes, chitinases, B-1,3- and B-1,3-1,4- glucanases [132].

Exocellulases (cellobiohydrolases, EC 3.2.1.91) have tunnel-like active sites, enabling
them to accommodate the substrate chain only at its terminus and sequentially cleave cellobiose
residues from either the non-reducing or the reducing end of the cellulose chain [149].

Processive endocellulases have, like all endocellulases, an open active site cleft, but
they contain a CBM lacking conserved aromatic amino acid residues, causing weak binding to
the substrate. The CBM, necessary for the processive activity of the enzyme, is rigidly attached
to the C-terminus of the catalytic domain and the cellulose polymer can bind simultaneously to
both domains [150]. Processive enzymes are thought to be a key component affecting the
efficiency of hydrolysis [64].

In addition, the activity of B-glucosidase (EC 3.2.1.21), which converts cellobiose and
cellooligodextrins to glucose monomers via the hydrolysis of terminal non-reducing glucose
residues, is necessary for complete degradation of cellulosic substrate. The major GH families

with cellulolytic activities are listed in Table 1.1.

1.3.3.2 Catalytic modules of hemicellulases

Hemicelluloses, found at the lignin-cellulose interface in the plant cell walls, are
variable in structure and the majority of the hemicellulosic polymers are either insoluble or are
closely associated with the insoluble cellulose matrix and lignin. For this reason, they require
the coordinated action of many secreted or surface associated hemicellulases for complete
degradation [106, 107, 151, 152]. GHs, such as enzymes that can cleave the hemicellulose
backbones (e.g. xylanases (EC 3.2.1.8) and p-mannanases (EC 3.2.1.78), and those that can
degrade side chains or short end products (e.g. B-mannosidases (EC 3.2.1.25), a-L-
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arabinofuranosidases (EC 3.2.1.55), a-L-arabinanases (EC 3.2.1.99), a-D-glucuronidases (EC
3.2.1.139) and B-xylosidases (EC 3.2.1.37), act synergistically. In addition, hemicellulolytic
esterases, including acetyl xylan esterases (EC 3.1.1.72) and feruloyl esterases (EC 3.1.1.73) are
needed for complete degradation of hemicelluloses [107]. The main enzymes involved in
hemicellulose degradation are represented in Figure 1.2.
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Figure 1.2 The basic structural components of hemicellulose and the hemicellulases

responsible for their degradation.

Hemicellulose xylan, composed of D-xylopyranosyl units linked by p-1,4-glycosidic bonds, is
hydrolysed by endo-xylanases, while the resulting disaccharides xylobioses are hydrolysed by
B-xylosidases. The xylan backbone is modified with various side chains; the abundance and
linkage types of these substitutions vary between xylans from different sources. In hardwood,
modifications include 4-O-methyl-D-glucuronic acid linked to the xylose units via o-1,2-
glycosidic bonds and acetic acid that esterifies the xylose units at the O-2 or O-3 positions and
these modifications are removed by a-D-glucuronidases and acetyl-xylan esterases, respectively.
Non-acetylated softwood xylans, in addition to uronic acids, have L-arabinofuranose residues
attached to the main chain by a-1,2 and/or a-1,3-glycosidic linkages and these modifications are
removed with a-L-arabinofuranosidases. In grasses, arabinofuranoses are esterified with p-
coumaric and/or ferulic acid and these phenolic substitutions are removed by hydroxycinnamoyl
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esterases. B-mannan based polymers are also major components of hemicelluloses. Their
backbone is made of B-1,4-linked mannose residues alone or of randomly distributed mannose
and glucose residues and hemicellulases such as -mannosidases, endo-mannanases and f3-
glucosidases are involved in their breakdown. Galactoglucomannans also contain a-1,6-linked
galactose side chains, and the O-2 and O-3 of the mannose units can be substituted with acetate
groups and these modifications are cleaved off by a-galactosidases and acetyl-mannan esterases.
Arabinan and arabinogalactans are generally classified as hemicelluloses, although they
originate from the galacturonan or from cell wall glycoproteins. The arabinan backbone,
comprised of a-1,5-linked L-arabinofuranosyl units, is hydrolysed by endo-a-L-arabinanases and
can be further decorated with a-1,2- and a-1,3-linked L-arabinofuranosides. Arabinogalactans
are composed of P-1,3-linked galactose residues and their backbone is hydrolysed by [-
galactosidases. The backbone is substituted with p-1,6-linked galactose units and a-1,3-linked
L-arabinofuranosyl or arabinans side chains. Abbreviations: Me, methyl; R1, OH or
arabinofuranosyl group; R2, OH or ferulic acid; R3, OH or acetyl group. Figure taken from
[107] with permission.

Hemicellulolytic systems are inducible and under carbon catabolite regulation [152].
Many microorganisms produce a range of hemicellulolytic enzymes, with diverse structures and
specific activities, as well as isoenzymes, thus increasing the efficiency and extent of
hemicellulose degradation. The major GH families with hemicellulolytic activities are listed in
Table 1.1.

1.3.3.3 Catalytic modules of other fibre-degrading enzymes

Catalytic modules of CE and PL families complement the activities of cellulases and
hemicellulases. Among 22 currently known PL families, only five are relevant for the
degradation of pectins in the plant cell wall (Table 1.1). In contrast, the majority of the members
of CE families are involved in the degradation of cell wall polysaccharides, mainly in cleaving
non-sugar substituents in side chains (e.g. acetic, ferulic or p-coumaric acids). Most members of
CE families involved in fibre-degradation act as acetyl xylan esterases (Table 1.1). Only
members of the CE1 family possess the ability to cleave feruloyl and cinnamoyl bonds, which is

crucial for separation of xylan from lignin and its more effective degradation [64].

1.3.3.4 Carbohydrate-binding modules of fibre-degrading enzymes

Carbohydrate binding activity is not exclusively found in CAZymes. For this reason,
CBMs are defined as contiguous amino acid sequences with a discrete fold (modules) within
carbohydrate-active enzymes (with a few exceptions of CBMs in cellulosomal scaffoldins and

rare independent putative CBMSs). This requirement sets this class of carbohydrate-binding
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proteins apart from other non-catalytic sugar-binding proteins, such as lectins and sugar
transport proteins [153].

The main sites of polysaccharide-CBM interactions are aromatic tryptophan or tyrosine
amino acid residues exposed on the CBM surface, which form hydrophobic stacking
interactions with non-polar faces of sugar rings, resulting in strong and stabilizing van der
Waals interactions. It seems that the orientation of aromatic amino acid residues determines
ligand specificities of the CBM families. Stacking interactions can be aided by hydrogen bonds
between side chains of polar amino acid residues and sugar ligand [154, 155].

Amino acid similarity-based CAZy classification groups CBMs into families with a
notable variation in substrate specificity and consequently with miscellaneous biological
functions. For example, members of the CBM6 family can bind a wide range of substrates such
as p-1,3-glucans, B-1,4-glucans and f-1,3-1,4-mixed linkage glucans, amorphous and insoluble
cellulose and xylan [156], while the CBM2 family encompasses two subfamilies showing
specificity for only cellulose (CBM2a) or only xylan (CBM2b). It is proposed that different
ligand specificities within this family are based on an Arg/Gly polymorphism, which results in
different orientations of one of the surface tryptophans involved in protein-carbohydrate
interactions [154].

Another classification, based on the topology of their ligand binding sites and related to
their ligand specificity, groups CBMs into three types (types A — C) [157]. Type A (‘surface-
binding’) CBMs have a planar architecture of the binding sites, containing mainly aromatic
amino acid residues and are complementary to the flat surfaces presented by insoluble cellulose
or chitin crystals to which they bind. Type A CBMs show little or no affinity for soluble
carbohydrates. Type B (‘glycan-chain-binding”) CBMs have evolved binding site topographies
which can interact with the individual glycan chains, rather than with crystalline surfaces. Their
extended carbohydrate binding sites are in form of grooves and clefts, have variable depth and
are able to accommodate a few individual sugar units of the polymeric ligand. Aromatic amino
acid residues also have a key role in ligand binding. The orientation of the aromatic amino acid
residues, together with hydrogen bonds, define the affinity and ligand specificity of type B
CBMs. Type C (‘small sugar-binding’) CBMs optimally bind to mono-, di- or tri-saccharides
due to steric restrictions in their binding site. The network of hydrogen bonds between type C
CBM-containing proteins and their ligands is more extensive than in type B modules, which is
consistent with their lectin-like binding properties.

Type A and B CBM s are present in plant cell wall degrading enzymes. Type A modules
(e.g. members of CBM families 1, 2a, 3, 5 and 10) can be appended to a variety of GHs, while
type B modules (e.g. members of CBM families 2b, 4, 6, 15, 17, 20, 22, 27, 28, 29, 34 and 36)
are appended to the cognate catalytic modules of fibre degrading enzymes (e.g. cellulases,

xylanases, mannanases) targeting the enzyme to their specific polysaccharide substrate. Type C
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CBMs, particularly CBM13 and CBM32, are prevalent in bacterial GHs and GTs and toxins
that attack eukaryaotic cell surfaces or glycans from extracellular matrices [157, 158].

The CBMs affect the degradative capacity of their associated catalytic modules through
a proximity effect, determination of substrate affinity and selectivity, targeting function and
surface/interfacial modifications of the substrate [153]. By the proximity effect, CBMs increase
enzyme concentrations on the substrate surface, thus increasing catalytic activity on the
substrate. Substrate affinity and selectivity is determined mainly by orientation of aromatic
amino acid residues in the binding site and, to a lesser extent, by hydrogen bond formation. The
targeting function is even more subtle than this crude partitioning of enzymes to different plant
cell walls polysaccharides, and enables fine tuning of substrate recognition. Different CBMs
that bind to the same polysaccharide substrate display clear differences in specificity, targeting
hydrolytic enzymes to specific regions of the cell wall. Surface/interfacial modifications of the
substrate can result from an increased surface charge after binding of the CBM, which disrupts
the double-layer repulsive forces between negative charges of cellulosic surfaces [153]. Non-
hydrolytic fibre disruption (amorphogenesis-inducing [159]) activity of CBMs, resulting in
increased surface area, reduction of fibre acidity and surface polarity and leading to
disorganisation and enhanced availability of polysaccharide chains [155, 160], was
demonstrated for substrates such as cellulose [161], starch [162] and chitin [163].

Hervé et al. (2010) [164] demonstrated that CBMSs use targeting and proximity effects
to promote the enzymatic deconstruction of polysaccharides in intact plant cell walls. It was
previously observed that crystalline cellulose-binding CBMs may be found in enzymes that
hydrolyse non-cellulose substrates, such as pectins or xylans. In these enzymes, cellulose-
binding CBMs were shown to enhance the degradation of pectic homogalacturonan by PLs,
while xylan-binding CBMs enhanced the removal of side chains from arabinoxylan by
arabinofuranosidases, whereas both the cellulose and xylan binding CBMs potentiated the
capacity of xylanases to degrade xylan in cell walls. Appended CBMs most likely potentiated
the hydrolytic action of cognate catalytic module through recognition and binding of unrelated,
non-substrate polysaccharide, bringing the catalytic module into proximity with their substrate
within plant cell walls [164].

Carbohydrate-CBM interactions have relatively low affinity, with an affinity constant
(K,) <10° M™ for cellulose, and even lower for hemicellulose [157]. In contrast, K, of the high
affinity binding interactions, such as the strongest known non-covalent interaction between
biotin and avidin (or streptavidin), (K, ~10" M™) [165] or cohesin-dockerin pairing (K, ~10° —
10 M) [166] are significantly higher. However, avidity resulting from multivalent
interactions between CBMs and their ligand can compensate for these weak interactions in
nature and can be a result of multiple carbohydrate-binding motifs in a single CBM (e.g.

CmCBM6-2 from Cellvibrio mixtus endoglucanase 5A [156]) or tandemly arrayed multiple
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CBMs, frequently found in GHs (e.g. three CBM6 modules in a Clostridium stercorarium
thermophilic xylanase [167]). Increasing substrate affinities of CBMs is an important target for
cellulose modification and short peptides with the ability to bind cellulose are of special interest
since they can be used as tandem or clustering motifs for building up artificially designed CBMs
with higher substrate affinities [168].

1.3.3.5 Cellulosomes

In the early 1980s, Lamed and Bayer proposed the term ‘cellulosome’ to describe the
discrete multi-enzyme organisation of the cellulose-degrading complex from the anaerobic
bacterium Clostridium thermocellum [169-171]. Cellulosome systems and their organisation
have been extensively studied in other Gram-positive anaerobes belonging to clostridial and
ruminococcal species [64]. Initially, it was believed that the cellulosomal complexes exclusively
degrade crystalline cellulosic substrates, but it was soon recognised that bacterial cellulosomes
contain an array of CAZyme modules (such as GHs, PLs and CEs) with hemicellulase and even
pectinase activities [172-174]. Moreover, additional types of enzymes (e.g. peptidases), serpins,
and putative structural proteins also appear to be components of cellulosomes.

The cellulosomal organisation of fibre-degrading enzymes was found in anaerobic fungi
from genera Neocallimastix, Piromyces and Orpinomyces, as well as in many representatives of
Clostridiales [64, 175]. For some of these bacteria (Bacteroides cellulosolvens ATCC35603,
Clostridium thermocellum ATCC27405 and DSM1313, C. cellulolyticum H10 ATCC 35319, C.
josui, C. clarifavum DSM19732, Clostridium sp. BNL 1100) a recent re-classification to genus
Ruminiclostridium [176] and family Ruminococcaceae [177] has been proposed. Cellulosomal
organisation was also found in other Ruminococcaceae (Acetivibrio cellulolyticus CD2,
Ruminococcus flavefaciens FD-1 and 17) and Clostridiaceae (C. cellulovorans 743B, non-
cellulolytic bacterium C. acetobutylicum ATCC824 and EA2018) [64, 175].

The cellulosome is an intricate extracellular multisubunit complex with an average
molecular mass of 2 MDa, involved in the efficient degradation of crystalline cellulose and
other associated polysaccharides [175, 178]. The main cellulosomal components are large non-
catalytic polypeptides, termed scaffoldins [179], that spatially integrate CBMs and catalytic
domains of enzymes and other cellulosomal components into a single functional entity. The
scaffoldin subunits are composed of multiple copies of cohesin modules, often in combination
with other modules. Scaffoldins may play multiple roles, such as: integration of dockerin
module-bearing catalytic subunits into the cellulosomal complex through interaction with its
complementary cohesin modules; anchoring of the cellulosome to the cell wall by virtue of its

C-terminal dockerin or surface (S)-layer homology (SLH) module, and targeting of the
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fibrolytic bacterium to the carbohydrate substrate by its CBM. The high-affinity cohesin-
dockerin interaction (K, ~10° — 10" M™) is involved in the specific integration of
polysaccharide hydrolases into the cellulosome complex, determining the supramolecular
architecture of the entire complex and providing its stability [175, 180, 181].

Dockerins are domains 70 amino acid residues in length, present in a single copy at the
C-terminus of cellulosomal enzymes and are comprised of two duplicated segments (repeats),
each containing a motif about 22 amino acid residues in size, spaced by a linker [182, 183]. The
first 12 amino acid residues of each repeat are similar to the eukaryotic EF hand motif and are
highly conserved. However, this homology is restricted only to the calcium-binding loop,
containing the highly conserved calcium-binding amino acid residues asparagine or aspartate.
This is consistent with the calcium-dependence of the cohesin-dockerin interactions [184, 185].

Cohesin modules, approximately 140 amino acid residues in length, are usually
tandemly repeated between 4 and 11 times in scaffoldin proteins [186]. Several types of cohesin
modules have been distinguished on the basis of their structure and binding specificity.
Dockerins are, by definition, designated to be of same type as cohesins they are interacting with.
Type I cohesins can be found in the ‘primary’ (enzyme-integrating) scaffoldins of the majority
of described cellulosomes [187], while type Il cohesins, originally discovered in a group of non-
catalytic, cell-surface ‘anchoring’ scaffoldins of C. thermocellum, have been also detected in
cellulosomes of A. cellulolyticum and B. cellulosolvens [188]. Type 11l cohesins have been
described only in Ruminococcus flavefaciens [189]. Regardless of type, comparative studies of
cohesin domains indicate that a common structural feature of the cohesin fold is a nine-stranded
B-sandwich with an overall ‘jelly roll’ fold [190]. Both type Il and type Il1 cohesins may have
several additional structural elements, such as a-helix and two ‘B-flaps’. The crystal structure of
the type 11l ScakE cohesin from R. flavefaciens showed that the additional a-helix is enveloped
by an extensive N-terminal loop, a feature not seen in any other known cohesins [191-193]. It
has been suggested that these structural differences between different types of cohesins have a
role in the type-specificity of cohesin-dockerin interactions.

Cohesins and dockerins are well conserved between species [128]. Species-specificity
of the cohesin-dockerin interaction, reported for several pairs of clostridial species, depends on
conserved amino acid residues at positions 11 and 12 of dockerin repeats [166, 194, 195] and
the combination of both segments is important for target recognition [196]. However, several
exceptions to this rule are known. For example, Cel9D-Cel44A or Xynl11A dockerin modules of
C. thermocellum can interact with cohesins from C. josui [196, 197]

Cohesins and dockerins were long considered the signature domains for identification
of the cellulosome-producing microbes. However, the extensive bioinformatic mining of
genomes of Bacteria, Archaea and primitive eukaryotes identified putative non-cellulosomal

cohesin and dockerin modules in proteins with unknown or non-fibrolytic predicted functions,
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suggesting that the cellulosomal paradigm may be the exception rather than the rule for the use
of these modules in the three domains of life [198].

Although it was initially proposed that the main cultured representatives of rumen
cellulolytic bacteria could use cellulosome-like complexes for the initial adhesion to, and
degradation of substrates [59], these structures appear to be scarce. The cellulosomal
organisation and anchoring of fibre-degrading enzymes via scaffoldins has only been implicated
for several strains of R. flavefaciens [189, 190, 193, 199-201]. In contrast, R. albus [202] and F.
succinogenes [15, 203] seem to use a direct cell-surface anchoring of their enzymes.

The cellulosome system of R. flavefaciens strain 17 is very elaborate (Figure 1.3). Its
particular feature is a large number of cohesin-dockerin specificities and, in contrast with
clostridial systems, not all enzyme-bound dockerins have the same binding specificity, enabling
a more ordered arrangement of enzymes in the cellulosome complex [204]. The multiple
scaffoldin-encoding sca gene cluster consists of five genes (scaA-E), encoding proteins bearing
one or more cohesins. The cluster also includes the cttA gene, which encodes a cell wall-
anchored substrate-binding protein containing two putative CBMs [205]. The cellulosome is
anchored to the cell wall covalently via a single cohesin (ScaE), and this is mediated through the
sortase mechanism. ScaE binds to the dockerin at the C-terminus of the large scaffoldin, ScaB,
and its cohesins accommodate C-terminal dockerins of the smaller scaffoldin ScaA. The ScaA

contains three cohesins, which can bind various dockerin-containing enzyme subunits.
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Figure 1.3 Schematic overview of the Ruminococcus flavefaciens 17 cellulosome.
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The scaffoldin ScaB, and CBM-containing protein CttA, are bound to the bacterial cell wall-
anchoring ScakE cohesin via the conserved XDoc dyad. The seven ScaB cohesins (red) interact
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with the ScaA dockerins (red), thus increasing the number of components incorporated into the
cellulosome. The ScaA cohesins (yellow) bind directly to a group of Cel44A-like enzyme
containing dockerin (yellow) or alternatively, they bind to the dockerin (yellow) from ScaC
scaffoldin. ScaC has a divergent cohesin type (blue) that recognises and incorporates a different
set of dockerin containing enzymes and other components into the cellulosome. Figure taken
from [175] with permission.

1.3.4 Metagenomic studies of fibre-degrading genes of rumen microbiomes

1.3.4.1 Metagenomics and next-generation sequencing technologies

Microorganisms represent a diverse and largely untapped resource for the discovery of
novel genes, bioactive molecules and new biocatalysts that may be applied to improve
industrially relevant processes [206, 207]. Traditional approaches to explore complex microbial
communities via the cultivation of microorganisms and screening for individual strains with the
desired phenotype(s) fail to sample this extraordinary diversity, since only a limited fraction of
microbes are represented by cultures. The nature of these complex microbial communities is
being investigated through culture-independent approaches, collectively referred to as
metagenomics, for the analysis of the collective microbial genomes (metagenomes) recovered
directly from environmental samples [208]. Metagenomic methods enable significantly higher
resolution and throughput in assessment of microbial community composition and function
compared to traditional approaches.

Metagenome analysis strategies may be sequence-based and/or function-based [209]
and encompass approaches such as: deep sequencing of amplicons derived from
phylogenetically informative genes and regions within metagenomic DNA (e.g.16S rRNA
genes) to assess microbial community composition; direct shotgun sequencing of metagenomic
DNA to determine microbial diversity and uncover the functional potential of the community,
and targeted functional screens of expression libraries constructed from metagenomic DNA
[210, 211].

Development of next-generation sequencing (NGS) technologies in the last decade
allowed massively parallel sequencing of hundreds of thousands to hundreds of millions of
DNA templates. Using this methodology, high-throughput sequencing of genomes or amplicons
derived from environmental microbiomes has become feasible [212]. This approach is
affordable, as it can produce thousands of sequence reads in a single run at a fraction of the cost
of traditional dye-terminator sequencing. Furthermore, sample-specific ‘barcoding’ of templates
combined with massively parallel sequencing allows sequencing of multiple samples in the

same run. All NGS platforms (Table 1.2) that are currently widely used in genomics and
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metagenomics require preparation of libraries of clonally amplified templates, introducing
amplification artefacts and library preparation errors [213]. Emerging single-molecule
sequencing technologies aim to overcome these issues through elimination of the amplification
step. A summary of available NGS platforms and their outputs is provided in Table 1.2.

Table 1.2. Summary of the available NGS platforms and their outputs.

Platform | Company Technology Instrument | Read Reads Sequence | Reported
length 2 per run® | yield accuracy °
per run®
454 454 Life emPCR, GS 400-700 0.07-0.1 | 35-70Mb 99% ¢
Sciences (pyro) Junior/GS bases million
(Roche) sequencing by Junior +
synthesis GS FLX 450-600 0.7-1 450 Mb 99.995% °
Titanium bases million
XLR70
GS FLX 700-1000 1 million | 700 Mb 99.997% °
Titanium bases
XL+
lllumina | lllumina reversible- MiSeq 2x250 bp 12-15 0.3-15Gb | >75%
terminator dye (reagent kit | million (2x250 bp)
sequencing by v2) and (v2) and and >70%
synthesis 2x300 bp 22-25 (2x300 bp) f
technology (reagent kit | million
v3) ? (v3)
NextSeq500 | 2x150bp?® | 130-400 | 30-120Gb | >75% '
million
HiSeq2500 | 2x150 bp 600 150-180 >80%

(rapid) and | million Gb (rapid) | (rapid) and
2x125 bp (rapid) and 0.9- >75% (high-

(high- and 4 1Tb (high- | output)
output) ? billion output)
(high-
output)
HiSegX 2x150 bp 3billion | 1.6-1.8Th | >75%'
SOLID Life emPCR, 5500xI 75 bases 2.8-4.8 180-300Gh | 99.99% °
Technologies | Sequencing by | SOLID and 2x60 billion
Oligonucleotide | System bp
Ligation and
Detection
(SOLID), two
base encoding
system
HeliScope | Helicos true Single HeliScope 25-55 bases | 0.6-1 21-35Gb >99.995% *
biosciences " | Molecule Sequencing billion
Sequencing System
(tSMS),
reversible dye
terminator
lon Life emPCR, ion lon Proton up to 200 60-80 up to 10Gb | >99%
Torrent Technologies | semiconductor | System bases million
sequencing lon PGM 200 0r400 | 0.4-55 | 30Mb-1Gb | >99% *
System ' bases million! | (200 base
read) or 60
Mb-2 Gb
(400 base
read) '
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Platform | Company Technology Instrument | Read Reads Sequence | Reported
length ? per run® | yield accuracy °
per run®
PacBio Pacific Single PacBio RS | 5,500 (P4- 50,000 275 Mb >99.999%
Biosciences | Molecule Real Il (P4-C2 C2) and reads (P4-C2) (for P4-C2)
Time (SMRT) | and P5-C3 8,500 (P5- and 375
sequencing chemistry C3) bases Mb (P5-
available) on average C3)
Nanopore | Oxford Single strand GridION > 5,500 ~96%
Nanopore sequencing, and
Technologies | changes in ion MinION
current (ina
generated by customer-
DNA passing testing
through a phase)
nanopore

Summary of the announced and commercially available NGS platforms and their outputs as of
December 2013. * Read length is presented in bases for single-end reads (template sequenced
from one end) and in bp for paired-end reads (template sequenced from both ends); ® Dependant
on instrument and chemistry used; © Accuracy is reported differently for each platform. When a
quality score (Q-score) is used, it refers to a prediction of the probability of an error in base
calling and Q20, Q30 and Q40 correspond to an accuracy of 99%, 99.9% and 99.99%,
respectively; ® Q20 read length of 700 bases (99% accuracy at 700 bases and higher for
preceding bases); ® Consensus accuracy at 15x coverage; ' The percentage of bases > Q30 is
averaged across the entire run; ¢ Accuracy is based on sequencing control synthetic beads, and
reference-free data analysis; " Helicos no longer sells instruments, but conducts sequencing
through a service centre; ' lon 314, 316 and 318 Chip v2 available; ! Depending on the chip
used; ¥ Consensus accuracy at 20x read coverage, aligned/measured Q30 accuracy of the
majority of bases out to 250 bases.

Multiple benchmarking studies, comparing performance of different NGS platforms in
terms of their throughput, sequencing read length, error rate, cost and run time [214-219],
clearly demonstrate that each platform has unique combination of strengths and constraints, and
consequently, its own application niche. Both SOLID and llumina platforms generate the
highest sequencing yield per run with low error rates, mainly contributad by substitution errors.
Illumina had achieved substantial recent improvements in extending the read length and
lowering the consensus error rate. Single molecule real-time sequencing on the Pacific
Biosciences (PacBio) platform currently generates the longest reads, that are, however, highly
prone to non context-specific insertion and deletion (indel) errors. In contrast to chain-
termination technologies, pyrosequencing (Roche 454) and semiconductor sequencing (lon
Torrent) are prone to indels in homopolymer regions.

Compared to other two platforms comonly used in metagenomics (lllumina and lon
Torrent), the 454 sequencing platform delivers the longest read lengths with the lowest per base
error. However, systematic artefacts intrinsic to the 454 sequencing platform may affect the
accuracy of downstream sequence analyses. Gomez-Alvarez et al. (2009) [220] reported an
over-abundance (11-35%) of raw reads representing artificial replicates in several published and

original shotgun metagenomic pyrosequencing datasets. These replicates belong either to
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clusters of identical reads (duplicates) or to clusters of reads begining at the same 5’ position
that can vary in length or contain sequence discrepancies [221]. Replicates result in
overestimation of certain genes’ and taxons’ abundance detected in metagenomic
pyrosequencing datasets. Conversely, filtering of the replicates in the dataset raise the issue of
their underestimation, due to inability to distinguish natural from artificial replicates [220, 221].
In addition, systematic errors in homopolymeric tracts, which cannot be mitigated by increasing
the depth of coverage or assembling reads, may lead to frame-shifts in coding regions, thus
affecting accuracy of functional annotations of pyrosequencing datasets [213].

A hybrid approach, combining sequencing data generated on multiple platforms is a
strategy of choice not only for obtaining high-quality reference genomes, but also for
metagenomic studies [222].

1.3.4.2 Metagenomic studies of fibre-degrading rumen microbial communities

In the metagenomic era, complex, biomass-degrading rumen microbial communities
represent a valuable genetic resource for discovery of novel fibrolytic activities from a large
number of yet uncultured species, with potential applications in agriculture and biofuel
production, but that are also important for elucidating mechanisms underlying fibre degradation
[19, 26]. The unique rumen bacterial metagenome has been estimated to be around 2.7 Gb in
size and encode approximately 2.7 million genes [223]. The construction of clone libraries of
size sufficient to represent the entire rumen metagenome is not feasible. The rise of low-cost,
high-throughput next-generation sequencing (NGS) technologies has allowed generation of
extensive rumen microbial gene catalogues, which are key for understanding microbial
functions and their interactions with feed and ruminant host. However, the cataloguing process
is influenced by both technical limitations of current NGS sequencing platforms and limitations
of bioinformatic tools used for sequence analysis. These limitations include low metagenome
coverage; overprediction of large numbers of incomplete genes due to short reads obtained with
current sequencing platforms, poor assemblies and lack of ‘metagenome-specific’ tools for
biologically meaningful functional analysis. For this reason, cataloguing rumen microbial
functions through metagenomics and genomic studies will require considerable sequencing and
bioinformatic efforts in the future [26, 211].

Recent culture-independent studies of metagenomes of several herbivores harbouring
plant-biomass degrading communities, such as the wood degrading termite [16], Tammar
wallaby [20], Svalbard reindeer [23], yak [24] and cow [19, 22] have provided new insights into
the potential mechanisms and diversity of protein domains and CAZy families associated with

gut microbial fibre degradation.
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In 2009, Brulc and colleagues [19] were the first to apply high throughput metagenomic
shotgun sequencing to the fibre adherent and liquid rumen microbiomes from steers fed a grass-
legume hay diet. Starting from total of 104 Mb of raw metagenomic DNA sequence, the coding
potential for fibre-degrading enzymes was obtained from unassembled sequence datasets, via
similarity-based searches against the CAZy database. In contrast to the abundance of hits to 35
different putative GH families mainly implied in digestion of side chains and oligosaccharides,
a surprisingly low numbers of CBM and dockerin hits and no hits to cohesins were detected in
these datasets. The apparent under-representation of CBMs, dockerins and cohesins among the
CAZyme hits may have been due to lower abundance of genes encoding these modules in the
metagenome dataset. However, due to the short pyrosequencing read lengths used in this study
(averaging ~100 bp), it was shown that the relatively shorter dockerin and CBM modules are
underrepresented in sequence datasets in similarity-based searches [19].

In 2011, Hess et al. [22] published a metagenomic study with considerable depth of
sequence coverage, which focused on mining the switchgrass-adherent microbiome of the cow
rumen for biomass-degrading genes. Starting from 268 Gb of raw metagenomic DNA sequence,
the assembled and annotated data allowed the detection of 27,755 putative carbohydrate-active
genes. The number of reported carbohydrate-active genes was 5-fold greater than previously
reported in three metagenomic studies of different biomass-degrading microbiomes [16, 19, 20].
However, only a limited fraction of the total CAZyme hits were to cohesin- and dockerin-
specific Pfam domains. In order to minimise a bias towards the detection of candidate
CAZymes with overall similarity to known enzymes, putative open reading frames (ORFs)
predicted in assembled dataset were screened against Pfam HMMs representing 68 GH catalytic
domains and 22 CBMs. The ability to detect putative CAZymes with limited overall sequence
identity to enzymes already deposited in public databases was assessed, resulting in 43% of
putative CAZymes in this study sharing less than 50% amino acid sequence identity to proteins
deposited in the NCBI nr database.

Metagenomic surveys of genes encoding the fibrolytic capacities of rumen microbiomes
of Svalbard reindeer [23] and yak [24] have also contributed to cataloguing the diversity of
these genes in microbiomes of different ruminants, and have provided a glimpse into the
remarkable complexity of the rumen microbiome and its functions in different ruminant hosts.
Comparisons of the profiles of genes encoding selected GH families targeting plant structural

polysaccharides in four rumen metagenomes is represented in Table 1.3.
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Table 1.3. Profiles of genes encoding selected GH families and cellulosome domains in

four different rumen metagenomes.

Predominant activity of GH family Bovine fibre- Bovine switchgrass- Svalbard reindeer Yak
members adherent *° adherent fibre-adherent ¢ whole rumen ¢
[19] [22] [23] [24]
Cellulases
GH5 cellulases 20 1451 287 1302
GH6 endoglucanases 0 0 0 0
GH7 endoglucanases 0 1 0 0
GH9 endoglucanases 17 795 109 767
GH44 endoglucanases 0 5 0
GH45 endoglucanases 115 0 13
GH48 cellobiohydrolases 1 3 5 32
Total cellulases 38 2365 406 2114
Endohemicellulases
GH8 endoxylanases 7 329 35 174
GH10 endo-1,4-B-xylanases 16 1025 190 2664
GH11 xylanases 1 165 8 244
GH12 xyloglucanases 0 0 0 0
GH26 B-mannanases and 16 369 153 537
xylanases
GH28 galacturonanases 9 472 120 244
GH53 endo-1,4-B-galactanases 51 0 125 1066
Total endohemicellulases 100 2360 631 4929
Xyloglucanases
GH16 xyloglucanases 1 483 116 563
GH74 endoglucanases and 0 0 44 0
xyloglucanases
Total xyloglucanases 1 483 160 563
Debranching enzymes
GH51 a-L- 184 0 488 0
arabinofuranosidases
GH54 a-L- 4 0 23 111
arabinofuranosidases
GH62 a-L- 0 1 0 0
arabinofuranosidases
GH67 a-glucuronidases 0 120 74 1090
GH78 a-L-rhamnosidases 93 1260 313 426
Total debranching enzymes 281 1381 898 1627
Oligosaccharide-degrading enzymes
GH1 B-glucosidases 31 253 122 331
GH2 B-galactosidases 527 1436 716 942
GH3 B-glucosidases 497 2844 844 5448
GH29 a-L-fucosidases 79 939 268 899
GH35 B-galactosidases 27 158 39 468
GH38 a-mananosidases 46 272 116 90
GH39 B-xylosidases 7 315 76 159
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Predominant activity of GH family Bovine fibre- Bovine switchgrass- Svalbard reindeer Yak
members adherent *° adherent fibre-adherent ¢ whole rumen ¢
[19] [22] [23] [24]
GH42 B-galactosidases 35 374 95 207
GH43 arabino/xylosidases 176 0 787 2313
GH52 B-xylosidases 0 0 2 0
Total oligosaccharide 1425 6591 3065 10857
-degrading enzymes
Total number of GHs 2720 27755 5160 37563
detected in the study
Cellulosome domains
Cohesins 0 80 52 51
Dockerins 1 188 92 516
Raw sequence information 0.08 268 05 0.09

Data are presented in the format used in [224], with GH families targeting plant structural
polysaccharides grouped according to their major functional role in the plant fibre degradation.
? Unassembled metagenome; ® Combined metagenome datasets of three individual animals; ©
Assembled metagenome; ® Metagenome obtained from pooled rumen samples of two animals.

1.4 Metasecretome

1.4.1 Definition of the bacterial secretome

The term ‘secretome’, coined by Tjalsma et al. in 2000 [225], was originally proposed
to refer to both the secreted proteins and components of the protein secretion machineries in
bacteria. Today, the secretome is broadly described as a subset of the bacterial proteome,
containing the extracellular proteome (exoproteome), released to the extracellular milieu and the
surface-associated proteome, either exposed to the bacterial surface or intrinsic to the external
side of plasma membrane and the cell wall, but excluding integral membrane proteins and
proteins intrinsic to the internal side of the plasma membrane [226, 227].

Secretome proteins (e.g. receptors, transporters, adhesins, complex cell structures,
secreted enzymes, toxins and virulence factors) allow bacteria to interact with, and adapt to their
environment. Bacterial secretory proteins are known to be involved in processes such as:
provision of nutrients through recognition; binding, degradation and uptake of complex
extracellular molecules; communication between bacterial cells; detoxification of the
environment; attachment to host cells and signal transduction; while in pathogenic bacteria they
also play critical roles in virulence and immunogenicity [228-232]. Secretome proteins have
been reported to occupy 10 — 30% of the total coding capacity of bacterial genomes [27, 28].

Bacterial lipoproteins typically represent 2% of the bacterial proteome [233].
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In this thesis, the term ‘metasecretome’ will be used to describe a collection of secreted,
surface and integral membrane proteins (secretome) [234] derived from environmental

microbial communities.

1.4.2 Secretion pathways of monoderm and diderm bacteria

The number of membranes is essential in the context of protein transport and for this
reason terms monoderm and diderm bacteria are preferentially used over the terms Gram-
positive and Gram-negative bacteria, which can be ambiguous and can refer to the cell staining
properties, organisation of cell envelope or taxonomic group [226]. The cell envelope of
monoderm bacteria consists of a single, cytoplasmic membrane and a cell wall, comprised of a
thick peptidoglycan layer cross-linked with different molecules, such as capsular
polysaccharides, cell wall teichoic acids and proteins [235]. In contrast, diderm bacteria are
enveloped by inner (cytoplasmic) and outer membranes. The presence of two membranes
defines an additional subcellular compartment (the periplasmic space), containing a thin
meshwork of peptidoglycans. Some monoderms also have a distinctive thin granular layer
(inner wall zone) between the membrane and the mature cell wall, equivalent to the periplasmic
space in diderm bacteria [236].

In order to be anchored to the cell surface or released into the extracellular milieu,
secretome proteins must be translocated across one or more biological membranes [237].
Transport of proteins into or across biological membranes (translocation), catalysed by
membrane-bound proteinaceous transport machineries, is a universal event in the protein
secretion mechanism, and it can occur several times during the course of secretion [226].

Once a secreted protein is translocated across the outermost membrane, it can remain
anchored (covalently or non-covalently associated with cell-wall components in monoderm
bacteria or outer membrane components in diderm bacteria); assemble into macromolecular
structures on the cell surface (flagella, pili), be injected into host cells, or released to the
extracellular milieu.

A remarkable array of protein export systems have been described in monoderm and
diderm bacteria. Descriptive names are used in the nomenclature of systems involved in protein
translocation across cytoplasmic membranes of both diderm and monoderm bacteria, while an
alphanumerical system has been adopted for naming protein secretion systems of diderm
bacteria [226].
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1.4.2.1 Protein transport systems universal for all bacteria

Systems that are universally involved in protein translocation across the cytoplasmic
membrane, and encoded in both monoderm and diderm bacteria are: the conserved general
secretion (Sec) system, YidC insertase, the twin-arginine translocation (Tat) system and hole-
forming pathway via holins [226].

The Sec system is a major secretory pathway for protein insertion into the inner
membrane, and is conserved in all eubacteria. It is also ubiquitous in archaea, and the
membranes of eukaryotic endoplasmic reticulum and chloroplasts. This system also plays a key
role in further transport of some proteins into the periplasmic space, outer membrane
(e.g. lipoproteins and beta barrel proteins), or their assembly into the surface-associated
structures (e.g. pili subunits). Furthermore, some of the components of the specialised secretion
systems in diderms and their substrates (proteins transported via these secretion systems) are
initially transported across the inner membrane by the SecYEG translocon.

In bacteria, the Sec system is composed of the SecYEG translocon and three major
accessory systems that target the secretome proteins to the translocon: SecB/A, SRP/FtsY and
YidC. SecYEG is an evolutionarily conserved heterotrimeric protein complex, and its SecY
subunit forms an hourglass-shaped aqueous protein transport channel embedded in the inner
membrane [27, 232]. The translocon transiently interacts with different proteins during the
transport process (e.g. SecA, FtsY, SecDF). SecA, a post-translational pathway motor protein
accepts the substrate protein delivered by the cytosolic targeting factor SecB, and pushes it
through the translocon in a stepwise and ATP-dependant manner [238]. FtsY, the SRP-receptor,
occupies the ribosome binding site of SecY until its displacement by the translating ribosome
during co-translational targeting [27]. The membrane-integrated SecDF chaperone provides
proton-motive force to power ATP-independent protein translocation through the SecYEG
channel [239].

The signal sequence of the transported protein is first inserted from the cytosolic side
into the membrane via the positively charged N-terminus. Routing into or across the membrane
is aided by recognition of the N-terminal hydrophobic signal sequence of the transported
proteins. Integral inner membrane proteins and some exported proteins with highly hydrophobic
signal peptides are targeted co-translationally by the signal recognition particle (SRP), while
proteins that should reside in the periplasm, outer membrane or outside the cell envelope are
targeted post-translationally by the SecA/B pathway [235, 240]. The soluble part of the protein
is transported across the membrane via interaction between SecA and SecYEG and the signal
sequence is eventually cleaved-off by a membrane embedded signal peptidase. In the case of
membrane proteins, a more hydrophobic signal sequence, that serves as a membrane-anchor and

does not contain a signal peptidase cleavage site, is recognised by the SRP. SRP binds
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hydrophobic stretches [241] and a-helical transmembrane domains close to the N terminus of
the secretome protein [242]. The hydrophobic a-helical transmembrane domains are first
inserted into SecYEG and then moved into the lipid bilayer through a lateral gate of the
translocation pore [243].

The YidC insertase is present in all bacteria, many archaea, as well as mitochondria and
chloroplasts [27], and is used as an alternate inner-membrane insertion mechanism that can act
both independently or in cooperation with SecYEG [244-246]. The SecYEG translocon and
YidC insertase recognise the N-terminal hydrophaobic signal sequence through cooperation with
cytosolic partner proteins and translocate unfolded proteins. Inner membrane proteins use YidC
as an alternate insertion site via targeting through the SRP/FtsY pathway, which recognises
exported proteins independently of the downstream integration site. Site-directed cross-linking
showed that the C-terminus of YidC is in contact with SRP, the SRP receptor and ribosomal
proteins [242, 243, 247]. It was previously thought that only small inner membrane proteins
could use this route, but Welte et al. (2012) [242] have recently demonstrated that YidC can
also integrate more complex and larger proteins, such as the multi-spanning membrane proteins
mannitol permease or TatC. At present, it seems that only SecA-dependent multi-spanning
membrane proteins are exclusively integrated into the cytoplasmic membrane by SecYEG, but
not by YidC, suggesting that SecA can interact with the SecYEG translocon, but not with the
YidC insertase. Most membrane proteins are recognised by the SRP, and then targeted to the
next available insertion site (either SecYEG translocon via the SRP receptor or FtsY). This
prevents all translocons being occupied by co-translational insertion, in which protein synthesis,
a much slower process than protein transport, is the rate-limiting step [242].

The Tat system is present in most bacteria, archaea and chloroplasts, and transports
fully folded and even multimeric proteins containing ‘twin-arginine' amino-acid sequence
motifs across the inner membrane. Depending on the bacterial group, Tat translocases are
comprised of only 2 — 3 integral membrane protein subunits, providing a transmembrane route
big enough for the passage of structured macromolecular substrates, while maintaining the
membrane barrier intact [235, 248]. TatABC-type translocases are typical for diderms, while the
minimal TatAC translocases are typical for monoderm bacteria [27]. Instead of using a general
signal sequence recognition protein in the cytosol, like the other two universal transport
systems, the Tat system exploits specific signal-sequence binding chaperones encoded by the
same operon as the cognate Tat substrate [249].

The hole-forming pathway exports fully folded peptidoglycan hydrolases (endolysins)
from the cytosol to the cell wall via holins, small transmembrane proteins that can integrate into
the bacterial cytoplasmic membrane and form large oligomeric flexible pores. Holins, and their

target endolysins, are encoded by a wide variety of monoderm and diderm bacteria and their
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Iytic phage, and mediate bacterial cell lysis in programmed cell death and phage infection [250-
252].

1.4.2.2 Protein export systems specific to monoderm bacteria

In addition to universal secretion systems, monoderm bacteria possess Wss (WXG100
secretion systems), accessory Sec systems (SecA2-only and SecA2/SecY2 export pathways),
flagella export apparatus (FEA), the fimbrilin-protein exporter (FPE) and Sec-dependent
sortases. In monoderm bacteria, secreted proteins can have different fates (Figure 1.4). They are
transported across the cytoplasmic membrane via the Sec and YidC pathways and then secreted
into the extracellular milieu via SecYEG, Tat, holin or Wss, in addition to being attached
(covalently or non-covalently) to the cell wall using the sortase or assembled into the cell
surface appendages via Sec pathway (e.g. cellulosomes or pili), via FPE (e.g. competence

pseudo-pili) or via FEA (e.g. flagellae).
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Figure 1.4 Protein export systems of monoderm (Gram-positive) bacteria.
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Secreted proteins of monoderm bacteria can be: (i) anchored to the CM (e.g. lipoproteins); (ii)
attached to the CW either covalently (e.g. LPXTG proteins) or non-covalently (e.g. proteins
containing LysM, GW, CWBD1, CWBD2, SLHD or WXL motifs); (iii) part of cell-surface
structure, such as cellulosomes or pili (their subunits are secreted via Sec), competence pseudo-
pili (assembled via FPE) or flagella (assembled via FEA); (iv) released into the Ext via Sec, Tat,
holin or Wss; or (v) translocated into a host cell after secretion of a cholesterol-dependent
cytolysin (via Sec), which integrates into the host cell membrane permitting transport of
secreted effectors in a process called cytolysin-mediated translocation (CMT). Secreted proteins
are represented in blue. Black arrows indicate routes of proteins targeted to the CM exhibiting
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an N-terminal signal peptide, whereas blue arrows are routes used by proteins lacking such a
signal peptide. Red arrows are related to secretion, and violet arrows are related to integration of
IMP. Abbreviations: Cyto, cytoplasm; CM, cytoplasmic membrane; IMP, integral membrane
proteins; CW, cell wall; OM, outer membrane; Ext, extracellular milieu. Figure taken from
[226] with permission.

The FEA and FPE of monoderm bacteria share homology with type 2 and type 3
protein-secretion systems, respectively, described in diderms [226]. Sortases are transpeptidases
involved in the covalent anchoring of surface proteins containing a C-terminal LPXTG or
LPXTG-like motif and are transported via the Sec translocon across the cytoplasmic membrane
[253]. Sortases have been traditionally described as protein secretion systems unique to
monoderm bacteria. However, genes encoding sortase homologues have been identified across
eubacteria and even in the Archaea [253, 254]. Also, sortases do not have an active role in
translocation across the membrane, sensu stricto, but act as post-translational architects
involved in the maturation of the bacterial surface by recognizing and cleaving off C-terminal
sorting signals and mediating protein anchoring to peptidoglycans [226]. Other cell wall
associated proteins, such as S-layer proteins which self-assemble into para-crystalline lattices on
the surface of some Gram-positive bacteria (typically bacilli and clostridia) and S-layer-
associated proteins, which either act as a scaffold or an enzyme, do not possess LPXTG motifs.
These proteins have specific SLH domains instead, enabling non-covalent tethering of these
proteins to secondary cell wall polysaccharides at the bacterial surface [255]. It was
demonstrated that export of an S-layer protein in Clostridium difficile is dependent on SecAz2,
and it is possible that this additional system is universally involved in the export of SLH
proteins in other bacteria [256].

The Wss and the secondary Sec2 export pathways are unique to monoderms. WSss, also
called Ess (ESX secretion system), mediates the secretion of small proteins, such as virulence
factors belonging to the WXG100 (named because of WXG motif and length of around 100
amino acid residues), or exclusively mycobacterial PE/PPE protein families [235].

Some, mainly pathogenic, monoderm bacteria, possess accessory Sec systems (Sec2
pathway), composed of an additional SecA protein (SecA2-only system) or additional SecA2
and SecY2 proteins (SecA2/SecY2 system). Unlike the housekeeping, conserved general Sec
(‘Sec1’) pathway, which handles the export of the majority of proteins, the Sec2 systems are
involved in the transport of a limited number of substrates, mainly virulence factors [235]. Few
substrates of the accessory SecA2-only systems of pathogenic bacterial species have been
identified so far [257, 258]. Some of these substrates lack a signal sequence (e.g. superoxide
dismutases SodA and MnSod, catalase-peroxidases KatG, fibronectin-binding protein FbpA)
and some do not (e.g. autolysin p60). For this reason, SecA2 has been implied in both signal

peptide dependent (classical) and non-classical secretion [259]. It is thought that translocation of
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these substrates across the cytoplasmic membrane, mediated by either SecA2 alone or in
cooperation with SecA, is through the SecYEG pore. At present, it is unclear which features
distinguish substrates exported via the Sec pathway from SecA2-only substrates, and how are
these substrates recognised by A2. The accessory SecA2/SecY?2 systems export large serine-rich
glycoproteins that serve as adhesins in monoderm bacteria [260, 261].

1.4.2.3 Protein export systems specific to diderm bacteria

Due to the added complexity of their cell envelope, at least two additional systems for
targeting proteins to the outer membrane and eight additional systems for secretion of proteins
outside of the cell have been described in diderm bacteria (Figure 1.5).
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Figure 1.5 . Protein export systems of diderm (Gram-negative) bacteria.

Secreted proteins of diderm bacteria can be: (i) localised on the cell-surface when anchored to
the OM via Omp8 (this is including some autotransporter proteins of T5SS); (ii) part of cell-
surface appendages such as flagella (exported via T3bSS) or pili-like structures (type 4 pilus
exported via T2SS, injectisome exported via T3aSS, pilus T exported via T4SS, type 1 pilus
exported via the chaperone-usher pathway [T7SS] or curli exported via the extracellular
nucleation-precipitation pathway [T8SS]); (iii) released extracellularly via T1SS — T6SS; or (iv)
directly injected into a eukaryotic or bacterial host cell via T3aSS or T4SS. In diderm bacteria,
exported proteins can be (a) released into the periplasm via systems for protein translocation
across CM (i.e. Sec, Tat or holins); (b) lipoproteins anchored either to the CM or to the
periplasmic side of the OM via Lol system; or (c) further subjected to a second translocation
event across the OM via the T2SS, T4SS, T5SS, T7SS or T8SS. Black arrows indicate routes of
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N-terminal signal peptide containing proteins targeted to CM, whereas blue arrows indicate
routes used by proteins lacking such a signal peptide. Red arrows are related to secretion, violet
arrows are related to integration of IMP and green arrows are related to export (which is not
synonymous with secretion in diderm bacteria). Secreted and exported proteins are represented
in blue and green, respectively. Abbreviations: Cyto, cytoplasm; CM, cytoplasmic membrane;
IMP, integral membrane proteins; Peri, periplasm; OM, outer membrane; Ext, extracellular
milieu. Figure taken from [226] with permission.

After Sec- or Tat- dependent translocation across the inner membrane, outer membrane-
specific lipoproteins and unfolded B-barrel proteins are targeted to the outer membrane via the
Lol pathway and B-barrel assembly machinery (BAM) pathway, respectively [232].

Secreted proteins targeted to the extracellular milieu, or to another cell, can be exported
out of the cell directly, or by a two-step secretion process via type 1 — 6 secretion systems
(T1SS — T6SS). In addition, the chaperone-usher system (CU or T7SS); the extracellular
nucleation-precipitation mechanism (ENP or T8SS) system; as well as type IV (T4PS) and
tight-adherence (Tad) piliation systems are dedicated to exporting different types of pili
subunits across the outer membrane.

The direct (Sec pathway-independent) secretion in diderms is through a contiguous
tunnel spanning two membranes and the periplasm via the T1SS, T3SS, T4SS and T6SS
systems. Two-step secretion processes involves protein export to the periplasm by the Sec or,
less often, the Tat pathways, followed by export across outer membrane via T2SS, T5SS, T7SS
or T8SS systems. T1SS and T5SS are relatively simple systems involving few proteins, while
T2SS, T3SS, T4SS and T6SS are complex structures composed of large number of subunits,
and spanning the entire bacterial cell envelope.

Type 1 secretion systems are capable of delivering large, unfolded proteins (up to 800
kDa), such as adhesins, proteases and toxins into a host cell. The T1SS depends on two inner
membrane proteins (ABC transporter and adaptor protein) and outer membrane component
TolC, forming a barrel in the outer membrane and a 10 nm long periplasmic tunnel [262, 263].
The ABC (ATP-binding cassette) transporter-dependant systems are found in all kingdoms of
life and are involved in the ATP-powered single-step secretion of various proteinaceous and
non-proteinaceous substrates [264].

Type 2 secretion systems, a major secretion pathway in diderms, export substrates such
as exotoxins, cellulases and other enzymes, across the outer membrane [265]. Type 2 secretion
is facilitated by the assembly of the pseudo-pilus structure in the periplasm, which is thought to
act as a piston that pushes secreted protein through the secretin complex in the outer membrane
[266, 267].

Type 3 secretion systems export effector proteins of pathogenic bacteria directly from
the bacterial cytoplasm into the cytoplasm of the eukaryotic host cell via a molecular syringe

complex called the injectisome [268]. This system is structurally and evolutionary related to the
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flagellar-assembly machinery [269] and the building blocks/components of flagellar filament
(e.g. flagellin) are exported by the basal body, which is evolutionarily related to the T3SS.

Type 4 secretion systems are widely distributed among prokaryotes and consist of a
multi-subunit pilus-like protein channel spanning the bacterial cell envelope. They transport
proteins and protein-bound DNA into eukaryotic or bacterial cell in a process dependant on the
direct contact with a target cell. T4SS are diverse and include: conjugation systems that mediate
horizontal gene transfer, effector translocator systems that deliver proteins or other
macromolecules to eukaryotic cells and DNA release/uptake systems for DNA import or export
from or to the extracellular milieu [270, 271].

Type 5 secretion systems include autotransporters and 2-partner systems (Tps) and are
involved in the secretion of variety of proteins conferring virulence traits, such as adhesion,
autoaggregation, invasion, biofilm formation and cytotoxicity, in a two-step, Sec-dependant
process [272].

Type 6 secretion systems have been relatively recently described [273] and have since
been predicted in approximately one quarter of all sequenced Gram-negative bacteria. Some
bacterial species harbour multiple and distinct T6SSs, thus making it probably the most
widespread specialised secretion system in diderms [274]. T6SS consist of a syringe-like
macromolecular nanomachine in the bacterial envelope that injects target eukaryotic and
prokaryotic cells with effector proteins belonging to two different classes [275]. Evolved VgrG
proteins are both integral component of secretion system and effector molecules implicated in
binding and modification of actin filaments, cell adhesion and chitosan degradation, while the
second class of effectors are classical toxins [274].

Type 7 secretion system (the CU system) is involved in the secretion and assembly of
CU pili (e.g. type 1, P and S pili) and fimbrial structures (e.g. ‘non-pilus’ Afa/Dr adhesins)
[276]. These linear multisubunit non-flagellar adhesive appendages on the outer membrane of
Gram-negative bacteria are involved in attachment and biofilm formation, cell motility and host
immune system evasion [277].

The extracellular nucleation-precipitation pathway (ENP or T8SS) assembles pilin
CsgA (curlin) into curli pili, first described in enterophatogenic Salmonella spp. and E. coli and
involved in biofilm formation and host cell adhesion and invasion [276].

Type IV piliation system (T4PS), a most common pilus biogenesis pathway, is involved
in assembly of the type IV pili (T4P), common to many Gram-negative pathogens, but also
observed in archaea and Gram-positive bacteria. For example, in Ruminococcus albus 20, it was
shown that T4P mediate adhesion to cellulose [278]. Type IV pili are formed at the cytoplasmic
membrane by homopolymerisation of pilin subunits and the pilus tip can contain adhesive
subunits that attach to the receptor, enabling bacteria to move while the pilus retracts. Besides

the ‘typical’ role of pili in biofilm formation and host cell adhesion, type IV pili also mediate
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phage infection and transduction, DNA uptake during transformation, twitching motility and
even extracellular electron transfer and some of these functions are enabled by the retracting
ability of pili [276].

Based on phylogenetic analysis, some components of the T2SS (such as ATPases, type
IV signal peptidases and secretins) are homologous to the type IV (T4PS) and tight-adherence
(Tad) piliation systems and an alphanumerical classification into subtypes (T2SSa — ¢ for
classical T2SS, T4PS and Tad, respectively) has been proposed [237, 279]. On the other hand,
the system for assembly and secretion of filamentous phage is distantly structurally related to
T2SS and T4PS. A well conserved superfamily of secretins are key component involved in
macromolecular transport in four evolutionarily ancient secretion systems (T4PS, T2SS, T3SS
and filamentous phage assembly) [280, 281]. T4SS are related to conjugation systems, while
T3SS are structurally similar to the flagella and Hpr pilus export apparatus [226].

1.4.3 Secretion and membrane targeting signals and their prediction

The first stage in the process of the export of secretome proteins is sorting and targeting
of proteins to the cytoplasmic membrane, followed by membrane crossing and
maturation/release of the translocated protein. The sorting process, through which proteins are
routed to their specific subcellular compartments, is based on localisation information contained
in a short amino acid sequence that acts as a protein sorting signal [282]. Blébel and Sabatini
pioneered the concept of these intrinsic signals (‘zip codes’) governing protein traffic, transport
and localisation in the cell [283]. Discrimination between secreted and cytoplasmic proteins is
based on the presence of membrane-targeting sequences, such as signal sequences and
transmembrane o-helices that are recognised by distinct secretory pathway-associated molecular
chaperones and are necessary for a correct targeting to the translocation pathway.

Signal sequences are N-terminal and usually cleavable peptides present in the secretory
pre-proteins. Their function and overall structure are conserved in all domains of life; however,
these peptides lack a primary sequence homology even within a species [284]. Several types of
signal sequences have been described: type | (classic) signal sequence, type Il (lipoprotein)
signal sequence, Tat signal sequence, type IV (pseudopilin-like) signal sequence and
bacteriocin/pheromone signal sequence (Figure 1.6). Based on hydrophobicity and charge, most
signal sequences have a conserved overall tripartite organisation consisting of a hydrophobic
core (h-domain), flanked by hydrophilic positively charged N-terminal region (n-domain) and a
polar C-terminal region (c-domain) with cleavage/retention sites [284-286]. However, the signal

sequences of proteins (such as type 1V and bacterocin/pheromone signal sequences) targeted for

60



minor signal sequence pathways (SS2 and SS1 respectively), do not precisely follow such a
structural outlay [285].
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Figure 1.6 Schematic representation of the structure of common cytoplasmic membrane-

targeting signals.

Most known signal sequences (ss) exported via Tat- and Sec-dependent pathways, main systems
universally involved in protein translocation across the CM in both monoderm (G+) and diderm
(G-) bacteria, have a conserved tripartite structure. These ss consist of: a positively charged ‘N
domain’ (with positively charged amino acid residues such as lysine and/or arginine represented
with +); a hydrophobic ‘H domain’ (represented in orange) and a polar ‘C domain’ (containing
the signal peptidase cleavage signals). Consensus sequences of cleavage/retention signals are
represented on the scheme: the AXAA type | SPase cleavage site; the L-x-x-C (lipobox) type Il
SPase cleavage site and the AxXA Tat-substrate cleavage site. The LPXTG-type motif is a C-
terminal sorting signal which is involved in the covalent attachment of proteins to the
peptidoglycans of the cell wall. Unlike Tat- and Sec-dependent ss, ss of proteins targeted for
direct (Sec pathway-independent) secretion in diderms, such as T4PS (also known as T2SSh)
for type 1V pilin assembly and T1SS for transport of pheromones/bacteriocins, do not follow the
N-H-C structure. Abbreviations: CM, cytoplasmic membrane; G+, Gram-positive; G-, Gram-
negative; ss, signal sequence. Figure adapted from [227] with permission.

Signal sequences are usually removed during or shortly after their translocation across
the membrane by several types of membrane-associated signal peptidases (SPases), which also
have a role in quality control and regulated turnover of exported proteins [287]. In bacteria, non-
lipoprotein precursor proteins that are translocated through the Sec and Tat-pathways [288] are
proteolytically processed by a ‘general’ type I signal peptidase (SPasel) [289]. Processing of the
lipoprotein signal sequences is performed by type Il lipoprotein signal peptidase (SPasell). The
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lipoproteins are transported across the inner membrane in a Sec-dependant manner [290]. The
Tat-dependent export of lipoproteins has only been demonstrated in streptomycetes [287, 291].
The prepilin signal peptidase (SPaselV) is responsible for processing proteins containing type
IV signal sequence, such as pilins and related pseudopilins, that have mainly Sec-dependant
export across the inner membrane [292-294].

1.4.3.1 Type | signal sequences

Type | signal sequences are in the 18 — 30 amino acid residues length range. The
average length of Sec-dependent signals in Gram-positive bacteria (32 amino acid residues) is
higher than in Gram-negative bacteria (24 amino acid residues) [295]. The positively charged n-
domain has a role in interaction of the signal sequence with the cytoplasmic membrane surface
and has been implicated in the electrostatic interactions with membrane phospholipids. These
interactions aid protein secretion across the membrane by orienting the helix with the N-
terminus in the cytoplasm, which is required for signal peptidase cleavage and correct
orientation of the whole secreted/membrane protein. Reduction in the number of positive
charges in this region results in decreased rates of transport, but this phenomenon can
sometimes be compensated for by an increased hydrophobicity of the h-domain [284, 296, 297].
A hydrophobic core of 10 — 15 amino acids has a role in signal sequence insertion into the lipid
bilayer from the SecYEG translocon/channel and this region must maintain a minimal length
and ‘hydrophobic density’ to function properly. It was shown that insertions of polar or charged
amino acid residues into the h-region result in secretion defects [284]. Both the h- and n-regions
are critical structural elements recognised by SRP or SecA components of Sec machinery. The
binding affinity of SRP for signal sequences increases with the hydrophobicity of the h-region,
whereas the interaction with SecA increases with the number of positive charges in the n-region
[298]. The c-region contains the only conserved amino acid sequence motif in the Sec signal
sequence, necessary for recognition and cleavage of the signal peptide from the mature
secretory protein by SPasel during or shortly after translocation [287]. Structural studies have
shown that conserved small amino acids at the —3 and —1 positions relative to the cleavage site
(AxAA) form a cleavage signal recognised by the SPase binding pocket [285, 286, 299]. In
contrast to single SPase | (LepB) in Gram-negative bacteria, many Gram-positive bacteria
contain more than one SPasel that differ to some extent in their substrate preference and cannot
completely substitute each other. The majority of SPases have a conserved Ser-Lys catalytic
dyad, with the exception of several bacterial species belonging to Actinobacteria, Firmicutes
(e.g. Bacillus, Clostridium, Eubacterium and Ruminococcus) and Mollicutes that employ a

conventional Ser-His-Asp catalytic triad or a Ser-His catalytic dyad [287].
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1.4.3.2 Type 11 signal sequences

Bacterial lipoproteins, a functionally diverse class of membrane anchored proteins,
contain type Il signal sequences with a relatively well conserved stretch of amino acids in their
c-domains at the positions —3 to +1 relative to the cleavage site (L[A/S][G/A]C), called the
lipobox [290]. Maturation of lipoprotein precursors takes place on the periplasmic side of the
inner membrane and this post-translational modification enables their association with the
cytoplasmic membrane of monoderms or inner or outer membrane of diderms. The sequence of
events in lipoprotein modification in Gram-negative bacteria is: addition of diacylglycerol at a
conserved +1 cysteine residue of the pre-lipoprotein by phosphatidylglycerol/prolipoprotein
transferase (Lgt); cleavage of the signal peptide by lipoprotein-specific signal peptidase type Il
(Lsp), an aspartic acid protease that recognises modified cysteine residue within the lipobox,
and N-acylation of this residue by phospholipid/apolipoprotein transacylase (Lnt) [290, 300].
This sequence is less clear in Gram-positive bacteria and it has been demonstrated that Lsp of
Listeria monocytogenes is able to cleave non-lipidated lipoprotein precursors [301], suggesting
that lipoprotein modification might not always occur in Gram-positive bacteria and that
lipidation by Lgt is not a prerequisite for the activity of Lsp. In contrast, aminoacylation is
essential for the Lol-dependent release in Gram-negative bacteria [302]. The differentiation
between targeting to the inner and outer membrane in diderms is achieved by the presence or
absence of the ‘Lol avoidance signal’, typically an aspartate residue at the +2 position, which
inhibits the recognition of lipoproteins by LolCDE, thus causing their retention on the inner
membrane [302, 303].

1.4.3.3 Tat signal sequences

Tat signal sequences also share a tripartite organisation, but are on average longer (26 —
58 amino acid residues) than Sec-dependant signals due to longer n- and h- regions (13 — 20
amino acid residues) [295]. In addition, these signal sequences have a less hydrophobic h-region
compared to Sec signal sequences and a conserved pattern of amino acids located at the
interface of the n- and h-regions, including an almost invariant twin-arginine motif, found 2 —
30 amino acid residues from the N-terminus in prokaryotes. The twin-arginine motif pattern was
originally described as S/T-R-R-x-F-L-K in bacteria [304], but it is now thought, based on
larger number of known bacterial Tat substrate sequences, that motif is simpler Z-R-R-x-®-®,
where Z stands for any polar residue and @ for hydrophobic amino acid residues [282, 299].

The signal peptidase recognition motif (A-X-A) is recognised by SPasel. Site-directed
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mutagenesis of residue in the RR pair [305], as well as naturally occurring Tat signal peptides
lacking an arginine in twin pair [306], suggested that paired arginine amino acid residues are not
an absolute requirement for the Tat signal peptide targeting into the Tat pathway. Moreover,
introduction of RR-motif alone in the typical SecA-dependent signal peptide PelB showed not
to be sufficient for Sec-independent transport, suggesting existence of further determinants of
Tat-specificity [307]. The short polar c-region, apart from the SPasel cleavage site (AxA), often
contains a basic amino acid residue, which is not essential for targeting to Tat pathway [305],

but was proposed to function as a ‘Sec-avoidance’ signal [308-310].

1.4.3.4 Type IV signal sequences

The type 1V signal sequence is short (usually only 5 — 8 amino acids long, but longer
signal sequences, up to 25 amino acids have been reported), positively charged and followed by
a highly hydrophobic domain of approximately 20 amino acids [292, 311]. The precursors of
type IV pilins and related pseudopilins are specifically processed by type 4 prepilin peptidases
(TFPP), aspartic acid proteases also responsible for N-methylation of the phenylalanine at
position +1 relative to the cleavage site required for prepilin maturation. The consensus
sequence of the TFPP recognition motif is K-G-(F/M)-T-L-(I/L)-E and mutational analyses
showed that glycine at the —1 position is required for complete processing of the preprotein
[287, 312]. Unlike SPases | and Il, TFPP cleave signal sequence from prepilins and
pseudopilins at the cytoplasmic surface of bacterial membranes and cleavage takes place

between the n-region of the signal peptide and the h-region of mature protein [313, 314].

1.4.3.5 Transmembrane a-helices

A transmembrane a-helix, a hydrophobic segment usually composed of 15 — 30 amino
acids, is recognised by SRP and can also be used as membrane targeting signal on its own [315].
These helices serve as membrane anchors of integral membrane proteins. Besides (uncleaved)
transmembrane domains, proteins known to be retained at the membrane can also have signal
peptide-like sequences that act as uncleaved signal anchors are found in some N-anchored
proteins. These membrane-targeting sequences have a typical tripartite structure, with highly
similar n- and h domains, and even a SPase processing site [316]. No apparent sequence pattern
is obvious when multiple sequences of experimentally validated N-anchored and secreted

proteins are aligned [285].

64



1.4.3.6 Non-classical secretion

Some secreted bacterial proteins for which information on the secretory route is
currently lacking or are exported via well-known routes, but lack an identifiable N-terminal or
C-terminal targeting signal or other conserved motifs governing secretion process are termed
‘non-classically’ secreted proteins [231]. These proteins were first identified in eukaryotes (e.g.
human interleukin 1B and thioredoxin, both of which are secreted without any known signal
sequence) but were subsequently also observed in bacteria. However, non-classical secretion
does not describe a single secretion pathway and the status of non-classically secreted proteins
is not necessary permanent, since knowledge of new pathways and targeting motifs is constantly
expanding. One example for this are mycobacterial ESX1-5 export systems, initially considered
non-classical but now it is known that the substrates of all five systems possess a universal
seven amino acid residues long C-terminal secretion signal, containing a conserved YxxxD/E
motif, with additional signal(s) that are implicated in providing system specificity [317].

Substrates of T6SS and holin-mediated secretion systems, some SecA2-dependant
substrates (e.g. superoxide-dismutase of M. tuberculosis) and some proteins released into
extracellular environment via outer membrane vesicles (e.g. ClyA cytotoxin of E. coli) seem to
currently fit the description of non-classically secreted proteins [232, 250, 318, 319]. In
addition, some proteins with a well-established cytoplasmic localisation are also found
extracellularly and they form a subset of multifunctional proteins able to perform multiple
unrelated functions which are not partitioned into different protein domains and thus termed
‘moonlighting proteins’ [320]. In bacteria, multiple conserved proteins involved in the cell
stress response or metabolic regulation (e.g. glycolytic and other metabolic enzymes and
molecular chaperones) exhibit moonlighting activity implicated in virulence of several human
pathogens (including Streptococcus pyogenes, S. pneumoniae, Staphylococcus aureus,

Mycobacterium tuberculosis and Helicobacter pylori) [321].

1.4.4 Methods to study the secretome

Mining bacterial secretomes is important for a range of applications, including
identification of novel enzymes, understanding of bacterial adhesion and their interactions with
the environment, investigating pathogenic mechanisms, epitope mapping and identification of
new vaccine candidates. Secretomes are traditionally studied in vitro using biochemical
approaches and in silico using bioinformatic tools. Surface display screening methods and

reporter fusion systems [322-327], as well as phage-display based systems [328-331], described
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in more detail in sections 1.5.2 and 1.5.3, have also been used for screening, identifying and
characterising secretome proteins.

Secretomes are studied in vitro using high-resolution separation (2D gel electrophoresis
and/or liquid chromatography) of secreted or extracted membrane proteins, coupled with mass
spectrometric methods for the identification of peptides and proteins in the sample [332].
Biochemical approaches for elucidating the secretome of a microorganism allow direct
functional characterisation of identified proteins; however, they are very tedious and limited
only to cultivable cells. Furthermore, construction of a proteome map of surface-associated and
membrane proteins can be hindered by technical limitations of protein extraction from the
membrane. In the absence of experimental data, a secretome can be deduced from a completely
sequenced genome in silico, using bioinformatic tools for the prediction of secretome proteins
based on their specific conserved features. The disadvantages of in silico secretome analysis is
that it can be only applied to organisms with sequenced genomes; its accuracy depends on
prediction algorithm performance, as well as on genomic annotation accuracy, and to improve
the identification of secretome proteins, genomic predictions need to be integrated with
transcriptomics and proteomics data [333]. Functional analysis of predicted secretomes requires
many secretome proteins to be expressed and purified individually. In addition, as the secretome
represents only a portion of the bacterial proteome, obtaining the complete genome sequences of
multiple bacterial strains in order to identify their secretome-encoding genes is inefficient [234].
The task of predicting the metasecretomes of complex environmental microbial communities is
even more challenging. This is due to current limitations in the identification of complete genes
via sequence-based metagenomics approaches from low-coverage metagenomic assemblies
derived through next-generation sequencing of complex environmental microbial communities,
often containing closely related microbial species [22, 334].

Computational methods for secretome protein prediction are based on weight matrices,
sequence alignment or machine learning algorithms, and can be roughly grouped into global
tools for subcellular protein localisation prediction, and specialised tools for the prediction of
signal sequences [333, 335]. More sophisticated machine learning algorithms, based on neural
networks and decision trees, support vector machines, Bayesian networks, HMMs or their
combination, are now more prominently used for discriminating secreted and non-secreted
proteins [285]. During the training phase, typical signal and non-signal peptides are presented to
the algorithm, and a classification model is subsequently built. Tools for signal sequence
prediction such as SignalP [336], LipoP [337], TMHMM [338], PRED-LIPO [339], PRED-TAT
[340], SecretomeP [259], and tools for subcellular protein localisation prediction, such as
PSORTDbD [341] or TargetP [342] belong in this class.

In a benchmark study by Choo et al. [343], 13 commonly used prediction tools,

belonging to all three types of prediction computational methods, were evaluated for their
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accuracy, specificity and sensitivity in discriminating between signal and non-signal peptides in
test datasets containing eukaryotic, as well as combinations of eukaryotic and bacterial
sequences. Machine learning tools outperformed the alignment-based and matrix-based tools,
since these heavily depend on the regular tuning of their model parameters to reflect updates in
the sequence database, and SignalP was the leading tool. Most tools were able to successfully
distinguish secretory from non-secretory proteins, but lacked accuracy in determining the
location of the signal peptide cleavage site.

In prokaryotes, classically secreted proteins can be predicted based on recognition of
the tripartite structure of their N-terminal, cleavable signal peptides, and conserved amino acid
residues at the —3 and —1 positions relative to the cleavage sites. In addition to these, the lipobox
of type Il signal sequence and the Tat motif in Tat signal sequences are highly amenable to
identification by bioinformatic tools, while transmembrane o-helices can be identified based on
their hydrophobicity [233, 335]. Recognition of the SPaselV cleavage motif is not sufficient for
the accurate detection of type IV signal sequences, since these have no tripartite structure like
other Sec-dependant substrates. It was demonstrated that the specificity of searches for type 1V
pilin-like proteins may be enhanced by including additional search requirements, such as the
presence of 14 sequential uncharged amino acid residues immediately after the cleavage motif
or presence of a single transmembrane helix within 50 amino acid residues of the N-terminus,
since true pilins contain only one transmembrane helix, typically close to the cleavage motif
[314].

Cleavable N-terminal signal peptides of secreted proteins are readily distinguishable
from the longer hydrophobic N-terminal transmembrane helices of transmembrane proteins. In
contrast, their discrimination from uncleaved N-terminal signal anchors, tethering some of these
Sec-exported proteins to the membrane, is often problematic [285, 299, 333]. However, tools
such as SignalP 4.0 are trying to overcome this challenge by combining predictions of
transmembrane protein topology with signal sequence identification.

Optimal sensitivity and specificity for in silico identification of secretome proteins is
achieved by combining multiple prediction tools, while the accuracy of the prediction can be
improved by further examination of proteins classified as non-secreted using homology-based
searches with BLAST to determine whether these proteins are homologous to known secretory

proteins of related organisms [333].
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1.5 Phage display

1.5.1 The life cycle of Ff phage used for phage display

In 1985, George Smith introduced the phage display technique [344]. After inserting a
foreign DNA fragment between the signal sequence and the mature portion of M13 filamentous
phage gene III, encoding one of the virion’s structural proteins, he demonstrated that fusion
proteins could be displayed in an immunologically accessible form on the infectious particles.
These virions could be also affinity-purified from a large background of wt phages using an
antibody directed against the foreign sequence. Genetically highly similar group of filamentous
phage, M13, f1 and fd, that infect E. coli via its F pilus and reproduce without killing their
bacterial host, termed F-pilus specific (Ff) filamentous phages, have since been widely used in
phage display technology and nanotechnology [345].

Like other filamentous bacteriophage of the genus Inovirus, Ff are in the form of long
and thin filaments containing a circular single stranded DNA (ssDNA) genome [346]. The Ff
phage genome, 6.4 Kb in size, encodes 11 proteins (pl — pXI) essential for genome replication,
its packaging into virions and virion release in a secretion-like process [347, 348]. The Ff
virions are composed of approximately 2700 copies of major coat protein pVIII, tiled in a
helical arrangement, and 5 copies of each of the four minor coat proteins, arranged in pairs

(pVII-pIX and plll-pVI) and forming a ‘cap’ at each end of the filament (Figure 1.7).

~6.5 nm
plll pVI pvVIII pVII (~5)
-5) 5 (~2700) pIX (~5)

Figure 1.7 Schematic representation of Ff filamentous phage.
Major virion protein pVIII and minor virion proteins plll, pVI, pVII, and plX are represented

and approximate number of copies of each virion protein is indicated. Figure taken from [349]
with permission.
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The phage protein plll mediates infection of the host through binding of its two N-
terminal domains (N2 and N1) to the primary and secondary Ff phage receptors of E. coli [350].
Interaction between the N2 domain of plll and the tip of the F pilus (primary receptor) causes a
structural rearrangement between the two N domains and release of the N1 domain, exposing its
TolA-binding site. This site interacts with periplasmic domain of the TolA protein, a component
of the cytoplasmic membrane complex TolQRA (secondary receptor). Interactions between
phage plll and host receptors result in integration of virion coat proteins into the inner
membrane and entry of the phage ssDNA into the cytoplasm of the E. coli host. A negative (-)
strand is synthesised by the host RNA polymerase using positive strand (+) phage ssDNA (also
called the infective form) as a template. The resulting dsDNA form of Ff phage genome is
referred to as the replicative form (RF). The RF serves as a template for replication of the phage
(+) strand, as well as for transcription of phage genes. Early in the phage infection, the newly
synthesised (+) strands are used as a template to create more copies of RF, thus increasing the
synthesis of phage encoded proteins. Newly synthesised phage coat proteins (pVIII, plil, pVI,
pVII and pIX) and proteins forming the phage assembly/export complex (pl, pXI and plV) are
translocated via the Sec-dependant pathway and integrated into the host membranes, while
proteins involved in replication (pll, pX), and formation of the packaging substrate (pV), remain
in the cytoplasm of the host. In the host cell, the phage ssDNA genome replicates episomally by
a rolling-circle mechanism, one strand at a time. The pll protein nicks the supercoiled dsDNA at
the (+) strand origin, creating a primer for the rolling circle synthesis of (+) strand and after one
round of replication, the newly synthesised (+) strand is cleaved off by pll and its ends are
ligated. Later in the phage infection, when the concentration of the phage proteins has increased,
(+) strands are coated with dimers of the ssDNA-binding protein pV in the cytoplasm. The
ssDNA-pV complex represents a packaging substrate for the phage assembly and is targeted to
the phage assembly/export complex [345].

The Ff phage assembly starting from the pVII-plX ‘cap’ [351], and its export from the
cell resembles the T2SS secretion in diderm bacteria. A periplasm-spanning transport complex
involved in phage assembly and phage export consists of pl and pXI proteins, forming an
assembly complex in the cytoplasmic membrane and 14 plVV monomers, forming a large gated
pore in the outer membrane [352, 353]. The ssDNA-pV complexes are brought to the phage
assembly/export complex in the membrane, where the packaging signal, the only exposed
segment of ssDNA in the form of hairpin loop, interacts with pVII, plX and pl. As the ssSDNA
genome passes through the phage assembly/export membrane complex, pV dissociates and is
replaced by pVIII, forming a filamentous tube around the phage genome. When the phage
sSDNA is completely coated with pVIII, pVI and plll are added to the end of phage, resulting in
the release of newly assembled phage from the host membrane. If either of the two distal ‘cap’

proteins are absent, phage filaments continue to elongate while remaining tethered to the
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membrane, resulting in pili-like structures protruding from the surface of infected cells [354,
355]. The life cycle of Ff filamentous phage is represented in Figure 1.8.

F-pilus
trans-
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complex

pVIl pIX
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Figure 1.8 Life cycle of filamentous bacteriophage in Escherichia coli.

Upon infection of E. coli by binding of the tip of the phage to the tip of the F pilus (represented
in the left top corner of the scheme), the major phage coat protein pVIII integrates into the inner
membrane, while the phage ssDNA (+) strand enters into the cell of the host. In the early stage
of infection, the minus (-) strand is synthesised by host proteins, starting from the (+) strand
origin of replication, resulting in the dsDNA. In the second stage of infection, phage protein Il
(pIl) nicks the supercoiled dsDNA at the (+) strand origin, creating a primer for the rolling
circle synthesis of the (+) strand and after one round, the product is cleaved off by pll, and the
ends ligated. In the early infection, the (+) strand is recycled for replication to create RF that is
used as a template for transcription, followed by the translation into phage proteins. In the late
infection, the (+) ssDNA genome is coated by pV and this complex is the substrate for
packaging into the virions. Newly synthesised pl/pXI1 phage proteins form multimers in the
inner membrane while a pIV multimer forms a large gated channel in the outer membrane and
together they form the machinery for assembly and export of virions. An exposed hairpin loop
at the tip of pV/ssDNA packaging substrate interacts with pl, and then with distal phage tip
proteins pVII and plX to initiate virion assembly in the periplasm. As ssDNA is extruded
through the E. coli envelope, pVIII packs on around it and in the end plll/pVI release phage
from membranes. Figure taken from [345] with permission.
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1.5.2 Principles and applications of phage display

Phage display is a molecular technique for the expression and display of peptides or
proteins encoded by a population of foreign variant DNA sequences on the phage surface.
Peptides and polypeptides with specific binding properties can be selected from a vast number
of displayed variants by using a high-throughput screening process based on binding affinity
[356]. The physical link between the phenotype and genotype of the protein displayed on the
phage surface; high phage replication capacity and affinity selection through rounds of selective
enrichment and amplification are the major underlying principles of phage display technology.
This technique has been used to display libraries of random peptides, protein domains or whole
proteins [357, 358], with applications including molecular evolution, convergent and directed
evolution of peptides and proteins [359-362], cDNA expression screening [363], analysis of
protein-ligand interactions [356], antibody phage display [364] and synthesis and assembly of
nanowires from magnetic, semiconducting [365] or electrode materials [366].

The two key elements of phage display are the libraries of DNA variants encoding
peptides or proteins, and the phage vehicles on which these sequences are expressed [356]. Ff
filamentous phage (M13, fd, f1) are the most commonly used vehicles for phage display,
although T4 [367], T7 [368, 369] and A [370, 371] phage display systems have also been
developed. Ff phage are excellent cloning vehicles, because their size is not constrained by the
size of the cloned DNA [356]. Furthermore, they are resistant to a wide range of pH (2 — 10),
temperatures and detergents and have high productivity, giving rise to titres up to 10*2 virions
per mL of host culture. On the other hand, the main limitation in the use of the non-lytic Ff
phage vehicle is that all of the phage coat components are exported via the Sec-dependant
pathway through the bacterial inner membrane prior to their assembly into mature phage
particles. As a result, only proteins capable of such export may be displayed, which depends not
only on presence of adequate membrane-targeting signals, but also their sequence, length and
folding characteristics [369].

A display of polypeptides is achieved through the translational fusion of a population of
variant DNA sequences encoding foreign peptides or proteins, to genes encoding any of the five
types of Ff filamentous phage coat proteins, located either in the phage genome or on a
phagemid vector [356, 372]. The different coat proteins have relative merits as fusion partners,
regarding the number of fusion proteins displayed per phage particle, and effects of the
expressed fusion proteins on phage viability and stability [356, 373]. A minor Ff phage coat
protein plll (present in 5 copies per virion), and the major coat protein, pVIII (present in 2,700
copies per virion), are the most frequently used display platforms [347]. pVIII is the fusion
partner of choice when a large number of short peptides are to be displayed, while plll is a

suitable fusion partner for smaller numbers of larger proteins [356].
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There are two general types of phage display systems: phage-based and phagemid-
based, which can be distinguished based on the vector system used. It was observed that the
direct approach of cloning libraries of variant DNA sequences as a fusion with the chosen coat
protein gene within the phage genome, although advantageous regarding simplicity and number
of displayed fusion proteins, could lead to compromised phage viability, stability and
infectivity. This is because no wt version of coat protein, which is used as the phage display
platform, is present, leading to recombination that eliminates inserts in order to improve the
efficiency of phage assembly or infection. To overcome these problems, two hybrid systems for
displaying proteins on the plll and pVIII platforms were created [356, 372, 373].

The first system, known as type 33 or 88, is phage-based. In this system, the phage
genome carries two copies of gene I11 (glll) or gene VIII (gVIII) and foreign DNA is inserted in
one of the copies, yielding phages with a mixture of wt and fusion proteins on the same phage

particle. The second system, known as type 3+3 or 8+8, is phagemid-based (Figure 1.9).

F pilus

Helper phage plll

Helper Phagemid

antibioti
marker

polypeptide-plil wild-type plll
Helper phage fusion protein protein Recombinant
2 phagemid particle

Figure 1.9 Schematic drawing of 3+3 phagemid based phage display system.

The helper phage genome encodes all proteins necessary for the replication and packaging of
recombinant phagemids into virions. In the presence of the helper phage, the phagemid is
packaged into recombinant phagemid particles. Virions produced in this system may
incorporate either wild-type plll derived from the helper phage (red lollipop-like structure) or
the polypeptide-plll fusion protein derived from the recombinant phagemid vector (red lollipop-
like structure with a purple star). Adapted from [349] with permission.
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Sequences encoding fusion proteins are carried by phagemids (plasmids bearing an Ff
phage origin of replication and a packaging signal). Phagemids are replicated as plasmids in a
host that is not infected with Ff phage. The production of phagemid-containing phage particles
(recombinant phagemid particles) can only be achieved after infection of the phagemid-carrying
host cells with a helper phage, which provides the replication and packaging machinery
necessary for the formation of the phage particles. This procedure is known as ‘phage-rescue’.
Typically, the helper phage has a defective phage origin of replication and/or a defective
packaging signal. This modification leads to production of phagemid particles at a 10- to 100-
fold excess over the helper phage, because phagemid ssDNA is preferentially replicated and
packaged over the helper phage genome.

In the phagemid-based phage display platform, the average number of displayed fusion
proteins is reduced due to competition for incorporation between the wt and fusion coat
proteins. The valence of recombinant fusion can be increased by the use of modified helper
phage, such as M13Aglll and R408Aglll, that have a complete deletion of the gene encoding the
wt plll protein [374]. An additional refinement of phage display vectors is the insertion of
peptide tags (c-myc or E-tag) followed by an amber stop codon (TAG) downstream of the insert
(please see section 1.5.3 and Figure 1.11 for an example). This enables the display of the fusion
protein in the amber suppressor strain and production and purification of a soluble foreign
protein when phages are propagated in an appropriate hon-suppressing strain.

Phage display enables expression of libraries of variant nucleotide sequences into a
library of variant peptides or proteins displayed on the phage surface. These phage display
libraries can be subsequently screened for desirable binding properties using an affinity

selection procedure (Figure 1.10), usually referred to as panning or bio-panning [356].
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Figure 1.10 Phage display library panning against an immobilised target.

1. A library of variant DNA sequences is constructed using phage- or phagemid- based phage
display systems. This results in the display of variant (poly)peptides (depicted as stars of
different colour) on the surface of the recombinant phagemid particles. 2. The phage library is
exposed to immobilised target molecules (purple pentagons) to capture specific binders (i.e. the
purple star displaying phage). 3. The non-binding virions are washed off, although some non-
specific (‘background’) binding may occur. Bound phagemid particles are eluted by conditions
that disrupt interactions between displayed (poly)peptide and target. 4. Eluted virions are
amplified in a suitable bacterial host and the resulting amplified phage population is greatly
enriched for recombinant phage clones displaying (poly)peptide variants with the capacity to
bind the target molecules. An additional 3 — 5 rounds of panning (steps 2 — 4) result in a clonal
phagemid population that binds the target. 5. Captured putative binders can be identified by
sequencing and functionally analysed. Figure taken from [349] with permission.

During panning, recombinant phages are exposed to ligands of interest, usually
immobilised on a solid support, in order to selectively capture a phage displaying the binding
peptide. Phage display systems are highly flexible, and affinity selection can be performed,
besides proteins, against other immobilised inorganic [375-377] and organic molecules [168,
378, 379] or cells in vitro [380, 381], as well as in vivo [382-385]. Through successive rounds of
binding, washing, elution and amplification, the original highly diverse phage population (phage
libraries displaying up to 10" peptide or protein variants [372]) is rapidly enriched for the phage

library clones with specificity for the binding target molecule. Due to some unspecific binding
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occurring between phage and components of system used for ligand immobilisation, at least
three rounds of panning (typically 3 — 5) are needed to eliminate ‘background’ non-specific
binding and enrich monoclonal recombinant phage populations with the desired ligand
specificity. However, if several binding variants are displayed in the library, variants capable of
high-affinity interactions with the target will outcompete low-affinity binders during the course
of panning [345]. Displayed proteins can be identified by sequencing the inserted DNA
encoding the displayed peptide, and can be easily purified and subsequently functionally
analysed. Sequencing of individual candidate binders enriched through panning to determine the
corresponding peptide sequence of encoded putative target-binding peptides is one of the most
labour-intensive in DNA panning. This is also rate-limiting step in discovery of different
binding variants.

Next generation sequencing technologies have been increasingly applied for in depth
identification of the diversity of phage binding variants enriched after one or two rounds of
panning on ligand of interest [386-390]. This allows, besides high-throughput identification of a
numerous binding variants, overcoming a problem of competition between high-affinity and
low-affinity binders. Dias-Neto and colleagues (2009) [386] adapted pyrosequencing for deep-
sequencing of amplicons derived from phage ssDNA using primers flanking the insert-glll
fusion. When the GC content, codon usage and amino acid frequencies, the frequency of
homopolymers as well as the overlap of peptides observed were compared between phage
sequences derived using Sanger sequencing and pyrosequencing technologies, the authors did
not observe a significant difference between the two sequencing approaches. DiNiro et al.
(2010) [387] combined two rounds of panning of a cDNA phage display library (to achieve an
optimal balance between the high numbers of positive clones and broad diversity) and
pyrosequencing, which enabled at least two orders of magnitude increase in the number of
identified selected clones compared to traditional affinity screening. The authors identified a
‘landscape’ of binding variants from the phage display library and, based on the ranking of the
most frequently selected clones detected through the high-throughput sequencing, they
estimated that at least 1000 clones need to be picked and analysed using traditional screening
approach in order to pick the top five most frequent clones after two rounds of selection with
99% probability.

1.5.3 Overview of the secretome-selective phage display system

Mining of bacterial secretomes is of importance for a range of applications. However,

as described in section 1.4.4, traditional approaches to analyse the secretome can be inefficient.
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In 2007, a new system for the direct selection, expression and display of the bacterial secretome
was published by Jankovic et al. [234].

This approach allows secretome-encoding genes (as well as the corresponding displayed
secretome proteins) to be specifically selected before sequence and functional analysis. It also
demonstrated superior performance in the enrichment and display of secretome proteins from
Gram-positive bacteria in an E. coli host, compared to other phage-display based systems. The
bacterial secretome-selective phage display system depends on two components: a secretome-
selective phagemid vector (pDJ01) that contains a plll cloning cassette without a signal
sequence [234], and a helper phage (VCSM13d3) with the entire plll coding sequence deleted
[374] (Figure 1.11).
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b}
~ o/
= Z

Figure 1.11 Schematic overview of the bacterial secretome-selective phage display

system.

The display cassette of the secretome-selective phagemid vector contains: filamentous phage
infection-inducible promoter (psp), ribosome-binding site (RBS), multiple cloning site (MCS),
the sequence encoding common peptide tag c-myc (tag) followed by a single amber stop codon
(amber) and the sequence encoding C-terminal domain of phage protein plll (C-glll), which is
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used as a display platform. This vector does not have a signal sequence (ss). Infection of E. coli
cells harbouring recombinant secretome-selective vectors with cloned inserts without (A) or
with (B) native ss with a helper phage (VCSM13d3) with the entire plll coding sequence
deleted results in generation of incomplete recombinant virions without the plll cap at one end
(A) or complete virions with recombinant fusion proteins providing a cap (B).

The display cassette of pDJO1 contains the filamentous phage infection-inducible psp
(phage-shock protein) promoter, that has a very low level of basal expression and decreases the
potential toxic effects of foreign protein-plll fusions on the host cell [391, 392]. The promoter is
followed by the ribosome-binding site, multiple cloning site, the sequence encoding a
commonly used c-myc peptide tag followed by a single amber stop codon and the sequence
encoding the C-terminal domain of phage protein plll, which is used as a display platform in
this system. Incorporation of plll in the virion is necessary for forming a cap on one end of the
newly assembled phagemid particles, rendering virions resistant to the detergent sarcosyl. This
vector also contains a chloramphenicol resistance gene and a plasmid (ColE1l) origin of
replication, which enables plasmid replication to medium-copy numbers, and ameliorates the
potential toxicity of inserts to the host. The phage intergenic sequence in the vector, containing
the f1 origin of replication and packaging signal, enables sSDNA replication and packaging into
recombinant phagemid particles (PPs) in the presence of helper phage. In contrast to other
phage display vectors, pDJO1 does not have a signal sequence. Thus, when the helper phage
VCSM13d3 is used to assemble the PPs, library inserts without native signal sequence produce
only defective virions that are sensitive to the sarcosyl detergent. In contrast, inserts that contain
a signal sequence, or other motifs that can mediate targeting of the N-terminus of the fusion to
the E. coli membrane, are assembled into the detergent-resistant virions [234].

The E. coli host strain TGl (amber-suppressor supE strain), used for library
construction and screening, contains a supE mutation that allows amber stop codon to be read as
glutamic acid. In TG1 strain, ORFs cloned in frame with sequences downstream of MCS are
translated through the TAG stop codon into the in-frame glll-coding sequence and displayed as
a plll-fusion protein on the surface of the phage. Switching a host strain from TG1 to a non-
suppressing E. coli strain allows the c-myc tagged soluble secretome proteins (without plll
moiety) to be expressed and easily detected and purified using the c-myc peptide (affinity) tag
[234].

The phage display system for the direct selection and display of secretome proteins was
successfully applied at a single genome scale to Lactobacillus rhamnosus and Mycobacterium
tuberculosis. Moreover, sequence analysis and affinity screenings of the resulting phage display
secretome libraries allowed characterisation of surface proteins with functions of interest [393-

395]. This technology coupled with the high-throughput sequencing has a potential to mine
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entire microbial communities, where cultivation-independent methods are required to enable

discovery and functional characterisation of their products.
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1.6 Aims of the project

The aims of my PhD project are: (i) to apply secretome-selective phage display to the
bovine rumen plant-adherent microbial community to mine for novel fibre-degrading and
binding activities. This was achieved by (ii) analysing a metasecretome phage display library
via pyrosequencing, to focus sequencing efforts on the metasecretome-encoding component of
the metagenome, and (iii) functionally identifying activities associated with the binding of
complex polysaccharide substrates in the metasecretome phage display library, through standard
phage display affinity selection.

My research questions are:

e Can metasecretome display enrich for and efficiently display functionally and
taxonomically diverse low-abundance surface and secreted proteins encoded by rumen
microbial communities?

e Can the next-generation sequencing of rumen microbial metasecretome libraries enable
such proteins to be identified at a higher frequency relative to the standard shotgun
metagenome sequencing?

e What is the diversity of fibre degrading and binding proteins in the rumen
plant-adherent microbial fraction uncovered by metasecretome phage display, and how
does this diversity compare to those found through other function- and sequence- based
metagenomic approaches? What proportion of secreted CAZymes and other
components involved in the ruminal fibre degradation identified through metasecretome
phage display is novel?

e Can the standard phage display affinity selection procedures be used at a metagenomic
scale to identify fibre-binding components of the rumen microbial metasecretome (such

as bacterial cellulosomes and other CAZymes)?
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Chapter 2. Materials and Methods

2.1 Materials

2.1.1 Laboratory chemicals and enzymes

General laboratory chemicals were manufactured by Sigma-Aldrich (USA), BDH
(USA), Thermo Fisher Scientific (USA), Life Technologies (USA), Merck (USA) and Scharlau
(Spain). Microcrystalline cellulose and insoluble wheat arabinoxylan were manufactured by
Sigma-Aldrich (USA) and Megazyme (lreland), respectively. BD Difco™ 2xYT broth
formulation and BD Difco™ Agar were manufactured by Becton-Dickinson (USA).
Bacteriological agar was obtained from Oxoid (UK). All antibiotics were purchased from
Sigma-Aldrich (USA).

Restriction endonucleases, DNA polymerases and DNA modifying enzymes were
obtained from the following companies: Life Technologies (USA); Roche Applied Science
(Germany); Takara Bio Inc. (Japan); Affimetryx (USA); Promega (USA) and Thermo Fisher
Scientific (USA). SeaPlaque® GTG® Agarose and AgarACE™ agarase were manufactured by
Cambrex Bio Science Rockland, Inc. (USA) and Promega (USA), respectively. All custom
oligonucleotides were synthesised by Integrated DNA Technologies (USA).

2.1.2 Buffers, solutions and media

2.1.2.1 Standard buffers and solutions

Standard buffers, solutions, media and antibiotic stocks were prepared as described in
Sambrook et al. [396] and sterilised either by autoclaving at 121°C for 20 min, or by
microfiltration through a sterile Millex®-GP Syringe Filter Units (EMD Millipore, USA)
containing a fast flow and low protein binding Millipore Express (PES) membrane with a 0.22
pum pore size. Buffers, solutions and media were stored at room temperature (RT) unless stated

otherwise. Antibiotic stock solutions were stored at —20°C.
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2.1.2.2 DNA-free water

Ultrapure water was collected from a Milli-Q Integral Water Purification System (EMD
Millipore, USA) and sterilised by autoclaving, followed by microfiltration (see section 2.1.2.1).
The water was then irradiated with UV light (254 nm, 6 W) for 8 h.

2.1.2.3 OrangeG loading dye

OrangeG loading and tracking dye for nucleic acid gel electrophoresis was prepared as
a 6x stock containing 20 mM Tris-HCI (pH 7.6), 0.4% 1-phenylazo-2-naphthol-6,8-disulfonic
acid disodium salt (orangeG sodium salt), 30% glycerol, 60 mM ethylenediaminetetraacetic acid
(EDTA,; pH 8.0) and 0.1 % sodium dodecyl sulfate (SDS). Dye stocks were stored at 4°C short-

term or at —20°C long-term.

2.1.2.4 Buffers used for rumen content fractionation

RMO02 buffer contained 0.15% (w/v) potassium chloride, 0.14% (w/v) potassium di-
hydrogen phosphate and 0.06% (w/v) ammonium sulphate. Dissociation buffer contained 0.1%

(w/v) sodium pyrophosphate and 0.5% Tween 20 (pH 6.8).

2.1.2.5 Buffers used for extraction and shearing of metagenomic DNA

The lysis buffer contained 1% (w/v) sodium lauroyl sarcosinate (sarkosyl), 0.2% (w/v)
sodium deoxycholate, 10 mM Tris-HCI (pH 8.0), 50 mM sodium chloride (NaCl), 0.1 M EDTA
and 1 mg mL™ lysozyme. The EDTA/Sarkosyl/Protease (ESP) buffer contained 20 mM EDTA,
0.5% (w/v) sarkosyl and 0.013 AU protease (Qiagen, The Netherlands). Both buffers were
prepared fresh before use.

The shearing buffer contained 55 mM Tris-HCI (pH 8.0), 15 mM magnesium chloride
(MgCly) and 25% glycerol.

2.1.2.6 Phage concentration, purification and disassembly solutions/buffers

The PEG/NaCl phage precipitation solution was prepared as a 6x stock, containing 30%

(w/v) polyethylene glycol (PEG) 8000 and 3 M NaCl and sterilised by autoclaving. The loading
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buffer for disassembled virion gel electrophoresis contained 2.5x BlueJuice™ Gel Loading
Buffer (Life Technologies, USA) and 1% (w/v) SDS.

2.1.2.7 Liquid and solid media

Double Yeast extract Tryptone (2xYT) media was prepared from the BD Difco™ 2xYT
broth formulation according to manufacturer’s protocol. 2xYT agar also contained 1.5% (w/v)
bacteriological agar (Oxoid, UK), while 2xYT soft (top) agar contained 0.6% (w/v) BD Difco™
agar unless indicated otherwise. When required, antibiotics were added to 2xYT broth at the
following concentrations: 25 pg mL™ chloramphenicol (Cm), 60 pg mL™ ampicillin (Amp) and
30 pug mL™ kanamycin (Kan) to make 2xYTCm25, 2xYTAmp60 and 2xYTKan30 media or
plates, respectively.

Double-layer Cm plates were prepared by overlaying 2xYTCm25 plates (prepared from
21 mL 2xYT agar supplemented with antibiotic in a Petri dish) with 9 mL of chloramphenicol-
free 2xYT agar shortly before use.

M9 minimal agar, prepared as described in [396], was supplemented with 0.4% (w/v)

glucose and 0.01% thiamine. SOB and SOC media were prepared as described in [396].

2.1.3 Bacterial strains, plasmids and phage

Bacterial strains, plasmids and phage used in this study are listed in Tables 2.1 and 2.2.

Table 2.1 Escherichia coli strains used in this study.

E. coli strain Genotype Reference

TG1 SUpE thi-1 4(lac-proAB) 4(mcrB-hsdSM)5 (r” my) [F' traD36 Stratagene,
proAB laclZ4M15] USA

K1976 TG1//pJARAL12 [374]

K1931 TG1//pDJ01 [349]

MS pilot 1 —90 TG1 transformed with secretome-selected single-stranded pDJO01- This study

derived recombinant phagemids containing metagenomic DNA
inserts from the fibre-adherent fraction of the rumen microbiome

(pilot metasecretome-enriched plasmid library clones)

RAC 1-60 TG1 transformed with secretome-selected pDJO1-derived This study
RAC 101 - 200 recombinant phagemids containing metagenomic DNA inserts
RAC 261 - 340 obtained from the fibre-adherent fraction of the rumen microbiome,

selected after panning on regenerated amorphous cellulose.
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E. coli strain Genotype Reference

AXYL 61 -100 TG1 transformed with secretome-selected pDJ01-derived This study
AXYL 201 - 260 recombinant phagemids containing metagenomic DNA inserts
AXYL 341 -380 derived from the fibre-adherent fraction of the rumen microbiome,

selected after panning on arabinoxylan.

Table 2.2 Plasmids and phage used in this study.

Plasmid Description/genotype Reference  Antibiotic
and phage marker ?
pJARA112  Contains glll under the control of the psp (phage shock [374] Amp

protein) promoter

pDJ01 Phagemid phage display vector for selective expression of [234] Cm
bacterial secretome proteins as plll fusions

MS1-90 pDJ01-derived recombinant phagemids isolated from pilot Thisstudy Cm
metasecretome-enriched plasmid library clones

VCSM13 interference-resistant helper phage derived from M13KO7 Stratagene, Kan
helper phage USA

VCSM13d3  VCSM13 4glll [374] Kan

? Antibiotic marker, antibiotic resistance marker; Amp, Ampicillin; Cm, Chloramphenicol; Kan,

Kanamycin.

2.1.4 Oligonucleotides

Oligonucleotides (primers) used for sequencing and PCR reactions are listed in Table
2.3.

Table 2.3 Oligonucleotide primers used in this study.

Primer name Sequence (5" - 3") Application
pspF03 ATGTTGCTGTTGATTCTTCA sequencing
pspRO3 TGCCTTTAGCGTCAGACTGTAGC sequencing
PCRF2 GCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCA PCR
PCRR2 GGCGACATTCAACCGATTGAGGGAGGGAAGGT PCR

2.1.5 Bioinformatic resources and software

Bioinformatic resources and software used in this thesis are listed in Table 2.4.
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Table 2.4 Bioinformatic resources and software.

Resource Application Source Reference
Vector NTI® DNA sequence display and analysis Life Technologies, USA [397]
Advance 11
SeqClean Trimming and validation of DNA sequences by screening  http://sourceforge.net/projects/seqclean/ [398]
for various contaminants, low quality and low complexity
sequences
dbCAN 3.0 HMM-based database for automated CAZyme annotation http://csbl.bmb.uga.edu/dbCAN/ [399]
IMG/M ER Functional annotation and expert review of unpublished https://img.jgi.doe.gov/cgi-bin/m/main.cgi [400]
metagenomic data sets
GS De Novo De novo assembly of the 454 pyrosequencing data Roche Applied Science, Germany [401]
Assembler 2.7
CD-HIT Sequence clustering http://weizhong-lab.ucsd.edu/cd-hit/ [402]
GETORF Finding and extracting open reading frames http://emboss.bioinformatics.nl/cgi-bin/emboss/getorf  [403]
FUJIFILM Science Image analysis and quantification of image data Fujifilm, Japan
Lab Image Gauge 4.0
Basic Local Finding regions of local similarity between sequences http://blast.ncbi.nlm.nih.gov/Blast.cgi [404]
Alignment Search
Tool (BLAST)
SignalP 4.1 Prediction of signal peptides and their cleavage sites in http://www.cbs.dtu.dk/services/Signal P/ [336]
proteins from Gram-positive and Gram-negative
prokaryotes and eukaryotes
TMHMM 2.0 Prediction of transmembrane helices in proteins http://www.cbs.dtu.dk/services/TMHMM/ [338]
LipoP 1.0 Prediction of lipoprotein signal peptides in Gram-negative  http://www.cbs.dtu.dk/services/LipoP/ [337]

bacteria
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Resource Application Source Reference

SecretomeP 2.0 Prediction of non-classical protein secretion http://www.cbs.dtu.dk/services/SecretomeP/ [259]

PRED-LIPO Prediction of lipoprotein signal peptides in Gram-positive  http://bioinformatics.biol.uoa.gr/PRED-LIPO/ [339]
bacteria

PRED-TAT An HMM-based prediction of Twin-Arginine http://www.compgen.org/tools/PRED-TAT/ [340]
Translocation (Tat) signal peptides and their cleavage sites

PilFind 1.0 Prediction of type 1V pilin-like signal peptides and their http://signalfind.org/pilfind.html [314]
prepilin peptidase cleavage sites in bacterial Gram-positive
and Gram-negative bacteria

PSORTb 3.0 Bacterial localisation prediction tool http://www.psort.org/psortb/ [341]

InterProScan Scanning sequences for matches against the InterPro http://www.ebi.ac.uk/Tools/pfa/iprscan/ [405]
collection of protein signature database

CAZymes Analysis Analysis and annotation of CAZymes http://mothra.ornl.gov/cgi-bin/cat.cgi [406]

Toolkit (CAT)

KnotinFrame Prediction of ribosomal —1 frameshift sites http://bibiserv.techfak.uni-bielefeld.de/ knotinframe/  [407]

Scanner And Suite of web tools for finding possible target-unrelated http://immunet.cn/sarotup/ [408]

Reporter Of Target-
Unrelated Peptides
(SAROTUP)

peptides from panning results
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2.2 Methods

2.2.1 Bacterial strains and growth conditions

E. coli strain TG1 was used to construct the shotgun metagenomic phage display
libraries, as a host for propagating wild type (wt) VCSM13 helper phage, and for transformation
with ssDNA of a pilot metasecretome phage display library.

The complementing E. coli strain K1976 was obtained by transforming TG1 strain with
plasmid pJARA112, which contains full length glll under the control of the phage infection-
inducible promoter, psp [374]. Strain K1976 was used to propagate and titre VCSM13d3, a gllI-
deletion (4glIll) helper phage.

All E. coli strains were propagated at 37°C in liquid media (2xYT or SOC) with
aeration, or on solid media (2xYT or M9 minimal). Media were supplemented with antibiotics
as required (section 2.1.2.7). Bacterial strains were stored short-term at 4°C on solid media in
Petri dishes. All bacterial strains were stored long-term at —80°C as 1 mL stocks derived from
fresh overnight cultures, supplemented either with 7% (v/v) dimethyl sulfoxide (DMSO) or 15%
(v/v) glycerol.

2.2.2 Molecular biology methods

2.2.2.1 DNA extraction and purification

For plasmid DNA extraction from E. coli, commercial Kits based on alkaline lysis
methods were used according to the manufacturers’ protocols. An AxyPrep Plasmid Miniprep
Kit (Corning, USA) was used for small-scale plasmid isolation. A PureLink™ HiPure Plasmid
Filter Midiprep Kit (Life Technologies, USA) was used if larger quantities of plasmid were
needed. The E.Z.N.A.® M13 DNA Mini Kit (Omega Bio-Tek, USA) was used to purify ssDNA
from phage particles.

For purification of DNA fragments from agarose gels, AxyPrep DNA Gel Extraction
(Corning, USA) and QIAquick Gel Extraction (Qiagen, The Netherlands) Kits were used as per
the manufacturers’ protocols.

Metagenomic DNA was extracted from bovine rumen plant-adherent microbiota as
described in section 2.2.4.3. Purified DNA was stored at —20°C until required.
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2.2.2.2 Agarose gel electrophoresis

The gels contained 0.8 — 1% (w/v) agarose and the 1x final concentration of SYBR®
Safe DNA Gel Stain (Life Technologies, USA) in 1x TAE buffer. DNA samples were mixed
with OrangeG DNA Loading Dye (1x final) prior to loading, except for the DNA size standard
(1 Kb Plus DNA ladder; Life Technologies, USA). Gels were run in 1x TAE buffer at 5 V cm™
in a Wide mini-Sub® Cell GT horizontal electrophoresis system (Bio-Rad Laboratories, Inc.,
USA) for 90 min or in an Owl Horizontal A2 Large Gel System (Thermo Fisher Scientific,
USA) for 30 min. DNA was visualised using a UV transilluminator and digitally photographed
using a Nikon D700 digital camera with Kodak Gel Logic 200 Imaging System software
(Eastman Kodak, USA). A Safe Imager™ 2.0 Blue Light Transilluminator (Life Technologies,

USA) was used to visualise DNA for gel extraction.

2.2.2.3 DNA quantification

Fluorometric and spectrophotometric methods were used to measure the concentration,
and estimate the purity of DNA samples. Fluorescence-based quantification assays were
performed using a Qubit® dsDNA BR Assay Kit and Qubit® ssDNA Assay Kit with the
Qubit® 2.0 Fluorometer (Life Technologies, USA) according to the manufacturer’s instructions.
A NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific, USA) was used for
spectrophotometric quantification, where the DNA concentration was calculated from

absorbance at 260 nm wavelength.

2.2.2.4 Preparation and transformation of electro-competent E. coli cells

Electro-competent E. coli cells used in this work were prepared using a modified
protocol by Jacobsson et al. [329], with the exception of the TG1 electro-competent cells used
to generate the large shotgun library, that were purchased from Stratagene (USA).

Electro-competent cells were transformed by electroporation using 0.1 cm gap
electroporation cuvettes and a Gene Pulser® Il Electroporation System (Bio-Rad), under the
following conditions: 1.8 kV, 25 uF, 200 Q, unless stated otherwise. Transformed cells were
transferred to a tube containing 950 uL of freshly prepared SOC medium and incubated for 1 h
at 37°C with rotary agitation. Ten-fold serial dilutions of the transformed cells were plated on

2xYTCm25 agar and incubated overnight at 37°C to allow colonies to form before counting.
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2.2.2.5 Polymerase chain reaction (PCR) amplification

2.2.2.5.1 Bacterial colony PCR

Recombinant plasmids were analysed by PCR using DNA released from resuspended
bacterial colony cells as a template. Primers pspF03 and pspR03 (Table 2.3) used in these
reactions were complementary to the vector sequences flanking the multiple cloning site (MCS).
The reverse primer pspR03 anneals 137 nt downstream of the cloning site, resulting in
amplification of the vector sequence encoding the c-myc peptide tag and the first 30 amino acid
residues of the C-terminal domain of plll.

To prepare the cell suspension for PCR, individual colonies were picked from the
transformation plates using sterile toothpicks and resuspended in 100 uL 1xTBS (25 mM Tris,
137 mM NaCl, 3mM KCI, pH 7.4) and this suspension was used at 1/10 volume of the colony
PCR reactions (e.g. 5 pL in a 50 pL reaction, see Table 2.5). Colony PCR amplifications were
carried out using Platinum® Taq DNA Polymerase High Fidelity (Life Technologies, USA) in
the Mastercycler®pro system (Eppendorf, Germany). The components and the thermal profile

of this PCR reaction are listed in Tables 2.5 and 2.6, respectively.

Table 2.5 Components of a PCR reaction mixture for colony PCR.

Component Volume per reaction  Final concentration
(50 pL)

10x High Fidelity PCR Buffer 5ulL 1x

10 mM dNTP mixture 1 uL 0.2 mM each

50 mM MgSO, 2 uL 2mM

200 pM sense primer pspF03 (section 2.1.4) 0.125 uL 0.5 pM

200 pM antisense primer pspR03 (section 2.1.4) 0.125 uL 0.5 pM

Cell suspension in 1XTBS 5ulL N/A

Platinum® Tagq HiFi polymerase (5U pL™) 0.2 uL 0.02 U uL*

DNA-free PCR water (section 2.1.2.2) 36.55 uL N/A

Table 2.6 Thermal profile of the colony PCR reaction.

PCR step Temperature Time
1 Initial denaturation 94°C 5 min
2 Denature 94°C 30s

3 Anneal 55°C 30s

4 Extend 68°C 2 min*
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PCR step Temperature Time

5 Repeat steps 2 — 4 total 30x
6 Final extension 68°C 7 min

* Extension time recommended by manufacturer: 1 min per Kb of DNA template

The amplicons obtained after completion of the bacterial colony PCR were analysed by
agarose gel electrophoresis and/or used as templates for sequencing. The PCR products that
served as sequencing templates were further purified using the NucleoSpin® Gel and PCR
Clean-up (Macherey-Nagel, Germany) and USB® Ex0SAP-IT® PCR product clean-up
(Affimetryx, USA) kits according to the manufacturers’ protocols.

The cell suspensions that were used in the PCR reactions were further clonally purified
by streaking onto the selective plates (2xYTCm25). These purified transformants were used as a

source of recombinant plasmids (section 2.2.2.1) for further analyses.

2.2.2.5.2 PCR amplification of ssDNA for pyrosequencing

PCR amplification of the recombinant phagemid ssDNA pool, derived from the large-
scale shotgun metagenomic library after metasecretome selection, was performed in order to
amplify the secretome-selected inserts as a template for pyrosequencing. The hot-start
PrimeSTAR® Max DNA Polymerase (Takara Bio Inc., Japan) was used for amplification in the
Mastercycler®pro system (Eppendorf, Germany). Primers PCRF2 and PCRR2 (see section
2.1.4) were designed to anneal to the phagemid vector sequences 361 bp upstream and 367 bp
downstream of the library insert, respectively.

The components and the thermal profile of this PCR reaction are listed in Tables 2.7

and 2.8, respectively.

Table 2.7 Components of a PCR reaction mixture for ssDNA amplification.

Component Volume per reaction  Final concentration
(50 pL)

PrimeSTAR Max Premix (2x) 25 ulL 1x

20 pM sense primer PCRF2 (section 2.1.4) 1.25ul 0.5 pM

20 pM antisense primer PCRR2 (section 2.1.4) 1.25ul 0.5 pM

ssDNA template 2.5uL 5—-50 pg uL™*

DNA-free PCR water (section 2.1.2.2) 20 uL N/A

& 2x premix contains the PrimeSTAR® Max DNA Polymerase, reaction buffer, 2 mM Mg2+ and
dNTP mixture
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Table 2.8 Thermal profile of the PCR reaction (rapid amplification protocol).

PCR step Temperature Time
1 Denature 98°C 10s
2 Anneal 55°C 5s

3 Extend 72°C 25s?
4 Repeat steps 1 — 3 total 35x

? Extension time recommended by manufacturer: 5 s per Kb of DNA template

2.2.3 Phage protocols

In the phagemid/helper phage system used in this work, virions containing helper phage
genomes are referred to as a phage, whereas virions containing phagemid or recombinant

phagemid genomes are referred to as Phagemid Particles (PPs).

2.2.3.1 Phage propagation

VCSM13 (glll") and VCSM13d3 (Aglll) helper phage have been used in this work.
VCSM13 phage was propagated and titred on strain TG1 (see section 2.2.1), whereas the
VCSM13d3 phage stocks were generated on complementing strain K1976 (see section 2.2.1).
The VCSM13 phage was used for production of infectious recombinant PPs for panning and
affinity binding. The VCSM13d3 phage was used for selection of inserts encoding the
secretome protein-c-myc-plll translational fusions. In the VCSM13d3-mediated display, the
secretome protein-c-myc-plll fusions are displayed in five copies, i.e. the display is
‘polyvalent’, in contrast to a single fusion per virion when the wt helper phage, VCSM13, is
used.

All helper phage stocks were derived from a single plaque, using a plate-based (plate)
method, by mixing 10° — 10° phage from a resuspended plaque with 0.2 mL of the appropriate
host strain overnight culture and 2.5 mL of soft agar, and poured over the appropriate solid
medium in a Petri dish. The plates were incubated overnight at 37°C and the phage were
subsequently extracted from the lawn by overlaying 5 mL of 2xYT media and incubating with
slow rotary agitation for 1 h at RT. The extracted phage were collected and separated from the
cells by centrifugation at 13,200xg for 20 min at 4 °C, followed by heating at 65 °C for 10 min
to kill the remaining viable cells. Phage was additionally purified and concentrated as described

in section 2.2.3.2.
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Phage stocks of the volumes over 100 mL were obtained using a liquid-based (liquid)
method. An exponentially growing E. coli culture (ODggo nm ~0.2) was infected by a phage stock
(obtained from a single plaque using the plate method) at the multiplicity of infection (m. o. i.)
of 50 phage per cell and incubated for 30 min at 37 °C without agitation, then 6 h with shaking
at 300 rpm. The cells were pelleted by centrifugation at 13,200xg for 20 min at 4 °C. The
supernatant (phage stock) was collected and the remaining bacterial cells were killed by heating
at 65°C for 10 min. Phage stocks were additionally purified and concentrated as described in
section 2.2.3.3..

2.2.3.2 Preparation of PPs

In those experiments where PPs were produced, the liquid method was mainly used (see
section 2.2.3.2.1), except for PPs derived from the large shotgun metagenomic library that were

prepared by plate method (see section 2.2.3.2.2).

2.2.3.2.1 PPs preparation by liquid method

Cultures of E. coli cells containing recombinant phagemids or phagemid vectors
(100 — 200 mL) in the exponential phase of growth (ODgg nm ~0.2) were infected at an m. o. i.
of 50 with appropriate helper phage and incubated at 37°C without shaking for 30 min (for
VCSM13) or 1 h (for VCSM13d3).

Infected cells were pelleted by centrifugation at 3,300xg for 10 min at RT to remove the
remaining unabsorbed helper phage, resuspended in an equal volume of fresh media and
incubated for 6 h at 37°C with aeration. Host cells were removed by centrifugation at 13,200xg
for 20 min at 4 °C, the supernatant was collected and the PPs were concentrated and purified as

described in section 2.2.3.3.

2.2.3.2.2 PPs preparation by plate method

To prepare PPs derived from the large metagenomic library in pDJO1, library cells
were, after an overnight amplification, diluted 100-fold into 100 mL of 2xYTCm25 media and
grown until exponential phase. Cells in the exponential phase of growth (ODgg nm ~0.2) were
infected with the VCSM13d3 helper phage and harvested by centrifugation as described in
section 2.2.3.2.1. The resulting pellet was mixed with 40 mL of soft agar. Agarose-embedded

cells were poured over 16 double-layer Cm plates and incubated overnight at 37°C [352]. Both
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the soft agar and the double-layer plates were prepared as described in section 2.1.2.7 except
that molecular biology grade agarose was used instead of bacteriological agar. PPs were
extracted from each plate by adding 5 mL of 2xYT media on top of the soft agar surface and
incubating with rotary agitation for 1 h at RT. Aliquots of the media containing PPs collected
from the individual plates were pooled together and PPs were purified and concentrated (see
section 2.2.3.3).

2.2.3.3 Purification and concentration of phage and PPs

The 2xYT medium containing extracted virions was filtered through a sterile Millex®-
HV Syringe Filter Units (EMD Millipore, USA) containing a very low protein binding
Durapore® (PVDF) membrane with a 0.45 um pore size to eliminate any remaining bacterial
cells. Virions were further concentrated (100 — 200x) by precipitation in pre-chilled phage
precipitation buffer (PEG/NaCl; section 2.1.2.6) for 1 h on ice, pelleted at 13,200xg for 30 min
at 4 °C and resuspended in 1 mL 10 mM Tris-HCI (pH 7.6). Virions were titred as described in
section 2.2.3.6 and stored at 4°C short-term or in 7% DMSO at —80°C long-term.

2.2.3.4 Disassembled virion gel electrophoresis

Disassembled virion gel electrophoresis was used to detect total viral sSDNA (the sum
of encapsulated and free viral DNA). Prior to electrophoresis, virions were mixed with
SDS-containing buffer (see section 2.1.2.6) in a 3:1 volume ratio (virions to buffer) and
disassembled by incubation at 70°C for 20 min. Disassembled virions were directly loaded onto
a gel containing 0.6% (w/v) agarose in 1x TAE buffer and subjected to agarose gel
electrophoresis as described in section 2.2.2.2. Total viral ssDNA was visualised by post-

staining with a solution of 0.5 pg mL™ ethidium bromide (EtBr).

2.2.3.5 Native virion gel electrophoresis

Native virion agarose gel electrophoresis allows detection of the free and encapsulated
viral DNA, and was used to analyse the stability of recombinant virions and to verify sarkosyl
selection. Samples were loaded onto 0.4% agarose gels in BlueJuice™ Gel Loading Buffer
(Life Technologies, USA) and electrophoresis was performed at 1 V cm™ in Wide mini-Sub®
Cell GT horizontal electrophoresis system (Bio-Rad) for 17 h. Free (not encapsulated) phage
ssDNA was detected by soaking the gel in a solution of 0.5 ug mL™ EtBr. To detect
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encapsulated phage ssDNA, virions were subsequently disassembled by soaking the gel in 0.2
M NaOH for 1 h, followed by neutralisation in 0.45 M Tris (pH 7.1) for 15 min and soaking
again in EtBr solution to visualise the DNA that became exposed after the virion disassembly
step by NaOH.

2.2.3.6 Enumeration of phage and PPs

2.2.3.6.1 Titration of phage and PPs

The phage and PPs were titred using a quick ‘drop’ method for titre estimation, or a full
‘plate” method for increased accuracy.

In the quick ‘drop’ method, 10 pL drops of serially diluted phage were placed onto a
soft agar layer containing 200 uL of TG1 or K1976 overnight culture. Plaques that developed in
the area of the absorbed drops were counted to estimate the approximate number of phage. For
accurate titres, the appropriate volume of a dilution, such that 200 — 300 plaques per plate are
obtained (as estimated by quick ‘drop’ method), was mixed with 200 uL of TG1 or K1976
overnight culture and 2.5 mL of soft agar. The mixture was poured over pre-warmed plates (in
triplicate) and incubated overnight at 37°C.

The helper phage were titred as described above, and the titre was expressed as the
number of plaque-forming units per mL (PFU mL™). VCSM13 phage was titred on TG1 cells
and VCSM13d3 phage on the complementing strain, K1976.

The infectious PPs were titred in triplicate on TG1 as described above, except that
instead of counting plagues, the titre was determined through transduction of the Cm resistance
marker (CmF), carried by PPs, into the host strain. For this, specially prepared double-layer Cm
plates (see section 2.1.2.7) were used to allow in-agar infection of the TG1 strain and expression
of transduced Cm" marker by indicator strain TG1 prior to antibiotic exposure [352]. The PP

titre was expressed as colony-forming units per mL (CFU mL™).

2.2.3.6.2 Phage and PPs quantification by densitometry

Non-infectious phage and PPs were quantified by densitometry based on the amount of
encapsulated DNA [409]. Phage ssDNA, released from the SDS-disassembled virions and
subjected to disassembled virion agarose electrophoresis (see section 2.2.3.4), was stained with
EtBr and quantified densitometrically. Given that densitometric measurement of band density in

agarose gels is based on comparison with a standard curve generated using DNA of known
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concentrations, every gel contained a series of two-fold dilutions of purified helper phage
sSDNA (10 — 360 ng) as standards. The gel was digitally photographed as described in section
2.2.2.2 and densitometric analysis was performed using the Science Lab 2001 Image Gauge
software version 4.0 (Fujifilm, Japan) and Excel (Microsoft, USA).

A second-degree polynomial function was used for standard curve fitting over the series
of standard data points. Conversion of the calculated amount of sSSDNA in the samples into the
number of virions via humber of genome equivalents was based on molecular weight of sSDNA
genome, calculated from the size of phage or phagemid DNA and its base composition. The
number of genome equivalents corresponds to the number of genomes in a particular PP sample,
which may correspond to a single PP, if a single genome is packaged into a particle, or a unit of
a PP corresponding to a single genome, if multiple genomes are sequentially packaged into a
long PP. The population of PPs obtained using VCSM13d3 helper phage in the presence of
functional plll expressed from the phagemid typically demonstrates a wide distribution of PP
lengths, containing from one to several genomes packaged into a single virion, whereas the PPs
obtained using the VCSM13 are typically 95% single-genome PPs and 5% of double-genome
PPs [354].

2.2.4 Rumen content fractionation and metagenomic DNA extraction

2.2.4.1 Rumen sampling

Rumen sampling was conducted in May 2009 at a DairyNZ research farm (Lye Farm,
Hamilton, New Zealand) under the animal ethics permission number AE 11483 granted by the
Ruakura Animal Ethics Committee. A sample of the whole rumen content (digesta) was
obtained from a fistulated Friesian dairy cow that was a part of normal production herd grazing
ad libitum on a ryegrass/clover pasture. The herd was supplemented with pasture silage (around
10% of the recommended daily intake per animal) during the sampling period. Approximately
1.5 kg of rumen contents was collected in the morning (two hours post-feeding), immediately
placed in a bucket gassed with carbon dioxide to minimise the effect of oxygen on the sample,

and transported to the laboratory for further processing.

2.2.4.2 Rumen content fractionation

A protocol for partitioning the rumen microbial fraction that is tightly adherent to plant

biomass (plant-adherent fraction) from the planktonic (liquid) and loosely attached (associated)
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microbial fractions was modified from Larue et al. [62]. A schematic overview of the rumen

content fractionation procedure is represented in Figure 2.1.

Total rumen digesta

(~1.5kg)
3 Squeezed digesta
(~400g)
fﬁf;fgzﬁ 3 Squeezed digesta
cheesecloth 1x wash with RMO2 (~ 400 g)
buffer (~1.1 L) and
squeeze through
v cheesecloth )
3x wash with RMO2
Liquid sample buffer (~1.1 L) and
(~0.9L) v squeeze through
o cheesecloth
Liquid sample
pellet (-0.9L) V
(1% low speed
and 2x high Washed digesta
speed) pellet (~250 g)
(1% low speed
and 2x gugh incubate in dissociation
v speed) buffer (1 L)
. - 2.5h /iceand
Liquid fraction 30 min/ at 4°C with
v shaking
Associated fraction
squeeze
through
cheesecloth
v
Liquid sample
(~0.9L)
pellet
(1% low speed
and 2x high
speed)

Adherent fraction

4

Extraction of metagenomic
DNA for shotgun library
construction

Figure 2.1 Overview of the rumen content fractionation procedure.

Briefly, the freshly collected rumen content (~1.5 kg) was squeezed through double-

layered cheesecloth. The liquid fraction of the rumen content (0.9 L) was processed to isolate

microbial cells defined as the ‘planktonic’ rumen microbial fraction. Plant debris was first

96



removed from the liquid fraction of the rumen content by low-speed centrifugation at RT
(350%g for 15 min), followed by harvesting the microbial cells from the supernatant by two
high-speed centrifugation steps at 10,000xg for 10 min. Approximately 400 g of the solid
fraction of the rumen content that remained in the cheesecloth (squeezed digesta) was washed
by resuspending in 1066 mL RMO02 buffer (see section 2.1.2.4) at RT, and squeezing the liquid
again through a double-layer cheesecloth. The microbial sub-community defined as the ‘plant-
associated’ rumen microbial fraction was obtained from this first wash by the same procedure as
described above for the planktonic microbial fraction. A further three washes of the squeezed
digesta were performed using RMO02 buffer as described above.

To obtain the ‘plant-adherent’ rumen microbial fraction, the microbial cells were
chemically detached from 250 g of the washed and squeezed digesta by incubation in 1 L of
dissociation buffer (see section 2.1.2.4) for 2.5 h on ice, followed by incubation at 4°C for 30
min with shaking at 290 rpm. The fluid obtained after squeezing the digesta through the
cheesecloth was centrifuged at 350xg for 15 min at RT to remove the small plant debris,
followed by the centrifugation at 10,000xg for 10 min to pellet the microbial cells. The
supernatant was discarded and the microbial pellet was washed once in 5 mL RMO02 buffer,
centrifuged at 10,000xg for 10 min to collect the cells, followed by decanting the supernatant
and snap-freezing the cells in liquid nitrogen.

The weight of obtained microbial fractions and samples of digesta from different phases
of fractionation process was recorded. The frozen bacterial pellet was stored at —85°C until
DNA extraction.

2.2.4.3 Metagenomic DNA extraction from rumen microbial plant-adherent

fraction

The protocol for extracting metagenomic DNA from the rumen microbial plant-
adherent fraction was modified from Stein et al. [410]. The microbial cell pellet from the plant-
adherent fraction (2 g) was split into five samples and each was separately embedded into 0.7
mL of 1% low-melting-temperature agarose (SeaPlaque® GTG® Agarose, Cambrex Bio
Science Rockland, Inc., USA) and incubated in a syringe for 10 min on ice. Samples were
extruded into 10 mL of lysis buffer (see section 2.1.2.5) and incubated for 2.5 h at 37°C,
followed by incubation in 40 mL ESP buffer (see section 2.1.2.5) for 17 h at 55°C to inactivate
nucleases present in the sample. After addition of fresh ESP buffer (20 mL) to each sample and
incubation at 55°C for 1 h, three washes with TE buffer [containing 10 mM Tris-HCI (pH 8.0)
and 1 mM EDTA] were performed and the remaining proteases from the ESP buffer were

inactivated at 70°C for 15 min. To digest the agarose, samples were incubated overnight at 37°C
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with 15 U of AgarACE™ agarase (Promega, USA). Residual insoluble oligosaccharides were
removed by centrifugation and the supernatant, containing crude lysate released from the
agarose, was subjected to DNA extraction using phenol:chloroform:isoamyl alcohol (in 25:24:1
ratio, v/v). After pooling together the five samples derived from 2 g of the microbial cell pellet,
metagenomic DNA was concentrated using a Vivaspin sample concentrator (100 KDa cut-off;
GE Healthcare Lifesciences, USA). Pulsed-field gel electrophoresis was used to confirm the
integrity and quality of the isolated metagenomic DNA (Figure 3.1).

2.2.5 Rumen metasecretome phage display

A schematic overview of the metasecretome library construction and selection is

presented in Figure 2.2.
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Figure 2.2 Overview of the metasecretome library construction and selection.

A. Shotgun metagenomic library construction. Some metagenomic inserts contain endogenous signal sequences, represented by red ovals. B. Shotgun
metagenomic library infection with the glll-deleted helper phage VCSM13d3. C. Metagenomic phage display library contains a mix of virions capped by
insert-plll fusion proteins (signal sequence-positive clones) that are resistant to sarkosyl (Sarkosyl®) and uncapped virions (signal sequence-negative clones)
that are sensitive to sarkosyl (Sarkosyl®). Sarkosyl resistance is used as a basis for selection. D. Single stranded DNA (ssDNA) purified from SarkosyI® virions
after the selection was used to obtain the amplified metasecretome plasmid library for preliminary assessment of metasecretome diversity by Sanger
sequencing (E) and for in-depth assessment of metasecretome selection by next-generation sequencing (F).
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2.2.5.1 Construction of rumen microbial metagenomic shotgun libraries

Two shotgun metagenomic libraries were constructed: i) a small pilot library for the
preliminary assessment of rumen microbial metasecretome selection and ii) a large library for
the metasecretome characterisation by next-generation sequencing. Both libraries were
constructed from mechanically sheared metagenomic DNA isolated from the rumen plant-
adherent microbial fraction, and cloned into the secretome-selective phagemid vector pDJ01
[234].

Around 150 pg of high molecular weight metagenomic DNA was split into ten aliquots,
mixed with shearing buffer (see section 2.1.2.5), and sheared in disposable medical nebulisers
(Unomedical Inc., USA) by subjecting the samples to the pressure of 10 psi for 1 min.
Nebulisation was followed by size fractionation, de-salting and concentration using a Vivaspin
sample concentrator (100 KDa cut-off; GE Healthcare Lifesciences, USA). The ends of the
sheared metagenomic DNA (72 ug) were repaired and 5'-phosphorylated using an enzyme
cocktail containing 16 U T4 DNA Polymerase (Roche Applied Science, Germany), 76 U
Klenow Enzyme (Roche Applied Science, Germany) and 190 U USB OptiKinase™
(Affimetryx, USA). The repaired DNA was purified by phenol:chloroform:isoamyl alcohol
(25:24:1) extraction, followed by ethanol precipitation, and the DNA pellet was resuspended in
150 pL of 10 mM Tris-HCI (pH 8.0). The phagemid vector pDJ01 was prepared by digesting
with Smal restriction endonuclease (Roche Applied Science, Germany) and the 5' ends of the
linearised vector were dephosphorylated using rAPid Alkaline Phosphatase (Roche Applied
Science, Germany). The linearised and dephosphorylated vector was purified from the
remaining uncut vector by gel purification using a QIAEX Il Gel Extraction Kit (Qiagen, The
Netherlands).

To optimise conditions for library construction, a number of test ligations using
different molar ratios of vector and the sheared and end-repaired metagenomic DNA (the insert)
were performed using T4 ligase (Roche Applied Science, Germany). Test ligations were
desalted using agarose cones as described in [411], transformed into E. coli TG1 competent
cells by electroporation (as described in section 2.2.2.4), and the number of transformants was
determined. The ratio that generated the largest number of transformants was used for the
construction of primary libraries.

Approximately 19 pg of the end-repaired metagenomic DNA inserts were ligated to 6.5
ng of pDJO1 vector using T4 ligase. After phenol:chloroform:isoamyl alcohol extraction and
ethanol precipitation, the ligated DNA was washed with 70% (v/v) ethanol and dissolved in 75

uL of sterile deionised water.
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A total of 2 pg of ligated and purified metagenomic DNA was transformed into the
electrocompetent E. coli cells as described in section 2.2.2.4, to obtain the pilot shotgun library.
The remaining ligation mixture was used for 27 separate transformations into electrocompetent
TG1 purchased from Stratagene to generate a large shotgun library. These 27 TG1 aliquots were
separately transformed and processed through the whole metasecretome selection procedure and
the template preparation for the next-generation sequencing.

To estimate the primary shotgun library size, aliquots from each transformation were
plated on 2xYT Cmys plates. The remaining portion of each transformation mixture was mixed
with 9 mL of 2xYT Cmys broth and incubated for 8 h at 37°C with aeration to amplify the
library aliquots. Amplified aliquots of the master shotgun metagenomic library were frozen at —

80°C in 7% DMSO, apart from 1 mL which was immediately used for secretome selection.

2.2.5.2 Selection of metasecretome phage display library and isolation of ssDNA

Starting from a 1 mL aliquot of the overnight culture containing amplified shotgun
library clones (described in section 2.2.5.1), PPs were produced using the plate method and
concentrated (see section 2.2.3.1.2). A modified protocol [234] for the direct selection of the
secretome phage display library was applied to PPs produced from both shotgun metagenomic
libraries (the small pilot library and 27 large shotgun library aliquots) separately. To eliminate
structurally unstable virions derived from non-secretome library clones, PPs were incubated in
0.1% (w/v) sarkosyl for 10 min at RT. The ssDNA released from defective virions was removed
by incubation with 200 U of DNasel (Roche Applied Science, Germany) in the presence of 5
mM MgCl, for 1 h at RT, followed by addition of EDTA (to final concentration of 25 mM).
Sarkosyl-resistant recombinant virions were precipitated by PEG/NaCl solution for 3 h at RT
and resuspended in 10 mM Tris-HCI (pH 7.6). This was followed by heating at 75°C for 10 min
to inactivate DNasel prior to extraction of sSDNA from sarkosyl-resistant PPs using E.Z.N.A.®
M13 DNA Kit according to the manufacturer’s recommendations.

The ssDNA isolated after the secretome selection was either transformed into
electrocompetent E. coli cells as described in section 2.2.2.4 (and individual clones were

analysed by sequencing), or was subjected to processing for the 454 pyrosequencing.

2.2.5.3 Sequencing of pilot metasecretome phage display library

Recombinant phagemid DNA from 90 randomly selected pilot library transformants
was purified using AxyPrep™ Plasmid Miniprep Kit (Axygen, USA). All inserts were

sequenced using the BigDye® Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems,
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USA) and analysed on an ABI3730 DNA analyser at the Massey Genome Service (Massey
University, New Zealand). Inserts were sequenced from the 3' end only, using the primer
pspRO3 (Table 2.3) complementary to the plll-coding sequence of the vector, in order to
identify the insert-c-myc-plll junction and determine the frame of the insert-containing ORF
relative to plll. If the start of the ORF was not reached, a sequencing reaction using the pspF03
forward primer (Table 2.3) complementary to the pDJO1 vector sequence upstream of the MCS

was performed.

2.2.5.4 Testing conditions for the next-generation sequencing template preparation

The subject of this sequencing project is a metasecretome-selected library containing
metagenomic DNA inserts (ranging in size between 0.7 and 5 Kb) in a phagemid vector (3.1
Kb). For this reason, using the whole recombinant phagemid as a sequencing template would
result in a large amount of unnecessary sequencing of the vector. To overcome this problem, the
template for shotgun sequencing was generated by PCR amplification of insert and flanking
vector sequence from recombinant phagemid ssDNA, based on the concept described in [386].
A range of amplicon sizes were expected, with a large proportion over the 0.8 Kb size. DNA
fragments in the 0.6 — 0.8 Kb size range are preferentially used by the Macrogen Inc.
sequencing facility (Seoul, Korea) as a template for the 454 pyrosequencing, since longer DNA
fragments do not amplify well in the emulsion-based PCR (emPCR). For this reason, it was
necessary to fragment the obtained amplicons to the 0.6 — 0.8 Kb size range before subjecting
them to shotgun sequencing. To investigate various fragmentation methods, a test mixture of
amplicons that cover the expected size range of the inserts (0.7 — 5 Kb), obtained from the pilot
library recombinant phagemids using the same pair of primers as for the pyrosequencing
template preparation, was sheared enzymatically and mechanically using different conditions,
and examined by agarose gel electrophoresis to monitor the resulting size range.

The amplicon test-mix was incubated with several concentrations of Alul restriction
endonuclease (0.05 — 10 U of enzyme per ug DNA) and varying incubation times (30 sec - 2 h),
followed by heat inactivation at 65°C for 20 min. Partial digestion with DNasel (0.05 — 1 U of
enzyme per ug DNA) in the presence of Mn* (10 mM) at 37°C for 30 sec and 1 min was also
tested, followed by DNasel inactivation with EDTA (final concentration of 50 mM) and heat
inactivation at 75°C for 10 min.

Mechanical shearing of the test-mix (containing 10% glycerol) was performed by
nebulisation, subjecting a sample in a disposable nebuliser (Life Technologies, USA) to the
pressure of 35 psi for 1, 2, 3, 4, 6, 8 and 10 min or by passing the sample through a 0.8 mm bore
needle 5, 25, 50, 75 and 100 times.
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2.2.5.5 Next-generation sequencing of the metasecretome

To produce the template for the next-generation sequencing of the metasecretome,
amplicons were generated in 27 separate PCR reactions (as described in section 2.2.2.5.2), using
the secretome-selected sSDNA as a template and primers PCRF2 and PCRR2 (Table 2.3). After
the amplification was completed, the PCR reactions were pooled and subsequently divided into
portions, and fragmented using five different conditions: 1 min Alul digestion; 3 h Alul
digestion, 6 min nebulisation at 35 psi; 6 min nebulisation at 35 psi followed by 1 min Alul
digestion and 6 min nebulisation followed by 3 h Alul digestion. Alul was used at 5 U per ug of
DNA and the reactions were incubated at 37°C, followed by heating at 65°C for 20 min to
inactivate the enzyme. Nebulisation was performed on ice in a disposable nebuliser (Life
Technologies, USA).

The sheared amplicons obtained under five conditions described above were separately
purified and concentrated using NucleoSpin® Gel and PCR Clean-up kit (Macherey-Nagel,
Germany). DNA was quantified in each sheared sample by fluorometry, using a Qubit® dsDNA
BR Assay Kit (Life Technologies, USA). The template for next-generation sequencing,
containing 12.5 ug DNA in total, was prepared by mixing equal amounts (2.5 pg) of DNA
templates prepared under each of the five conditions described above.

The next-generation shotgun sequencing (1/2 plate) using Titanium chemistry on a 454
GS FLX instrument (Roche Applied Science, Germany) was carried out by the Macrogen Inc.
sequencing facility (Seoul, Korea). The sequencing service provider completed the template
preparation according to the Rapid Library Preparation Method Manual (Roche Applied

Science), starting from the second, fragment end-repair step of the protocol.

2.2.6 Bioinformatic analysis

2.2.6.1 Sequence analysis of the pilot metasecretome library inserts

The sequences obtained from sequencing the inserts of 90 randomly selected pilot
metasecretome library clones (described in section 2.2.5.3) were analysed using the Vector
NTI® Advance 11 software package. ORFs in translational fusion with c-myc-glll were
identified using the Vector NTI ORF finder in combination with manual inspection.

Functional annotation of putative proteins encoded by the pilot metasecretome library

ORFs was based on the best BLASTP hit against NCBI non-redundant (nr) protein sequence
103



database. Functional categories have been assigned to hits with an E-value of <1e-05. The
taxonomic assignment of inserts at the genus level was based on the best BLASTX hits with an
E-value of <1e-05 and a query coverage of >30%. Types of membrane-targeting signals in
putative proteins, longer than 24 amino acid residues and in frame with the c-myc-plll encoded
by vector, were predicted using a range of available algorithms (SignalP 4.1 [336], TMHMM
2.0 [338], LipoP 1.0 [233, 337], PredLipo [339], SecretomeP 2.0 [259], PilFind 1.0 [314] and
PRED-TAT [340]) using the default settings and cut-off values.

The efficiency of selection was estimated by comparing the frequency of the secretome
insert-containing recombinant phagemids after selection with the theoretically expected
frequency before selection. The theoretical expected frequency of the secretome insert-
containing recombinant phagemids before selection was calculated as described in [329]. The
calculation was based on the average proportion of the secretome ORFs in bacterial genomes,
the probability of a correct insert orientation and a probability of the putative protein encoded
by the insert to be in the correct frame for display. The frequency of the secretome insert-
containing recombinant phagemids after the selection was calculated as the proportion of inserts
containing an ORF encoding putative protein in frame with c-myc-plll and a predicted

membrane-targeting signal, as compared to all sequenced inserts.

2.2.6.2 In silico analysis of the next-generation sequencing metasecretome dataset

2.2.6.2.1 Rumen metasecretome unassembled and assembled datasets
Generation of the rumen metasecretome datasets used throughout this work is described

below and the descriptive name of each dataset is represented in a bold font. A workflow

overview of the metasecretome dataset in silico analysis is represented in Figure 2.3.
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Figure 2.3 Workflow overview of the in silico analysis.

The metasecretome dataset (this thesis) was compared to the two bovine rumen microbial plant-adherent shotgun metagenomic datasets: Moon et al.
(unpublished) and Hess et al. (2011) [22].
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The raw metasecretome pyrosequencing reads (Figure 2.3, dataset A) were obtained
by sequencing the metasecretome-enriched DNA template obtained by secretome selection,
amplification and amplicon fragmentation (as described in sections 2.2.5.2 and 2.2.5.5,
respectively), using the Roche 454 GS FLX Titanium platform. These raw reads were trimmed
using a SeqClean script [398] to remove the sequences of pDJO1 vector and VCSM13d3 helper
phage, and to filter out the low-quality and short reads. The minimum percent identity for an
alignment with a contaminant was 85% and the minimum length cut-off for cleaned sequences
was 100 bp, with the rest of parameters with default values. The resulting cleaned unassembled
metasecretome reads (Figure 2.3, dataset B) were used as an input into the Integrated
Microbial Genomes with Microbiome samples (IMG/M) system [400], hosted by the U.S.
Department of Energy Joint Genome Institute [412]. Briefly, in the IMG/M pipeline, the
following steps were performed prior to annotation: removal of commonly occurring
discrepancies in the input sequence files; trimming of the low-quality regions; masking of the
low-complexity regions, and de-replication. During de-replication, duplicate sequences were
detected at 95% sequence identity and if the terminal 3 bp of detected duplicates were identical,
only one representative sequence was retained. The resulting cleaned unassembled de-
replicated metasecretome reads (Figure 2.3, dataset C) were used in all subsequent analyses
within the IMG/M pipeline.

The cleaned unassembled metasecretome reads, obtained as described above, were
assembled using a GS Roche De Novo Assembler [401], version 2.7, with the overlap
requirements of a minimum length of 40 bp and a minimum identity 100%. To predict the ORFs
in this assembled metasecretome dataset (Figure 2.3, dataset D), the GETORF package [403]
was used, and the minimal ORF length was set at 90 bp (minimal length of putative protein 30

amino acid residues).

2.2.6.2.2 Functional annotation and phylogenetic profile

A bovine plant-adherent rumen microbial metagenome dataset of two New Zealand
cows on a fresh pasture diet (Moon et al., unpublished) was included in the bioinformatics
analyses to provide a reference point for comparison to the metasecretome data. Overview of
samples used for generation of metasecretome and metagenome datasets is provided in Table
2.9.

106



Table 2.9 Overview of samples used for generation of the metasecretome and the

metagenome datasets.

Dataset Metasecretome Metagenome
Sampled animal Friesian dairy cow Friesian dairy cow
Number of sampled 1 2

animals

Diet

Ryegrass/clover pasture
supplemented with 10% silage

Ryegrass-dominant pasture

Sampling time

May 2009

February 2008

Sampling location

Hamilton, New Zealand

Palmerston North, New Zealand

Sampling technique

Rumen fistula

Rumen fistula

Sample type

Whole rumen content

Whole rumen content

Microbial fraction

Plant-adherent

Plant-adherent

Fractionation method

Modified from [62]

[62]

DNA extraction method

Modified from [410]

ZR Fecal DNA Kit (ZymoResearch,
USA), no bead beating

Sequencing platform

Roche 454 GS FLX (Titanium)

Roche 454 GS

Amount of sequencing

Half plate

Full plate, one plate per cow

Sequencing centre

Macrogen, South Korea

University of Otago, New Zealand

Number of analysed
reads ?

153,002

609,709

Average read length 362 226 °
(bp)
Total sequence 55 145°

information (Mb) °

2> Number of reads and total sequence information is provided for reads after processing via IMG/M
pipeline. © Combined pyrosequencing datasets of two cows.

The metagenome dataset was processed and automatically annotated via IMG/M system
[400] using the same parameters as for the metasecretome dataset. The metasecretome and
metagenome sequences are deposited in the NCBI BioProject database [413] (accession ID
PRJINA244109), while two annotated datasets can be accessed through the IMG/M website
[412] under taxon objects ID 3300000332 and 3300000524, respectively.

Protein-coding genes were predicted in the metasecretome and metagenome datasets via
the IMG/M system [400] using integrated Genemark, Prodigal, Metagene and FragGeneScan
ORF calling/ab initio gene prediction programs. IMG/M-generated functional annotation
associated putative proteins in the metasecretome and metagenome datasets with protein
families and domains based on COG (Clusters of Orthologous Groups of proteins) clusters and
functional categories, Pfams (Protein families), KO (KEGG Orthology) terms and KEGG
(Kyoto Encyclopedia of Genes and Genomes) pathways and EC numbers [400, 414]. The
phylogenetic profiles of the two datasets were produced in the IMG/M pipeline by computing
the distribution of the best BLASTP hits of putative proteins against the non-redundant
reference database containing sequences from public IMG genomes and the KEGG database.
Taxonomic assignments have been reported at the phylum level with 30% BLASTP identities

cut-off. This low percent cut-off was necessary because the accuracy of taxonomic assignment
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via similarity-based search depends on the availability of reference data, which is limited for

metagenome samples.

2.2.6.2.3 CAZyme annotation and taxonomic assignment

Putative proteins, encoded by ORFs predicted in the metasecretome and metagenome
datasets via the IMG/M pipeline, were downloaded using the JGI portal. Putative proteins from
metasecretome and metagenome datasets (encoded by 222,960 and 671,876 ORFs,
respectively), as well as putative proteins encoded by 2,547,270 predicted ORFs from the
published bovine rumen microbial switchgrass-adherent metagenome dataset [22], were
subjected to automated annotation and assignment to families of carbohydrate-active enzymes
(CAZymes) using the doCAN database CAZy family-specific HMMs (release 3.0, based on the
CAZy database as of March 2013) [399]. The hmmscan functionality of the HMMER 3.0
software package [415] was used to search doCAN database for homologous CAZyme domains
(modules) in three datasets and the output was parsed using the following cut-off values: for an
alignment length >80 amino acid residues, an E-value <1e-05; otherwise an E-value <1e-03.
The HMM-based CAZyme annotation was chosen over the sequence similarity-based
approaches to minimise dependence of the identification of putative CAZymes on the sequence
similarity shared with known CAZymes and to allow the annotation of putative novel CAZyme
sequences. To remove duplicates, all dbCAN hits were clustered at a 100% sequence identity
threshold using the CD-HIT algorithm [402].

To search for putative proteins with multi-modular CAZyme organisation in the
metasecretome dataset, only clustered putative proteins with non-overlapping hits to multiple
CAZyme HMMs (previously parsed based on an E-value <1e-05 for an alignment length >80
amino acid residues and an E-value <1e-03 for shorter alignment lengths) that had query
coverage >30% for each putative domain, were further inspected. The start-end position
consistency between the HMM and the query protein and hit ‘strength’ for each domain were
taken into account for prediction of multi-modular organisation of putative CAZymes. Hit
strength was judged based on the conditional E-value (<<1 and smaller than individual E-
value). For each ‘hit’ (an alignment between the query sequence and the domain represented by
HMM) produced by hmmscan, a bit score, an individual E-value (iE-value) and a conditional E-
value (cE-value) were produced [416]. An iE-value indicates the statistical significance of the
best hit (from the top hits list) to the individual domain and describes the expected number of
non-homologous hits to that particular domain to occur in the whole database by chance. A cE-
value indicates the statistical significance of each domain under assumption that the target

sequence is a true homologue and describes the expected number of additional hits that would
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be found with obtained bit score among the set of sequences reported in the top hits list by
chance. Small cE-value (<<1), smaller than the corresponding iE-value, indicates confidence
that particular region of a query is ‘hitting’ a true homologous domain and can also be used to
decide the statistical significance of weak-scoring hits to additional domains.

The clustered hits to cellulosome-associated modules were further analysed. The family
level taxonomic assignments of putative proteins within the metasecretome dataset with hits to
putative cellulosome modules were made based on the best BLASTP hit against the NCBI nr
protein database with a bit-score over a threshold of 40 for cohesin and SLH module-containing
proteins and 35 for dockerin-module containing proteins. The taxonomic assignments were then

manually curated using recent bacterial classification proposals [176, 417-421].

2.2.6.2.4 Assessment of the novelty of putative CAZymes detected in the metasecretome

dataset

To assess the ability to annotate novel putative CAZymes in the metasecretome dataset
using an HMM-based approach, putative proteins containing predicted CAZyme modules,
clustered at 100% sequence identity and >30 amino acid residues long, were compared with
proteins deposited in the NCBI nr protein database and with relevant full-length putative
CAZyme proteins downloaded from the dbCAN website using BLASTP with default
parameters. Putative CAZymes deposited in the doCAN database represented, as of May 2012,
an approximately three times larger collection of CAZyme homologues compared to the NCBI
nr database [399]. This specialised collection contains putative CAZyme sequences (4,073,867
as of May 2013) from CAZy [138], NCBI (nr and environmental nr) databases [423] and
UniProt [424] databases; multiple metagenome datasets (JGI [425], CAMERA [426], BGI-gut
[427] and cow rumen metagenome [22]); a small number of sequences from the human gut
microbiome [428] and plant genomes [429] that are not available in GenBank. The best

BLASTP hits were extracted and further analysed.

2.2.6.2.5 Prediction of membrane-targeting signals in the metasecretome dataset

To extract ORFs encoding polypeptides in frame with the c-myc tag and plll, ORFs
were first found and extracted from raw metasecretome pyrosequencing reads using GETORF
[403] with the default parameters. Next, a TBLASTN search using the 15 amino acid residues
long c-myc tag as a query was performed to locate ORFs encoding putative proteins that are in
frame with c-myc (and plll). After removing chimeric sequences with more than one c-myc
match, translated ORFs with >93% c-myc sequence identity (allowing up to one mismatch to
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accommodate potential sequencing errors) were extracted from the raw metasecretome
pyrosequencing dataset. To remove duplicates, extracted translated ORFs in frame with c-myc
were clustered at 100% sequence identity threshold using the CD-HIT algorithm [402].

Distinct putative proteins in frame with the c-myc tag and plll, and longer than 24
amino acid residues, were analysed to predict the presence of membrane-targeting signals using
the following software packages: SignalP 4.1 [336] with a D-score cut-off that reproduces the
sensitivity of SignalP 3.0 and no N-terminal truncation of the input sequence, as well as
TMHMM 2.0 [338] and LipoP 1.0 [233, 337] with default settings.

Putative proteins without predicted signal sequences were subjected to a BLASTP
search against a local database of putative proteins encoded by metasecretome contig ORFs to
find longer homologous putative proteins. ORFs were predicted in the assembled
metasecretome dataset as for raw reads, using GETORF [403] with the default parameters. A
BLASTP search was performed with default parameters for putative proteins without predicted
membrane-targeting signals that were over 30 amino acid residues long, while parameters
optimised for queries shorter than 30 amino acid residues were applied for putative proteins
without predicted signal sequences, which were between 25 — 30 amino acid residues in length.
Finding longer homologous putative proteins, some of which may contain the N-terminal
sequence encoding a membrane-targeting signal, could increase the probability of detecting
membrane-targeting signals in partial ORFs encoding putative proteins in frame with c-myc and
plll. Best BLASTP hits were extracted and subjected to prediction of membrane-targeting
signals as described above. Finally, a predicted membrane-targeting signal was assigned to the
putative proteins encoded by unassembled metasecretome sequences (without a previously
detected membrane-targeting signal) based on the sequence similarity to the best BLASTP

homologue in the assembled metasecretome dataset.

2.2.7 Affinity screening of the metagenomic shotgun library

2.2.7.1 Preparation, immobilisation and test-assays of complex carbohydrate

substrates for panning

Several complex carbohydrate substrates: cellulose (in three forms), oat spelt xylan,
insoluble wheat arabinoxylan, and ryegrass fibre (neutral detergent fraction) were tested as
substrates (baits) by assays to identify those that result in low non-specific binding of PPs, as a
low background is essential for the success of selection. One of the cellulose baits was
Whatman No.1 paper (GE Healthcare Lifesciences, USA) in discs, containing 2.65 mg cellulose

per disc. It was placed in polypropylene microtubes; the washing and binding was performed by
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moving the disc from one tube to another using sterile tweezers. Around 100 mg of other
carbohydrate substrates: microcrystalline cellulose (Sigma-Aldrich, USA), oat spelt xylan
(Sigma-Aldrich, USA), insoluble wheat arabinoxylan (Megazyme, Ireland), regenerated
amorphous cellulose and neutral detergent fraction of ryegrass were each placed in empty
disposable polypropylene columns (10 mL) containing a polyethylene frit to retain the substrate,
while allowing draining of the liquid when the stopper is removed (PD-10 empty columns; GE
Healthcare Lifesciences, USA). All carbohydrate substrates, apart from the amorphous cellulose
and the neutral detergent fibre fraction of ryegrass, were weighed and placed directly onto the
column in powder form. A regenerated amorphous cellulose slurry, containing 20 g cellulose
L™, was prepared as described in [430], supplemented with 0.2% (w/v) of sodium azide and
stored at 4°C. The neutral detergent fraction of ryegrass, representing the insoluble component
of plant cell walls (fibre), was prepared as described in [103].

The pDJO01 vector-derived PPs, used for the assays, were produced using VCSM13
helper phage, purified and titred (see section 2.2.3).

All substrates were blocked overnight with 2% (w/v) bovine serum albumin (BSA) in
1x TBS, and conditions described in section 2.2.7.2 were used in the binding assays. The
number of PPs in the ‘input’ (mixed with the substrate at the start of the assay) and the ‘output’
(eluted from the substrate at the end of the assay) was determined by titration. The ratio of the
total number of the output to input PPs served as a measure of ‘background’ PPs that bind non-

specifically to the bait and the immobilisation matrices/vessels.

2.2.7.2 Affinity screening of the metagenomic shotgun phage display library on

wheat arabinoxylan and amorphous cellulose

To identify recombinant PPs displaying hemicellulose- and cellulose- binding proteins,
the metagenomic shotgun phage display library was screened using an affinity enrichment
protocol. The two substrates, AXYL (100 mg) or 5 mL RAC slurry (20 mg mL™) were
separately immobilised using columns as described in section 2.2.7.1. The substrate was washed
once with 5 mL 1xTBST (1xTBS containing 0.05% (v/v) Tween 20) and blocked overnight
with 5 mL of 2% (w/v) BSA in 1xTBS with gentle mixing at 4°C. The substrate was washed the
following morning three times with 5 mL of 1xTBST buffer.

The PPs derived from the 27 separate aliquots of metagenomic library in pDJO1 vector
(MG1 — MG27 PPs) were produced with the VCSM13 helper phage. This helper phage encodes
a wt plll, which competes for incorporation into the PPs with the phagemid-encoded plll
fusions, resulting in infectious PPs with monovalent display of the fusion proteins. Given that

the vector does not encode a signal sequence, the display depends on the presence of an
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endogenous signal sequence encoded by the metagenomic inserts. The PPs were produced using
the liquid method (see section 2.2.3.1.1), starting from 27 separate 2 mL aliquots of the
amplified shotgun metagenomic library (in the form of E. coli cells containing phagemids
replicating from their plasmid origins; from 7% DMSO stocks), obtained as described in section
2.2.5.1. The PPs were precipitated in PEG/NaCl solution and purified as described in section
2.2.3.2. Twenty-seven aliquots of MG PPs were pooled together and the MG1 — 27 PPs mix was
titred as described in section 2.2.3.3.1. Control PPs derived from vector pDJ01 were prepared as
described in section 2.2.7.1.

MG1 — 27 PPs (sample) and pDJO1 PPs (control) were separately resuspended in 5 mL
of 1xTBS supplemented with 0.2% BSA 1 h prior to addition to the column-immobilised pre-
blocked substrate. Approximately 1x10* PPs of both sample and control were separately mixed
with the two carbohydrate substrates (in triplicate for each substrate) and incubated for 3 h at
RT with continual rocking. Unbound PPs were removed by washing the substrate nine times
with 1xTBST, followed by the last wash with 1xTBS. After binding and every washing step,
the column was centrifuged at 1,000xg for 2 min to drain the liquid, whereas the substrate was
retained in the column by the frit.

The bound sample and control PPs were eluted from the substrate under three different
conditions: acidic, basic and by direct on-substrate infection of the E. coli TG1 host cells. For
the acidic and basic elution, the mixture of the substrate and PPs were incubated at RT after the
last wash with 920 uL acidic elution buffer (0.1 M glycine-HCI, pH 2.2) for 30 min or with 0.9
mL alkaline elution buffer (20 mM NaOH/100 mM NaCl, pH 9.2) for 10 min, respectively.
Elution by pH extremes was followed by neutralisation of acidic eluate with 80 pL of
unbuffered 1 M Tris or by neutralisation of basic eluate with 100 pL of 1 M Tris-HCI (pH 7.0).
The neutralised acidic and basic eluates were used to separately infect 10 mL of exponentially
growing TG1 culture for 30 min at 37°C, apart from 20 pL of each eluate that was used for
titration of PPs as described in section 2.2.3.3.1. For elution with host (E. coli) cells, samples
were mixed with 10 mL of exponentially growing TG1 culture and incubated for 30 min at
37°C without shaking to allow infection. An aliquot of 100 pL was taken for titration and the
remainder of the infected TG1 was subjected to the amplification of eluted library pool.

Following the 30 min infection at 37°C, the transduced cells from each of the three
modes of elution were mixed with 90 mL of fresh 2xYTCm25 medium and incubated at 37°C
for 8 h with aeration to amplify the eluted library pool. An aliquot of amplified cells (1 mL) was
subsequently infected with the VCSM13 helper phage to produce PPs using the liquid method
(see section 2.2.3.1.1) that were used as an input for the next round of panning.

In total, four rounds of panning of the metagenomic phage display library on complex

carbohydrate substrates were performed. Enrichment of the recombinant PPs displaying
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potential substrate-binding fusions was monitored through increase of the output/input ratio
over the four rounds of panning.

Furthermore, plasmid profiles of enriched library pools after each round of panning
were monitored by agarose gel electrophoresis. Disappearance of a smear of recombinant
plasmids, seen in the library pool prior to panning due to random insert distribution, and the
appearance of discrete bands were taken as indicators of an enrichment of particular
recombinant phagemids relative to the rest of the library.

The most prominent plasmid bands, identified after the first and last round of panning,
were purified from the agarose gel and used to separately transform electrocompetent TG1 cells
as described in section 2.2.2.4. Bacterial colony PCR was carried out on 20 randomly picked
colonies from each transformation to examine the insert size distribution, as described in section
2.2.2.5.1. The recombinant phagemids containing inserts of different sizes were further analysed

by DNA sequencing.

2.2.7.3 Sequence analysis of the affinity selected recombinant PPs

Taxonomic assignments of sequenced inserts obtained from affinity selected clones
were based on the best BLASTX hit (E-value <1e-05 and query coverage >30%). Putative
proteins in frame with the c-myc and plll, encoded by affinity selected inserts, were annotated
based on their best BLASTP hit (E-value <1e-05 and query coverage >30%) against the NCBI
nr protein database. The putative proteins longer than 24 amino acid residues were further
analysed for the presence of the membrane-targeting signals as described in section 2.2.6.1. The
putative proteins were also inspected for putative CAZyme modules using a HMM-based search
via the dobCAN web server and a BLASTP search against CAZymes in the doCAN and CAT
databases with default cut-offs.

Phage display recombinant clones that do not specifically bind to the target of interest,
but are rather selected due to a competitive advantage (preferential replication and assembly
during amplification phases of the panning protocol) or due to a substrate-unrelated binding
(caused by the affinity of displayed peptide for the matrices used for immobilisation of the
target or various commonly used blocking agents, such as bovine serum albumin or skim milk
powder), are often isolated in affinity screens. A suite of web tools called SAROTUP [408],
designed to identify peptides that provide competitive advantage, as well as those providing
substrate-unrelated binding, was used for scanning of translated inserts, purified and sequenced
from recombinant phagemid clones obtained after the affinity screening of the metasecretome

library on complex carbohydrates. Short regions of putative proteins (40 amino acid residues
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long with 10 amino acid residues long overlapping region) were analysed via the SAROTUP
database [408].

To investigate whether —1 programmed ribosomal frameshift (PRF) events could have
contributed to inserts encoding putative proteins out of frame with plll being displayed (and
thus captured by affinity selection), all inserts were inspected for putative signals stimulating
—1 PRF using the KnotInFrame algorithm [407].

2.2.7.4 Wheat arabinoxylan-binding assay of affinity-selected recombinant PPs

The binding of five individual recombinant PPs that were selected from panning the
metagenomic shotgun phage display library on AXYL (described in section 2.2.7.2) was
assayed on the same substrate; the PPs derived from empty vector (pDJO1) were used as a
control. The PPs were produced with the VCSM13 helper phage using the liquid method,
precipitated, purified and titred as described in sections 2.2.3.2 and 2.2.3.3.1.

The affinity-binding assay was performed under the same binding and washing
conditions that were used in the metagenomic library panning (section 2.2.7.2), except that
elution was performed only by direct infection of the TG1 host cells. The output/input ratio of
the recombinant PPs was compared to that of the vector control after one round in order to

determine whether the displayed proteins have an increased affinity for the substrate.
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Chapter 3. Metasecretome-selective phage display approach for
mining the functional potential of a rumen plant-adherent

microbial community

The reticulo-rumen is the fermentative forestomach of ruminant animals, and it
harbours a complex microbial ecosystem. Plant fibre-degradation is the most prominent feature
of the rumen microbiome, and this activity allows ruminants to utilise the lignocellulosic
components of the forage plant cell walls as an energy source, and has tremendous impact on
ruminant nutrition and productivity [431].

The activities of rumen microbes required for utilising feed material are mediated via
surface, secreted and transmembrane proteins, known collectively as the secretome, or the
metasecretome at the scale of the whole microbial community. Surface proteins are thought to
mediate the adherence of microbes to feed material, while secreted enzymes and carbohydrate
binding proteins are responsible for the initial steps of the plant fibre degradation [60, 63]. For
this reason, it is expected that the rumen metasecretome represents a valuable repository of
novel proteins involved in lignocellulolytic bioactivities.

One of the aims of this project was to develop a new metasecretome phage display
approach that could specifically enrich for genes encoding the metasecretome proteins at the
scale of the complex microbial community. To maximise the probability of identifying the
metasecretome proteins involved in fibre degradation, a plant-adherent fraction of the rumen
microbial community from a pasture-fed cow, considered to be rich in fibrolytic activities [60,
63], was used as a source of metagenomic DNA for construction of the metasecretome phage
display libraries.

The metasecretome phage display was combined with next-generation sequencing and
sequence-based metagenomic analyses to explore the metasecretome of the bovine rumen plant-
adherent microbial community captured through selection, especially the diversity of

hemicellulose-degrading and carbohydrate-binding activities.

3.1 Construction of rumen plant-adherent metagenomic libraries and

metasecretome selection

The inserts for the metasecretome library were prepared from the microbial fraction that
was tightly adherent to plant biomass, derived from the whole rumen contents of one dairy cow

(Friesian, fed mainly ryegrass/clover pasture) as described in section 2.2.4.2. High molecular
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weight metagenomic DNA was isolated from the adherent microbial fraction (section 2.2.4.3)
and its integrity and quality were confirmed by pulsed-field gel electrophoresis (Figure 3.1 A).
To prepare the metagenomic DNA for construction of shotgun phage display libraries in a
phagemid vector, the metagenomic DNA was further mechanically sheared, end-repaired and
size-fractionated as described in section 2.2.5.1. The resulting fragments ranged in size from 0.7
to 5 Kb (Figure 3.1 B).

A B
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Figure 3.1 Intact and mechanically sheared metagenomic DNA isolated from the plant-

adherent rumen microbial community.

A. Pulsed-field gel electrophoresis (PFGE) of intact metagenomic DNA (performed by Dong
Li, AgResearch), lanes: 1, PFGE standard (BioRad); 2, intact metagenomic DNA. B. Agarose
gel electrophoresis of fragmented metagenomic DNA, lanes: 1, 1 Kb Plus DNA ladder (Life
Technologies); 2, mechanically sheared (10 psi for 1 min) and size-fractionated metagenomic
DNA.

The fragmented and repaired DNA was used to prepare a shotgun metagenomic phage
display library, which was further subjected to a secretome selection protocol (Figure 3.2). The
secretome selection is based on the requirement that a membrane-targeting sequence be fused to
the virion protein plll, encoded by a phage display phagemid vector pDJO1, in order to assemble
structurally stable PPs (resistant to sarkosyl), when a VCSM13d3 helper phage (carrying a glll
deletion) is used. The membrane-targeting signal is supplied within the library inserts derived
from the secretome proteins, provided they are in-frame with the vector-encoded plll that does

not have a signal sequence.
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Figure 3.2 Overview of results of metasecretome library construction and selection.

The numbers in brackets refer to data obtained in this work. A. Shotgun metagenomic
libraries were constructed by cloning metagenomic DNA into the plll-cloning cassette of the
pDJ01 phagemid vector, which does not contain a signal sequence. Note that only some
metagenomic inserts contain endogenous signal sequences, which are represented by red ovals.
B. Recombinant phagemids replicate as plasmids inside the cells, and in the presence of the
helper phage, they are packaged as recombinant virions. C. After infection of the shotgun
metagenomic library with the glll-deleted helper phage VCSM13d3, the resulting metagenomic
phage display library contains a mix of virions capped by insert-plll fusion proteins (signal
sequence-positive clones), that are resistant to sarkosyl (Sarkosyl®), and uncapped virions
(signal sequence-negative clones), that are sensitive to sarkosyl (Sarkosyl®). Sarkosy! resistance
is used as a basis for selection. D. Single-stranded DNA (ssDNA) purified from Sarkosyl®
particles after selection was used to transform E. coli to obtain an amplified metasecretome
plasmid library for preliminary assessment of metasecretome diversity by Sanger sequencing of
clone inserts (E), and as a template for in-depth assessment of metasecretome selection by next-

generation shotgun sequencing using the 454 GS FLX Titanium platform (F).

The secretome-selective phage display has been used previously at a genomic scale, for

Lactobacillus rhamnosus [234] and Mycobacterium tuberculosis [394]. However, it has never
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been used on the scale of a complex microbial community. It was therefore essential to probe its
versatility and stringency in selecting the secretome proteins from diverse bacterial species. A
pilot library was initially constructed for the development and optimisation of the secretome
display technology on a metagenomic scale, and for preliminary assessment of the
metasecretome plasmid library diversity by Sanger sequencing.

First, a pilot shotgun metagenomic library, containing around 4x10° primary clones
(before secretome selection) and, subsequently, a larger shotgun metagenomic library,
containing around 5x10° primary clones were constructed by ligation of fragmented and
end-repaired metagenomic DNA into the secretome-selective phagemid vector pDJO1. The
library ligations were transformed into the E. coli strain TG1 and amplified using the plasmid
origin of replication as described in section 2.2.5.1 (Figure 3.2 A-B).

Both pilot and large metagenomic shotgun libraries were separately subjected to the
secretome selection protocol, as described in section 2.2.5.2. To initiate the secretome-selection
aimed at enriching the metagenomic inserts encoding the secretome proteins (referred to in this
thesis as the metasecretome), each amplified primary shotgun metagenomic library was infected
with the VCSM13d3 helper phage. The VCSM13d3 helper phage provided proteins for
replication of the phagemid from the phage origin of replication, and packaging into
recombinant PPs, except for plll, which had to be supplied from the phagemid in order to
assemble sarkosyl-resistant (Sarkosyl?) PPs. The assembled PPs were purified and subjected to
sarkosyl selection as described in section 2.2.5.2 (Figure 3.2 C). The two-step elimination of
sarkosyl-sensitive recombinant PPs consisted of a sarkosyl-induced release of recombinant
phagemid ssDNA that lacked a membrane-targeting signal in frame with plll, followed by
elimination of the released DNA with DNasel. The efficiency of these two steps of the selection
process were monitored by native gel electrophoresis (as described in section 2.2.3.5), and it
was verified that defective (Sarkosyl®) particles were disrupted during sarkosyl selection (data
not shown).

The ssDNA, enriched for recombinant phagemids containing metagenomic inserts that
encode the metasecretome proteins in-frame with vector-encoding plll, was isolated from the
Sarkosyl® PPs (Figure 3.2 D). The pilot library ssDNA was used to transform E. coli, followed
by sequence analysis of the inserts of a sample of 90 individual transformants using the Sanger
sequencing approach, to assess the presence and types of membrane-targeting signals, as well as
the taxonomic diversity of the selected putative metasecretome proteins (Figure 3.2 E). For in-
depth assessment of the DNA sequences encoding putative metasecretome proteins captured
through selection, ssDNA purified from the Sarkosyl® PPs obtained from the larger shotgun

metagenomic library was used as a template for pyrosequencing (Figure 3.2 F).
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3.2 Pilot metasecretome phage display library

3.2.1 Estimated enrichment of the secretome insert-containing recombinant
library clones

For a secretome protein-encoding insert to be selected, it had to fulfil two conditions:
i) to be translationally fused (i.e. in-frame) with the vector-encoded phage protein, plll (which is
devoid of a signal sequence); ii) to encode a membrane-targeting signal, which could target the
insert-plll fusion to the inner membrane of E. coli. These criteria were used to assess the
enrichment for secretome-encoding inserts in the pilot library. Inserts containing ORFs
encoding putative proteins in frame with plll, and longer than 24 amino acid residues [432]
were identified, and the presence of membrane-targeting signals was predicted using a suite of
algorithms as described in section 2.2.6.1.

Some of the ORFs, containing the same point of fusion to glll, were isolated multiple
times among the analysed recombinant clones (e.g. one distinct putative pilin-encoding ORF
was carried by 21.1% of all examined pilot library clones). Among the 90 inserts analysed, 55
distinct metasecretome ORFs were identified. Out of the 90 inserts, 85 (94.4%) contained 53
distinct ORFs encoding putative secretome proteins with typical membrane-targeting sequences
in frame with plll. One insert out of the remaining five (5.6%) contained an ORF encoding a
polypeptide in frame with plll that was shorter than 24 amino acid residues and was considered
‘background’. The remaining four inserts contained identical ORFs without typical
membrane-targeting sequences. Further analysis using the SecretomeP 2.0 software package
[259], which discriminates between non-classically secreted proteins that lack the typical
membrane-targeting signals and cellular proteins based on amino acid composition, secondary
structure and disordered regions, gave a score of <0.5, indicating that putative protein encoded
by this ORF is most likely a cytoplasmic protein. This was confirmed by a BLASTP search,
which showed that the protein encoded by this ORF is homologous to a conserved hypothetical
protein with a predicted cytoplasmic localisation. Therefore, these inserts were considered to be
‘background’, where the original defective PPs were not eliminated by selection.

Based on the average proportion of secretome ORFs in bacterial genomes (~20%) [27,
28], and the probability of the insert being in the appropriate orientation (50%) and fused with
gene glll to create an in-frame protein fusion with plll (33.3%), it was expected that only ~3.3%
of the inserts in the primary metagenomic library, prior to the secretome selection, encode
secretome proteins. The frequency of secretome protein-encoding recombinant phagemids after
selection was calculated as the proportion of inserts containing ORFs with predicted

membrane-targeting signal compared to all sequenced inserts 85/90 (94.4%). The frequency of
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recombinant phagemids encoding secretome proteins, obtained after selection, divided by the
expected frequency before selection, gave an enrichment of 29-fold, indicating a high stringency
of selection which had eliminated the majority of recombinant phagemids containing non-

secretome encoding inserts.

3.2.2 Pilot metasecretome library secretion signal types, functional annotations

and taxonomy

A complete list of the membrane-targeting signals predicted for the 55 putative proteins
identified in the pilot metasecretome phage display library, their functional annotation and
taxonomic assignments, is presented in Appendix 1.

The majority of ORFs (35) were predicted to encode type | signal sequences. Eight
ORFs were predicted to encode N-terminal transmembrane a-helices (potential N-terminal
membrane anchors), while six ORFs were predicted to encode either multiple or single internal
transmembrane o-helices. Type Il or lipoprotein signal sequences (predicted in three ORFs) and
a single type 1V (pilin-like) signal sequence made up the remainder. No Tat signal sequences
were identified. The types of membrane-targeting signals predicted from the pilot

metasecretome phage display library ORFs are presented in Figure 3.3.
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2% (no ss predicted)
4%
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Figure 3.3 Types of membrane-targeting sequences detected in the pilot metasecretome

library.

Abbreviations: Type | ss, classical signal sequence; Type Il ss, lipoprotein signal sequence;
Type IV ss, pilin-like signal sequence; TMH, N-terminal or internal transmembrane o-
helix/helices; background, ORFs encoding putative proteins without a predicted membrane-
targeting signal/non-classical secretion, or ORFs encoding putative proteins and peptides <24
amino acid residues, that were excluded from the analysis as they were deemed too short to be
informative.

Functional annotation of the 55 putative proteins identified in the pilot library, based on
their best BLASTP hit against the NCBI nr protein sequence database with an E-value <1e-05
and a query coverage >30%, resulted in a large number of assignments to hypothetical (30) and
conserved hypothetical proteins (17). Five ORFs were annotated to encode putative enzymes
(three of which may be involved in carbohydrate metabolism), while the remaining three ORFs
were predicted to encode putative proteins involved in host/microbe interactions, signal

transduction and sporulation (Figure 3.4).
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Figure 3.4 Functional annotation of putative proteins in the pilot metasecretome library.

Functional annotation of putative proteins was based on best BLASTP hit against NCBI nr
protein database (E-value <1e-05 and query coverage >30%) and, in case their best BLASTP
hits were to hypothetical proteins, putative proteins were annotated as conserved hypothetical.
Putative proteins without significant similarity to proteins in the NCBI nr database at set E-
value cut-off were annotated as hypothetical.

To identify the organisms from which the metasecretome library inserts were derived,
taxonomic assignments of the metasecretome inserts were made based on their best BLASTX
hits against the NCBI nr protein sequence database with an E-value of <1e-05 and a query
coverage of >30%. The most abundant assignments were to the genera Prevotella (13%),
Clostridium (10%), Butyrivibrio (7%), Ruminococcus (6%), Bacteroides (6%) and Fibrobacter
(4%); genus-level assignments could not be made for 50% of the inserts analysed. At the
phylum level, the majority of inserts were assigned to Bacteroidetes (23%), Firmicutes (22%)
and Fibrobacteres (5%). The taxonomic representation with regard to Gram-staining properties
was 28% of inserts from Gram-negative bacteria, 22% from Gram-positive bacteria and 50%

were unclassified (Figure 3.5).
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Figure 3.5 Taxonomic distribution of rumen microbial inserts from the pilot

metasecretome library.

Taxonomic categories were assigned to inserts based on their best BLASTX hit (E-value <1e-05
and query coverage >30%) at the genus (A) and phylum level (B). ‘Not assigned’ corresponds
to inserts that had best BLASTX hits below the thresholds used.

3.2.3 Overview of sections 3.1 and 3.2

Small scale metasecretome selection in combination with sequencing of limited number
of rumen microbial plant-adherent metasecretome library clones (pilot study) demonstrated high
rate of enrichment for inserts encoding metasecretome proteins (96%) containing diverse types
of membrane-targeting signals. Functional and taxonomic diversity of the metasecretome library
inserts captured through selection was representative of the rumen microbiome. However,

observable bias towards representation of Gram-negative bacteria, as well as overrepresentation
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of certain clones in the library, renders approach used in the pilot study unsuitable for larger
scale analysis of the rumen metasecretome.

In conclusion, the pilot study enabled the development and optimisation of the
secretome-selective phage display protocols and showed that the secretome selection at the
metagenomic scale is feasible, provided that the primary library size be upscaled and
bottlenecking of selection by transformation of E. coli with single-stranded DNA avoided.

3.3 Metasecretome characterisation by next-generation sequencing

To improve the representation of the rumen microbial metasecretome captured through
selection over that seen in the pilot library (section 3.2), a shotgun metagenomic library (5x10°
primary clones; twelve-fold larger in comparison to the pilot library) was constructed and
subjected to sarkosyl/DNasel secretome selection (Figure 3.2 A-D). However, in contrast to the
pilot library, the upscaled metasecretome phage display library inserts were analysed by next-
generation sequencing for in-depth assessment of the diversity of the selected metasecretome
(Figure 3.2 F).

This approach was chosen to allow for more sequence information available from the
library to be extracted and analysed, and to bypass the observed low transformation efficiency
of ssDNA (data not shown). In addition, this approach avoids a bias in replication and assembly
of PPs observed in the pilot experiment, which resulted in some highly overrepresented

metasecretome library clones (e.g. clones encoding putative pilin fragment).

3.3.1 Establishing a protocol for preparing the pyrosequencing template from the

metasecretome phage display library

The upscaled ligation, amplification and selection were carried out in 27 separate
aliquots to avoid domination of fast-assembling and fast-replicating recombinant phagemids (as
described in section 2.2.5.1). The starting DNA sample to analyse the metasecretome phage
display library inserts by next-generation sequencing was the metasecretome-enriched ssDNA
pool, purified from the secretome-selected (Sarkosyl®) phage display library PPs. To eliminate
most of the vector sequences from this sample for pyrosequencing using the Roche 454 GS FLX
Titanium platform, the inserts were amplified by PCR. The primers were designed to anneal 361
bp upstream and 367 bp downstream of the cloning site (insert ends), to ensure the inclusion of
shorter inserts (<600 nt) for sequencing, given that DNA fragments in the 0.6 — 0.8 Kb size

range are preferentially used as a sequencing template for the 454 pyrosequencing. The PCR
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amplification of the recombinant phagemid inserts using these primers gave products in the size
range from 0.7 to 5 Kb, and thus, these required further fragmentation to provide the optimal
size range for sequencing.

Different DNA fragmentation approaches have different limitations and biases, which
can be carried through to the subsequent steps of the sequencing protocol, and affect the
sequencing output. For this reason, a range of conditions for both enzymatic and mechanical
fragmentation were trialled on a test-mix of amplicons ranging from 0.7 to 5 Kb in size
(obtained from the pilot library recombinant phagemids using the same pair of primers as for
pyrosequencing template preparation) as described in section 2.2.5.4, to enrich for fragments in
the 0.6 — 0.8 Kb size range, and in a manner that allows adequate representation of the starting
material.

Prolonged mechanical shearing in nebulisers led to extensive sample loss via aerosols
and did not result in breakdown of fragments shorter than 1.5 Kb, while the needle shearing was
not suitable for the relatively small size range required. Digestion with Alul restriction
endonuclease (with expected average frequency of its 4 nucleotide long recognition site AGTC
once in every 256 nucleotides) yielded fragments mainly in the 0.5 — 0.85 Kb size range, which
is suitable as a sequencing template. However, complete digestion with Alul removed the vector
flanks due to the presence of three Alul recognition sites in the approximately 730 bp long
vector sequence flanking the insert. As this would result in excluding very short fragments
during the size-fractionation step of the pyrosequencing template preparation by the sequencing
facility, other strategies for template fragmentation were investigated. DNasel digestion in the
presence of Mn?* ions was, unlike Alul digestion, non-specific in the terms of the cleavage
target, but resulted in a wider range of fragment sizes (0.1 - 3 Kb) and showed low
reproducibility, hence it was not used further.

Based on these observations, a combination of mechanical shearing by nebulisation and
enzymatic digestion with Alul restriction endonuclease was applied to prepare the
pyrosequencing template (as described in section 2.2.5.5). Mechanical shearing was applied to
ensure that the long fragments (>1.5 Kb) were randomly broken, while the Alul digestion was
applied under two different conditions, to ensure both complete and partial digestion of the
fragments resistant to mechanical shearing and promote generation of a pool of overlapping

fragments falling in the size range suitable for pyrosequencing.

3.3.2 Preparation of metasecretome template for next-generation sequencing

The template for next-generation sequencing was prepared by PCR amplification

followed by mechanical shearing and Alul fragmentation under the conditions established in
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section 3.3.1 (also see section 2.2.5.5 for experimental details). The PCR amplification was
performed separately for 27 aliquots of metasecretome-selected ssDNA (derived from the
original 27 separate ligation reactions) to minimise potential biases in PCR amplification within
each independent reaction.

The amplicons from the 27 separate PCR reactions were subjected to gel
electrophoresis. Dominant bands, possibly stemming from the PCR amplification bias, were
noticeable in each of the fractions, but the banding patterns of the dominant bands in each of the
fractions were different (Figure 3.6).

L1 2 3 456 7 8 910111213 14151617 18 19 20 21 22 23 24 25 26 27 28 29

2 Kb

0.65 Kb

Figure 3.6 PCR amplification of metasecretome-enriched ssDNA.

PCR amplification was performed separately for 27 aliquots of metasecretome-enriched ssDNA
using a pair of primers designed to anneal 361 bp upstream and 367 bp downstream of the
insert. Lanes: L, 1 Kb Plus DNA ladder (Life Technologies); 1, a pool of all 27 PCR reactions;
2 — 28, PCR amplification reactions 1 — 27; 29, PCR reaction without a template (PCR negative
control).

Sequencing of the gel-extracted DNA from two randomly selected dominant bands (~2
Kb and ~1.5 Kb in size) in one of the PCR reactions showed the presence of multiple
chromatogram traces, confirming that the single band on a gel contains multiple amplicons.

Amplicons from the 27 separate PCR reactions were pooled before further processing to
minimise the loss of material in subsequent steps. Pooled amplicons ranged in size between 0.7
and 5 Kb (with the majority <2 Kb) and were further fragmented enzymatically (by partial or
complete Alul digestion), by mechanical shearing, or by combined mechanical and enzymatic
fragmentation, under the conditions described in section 2.2.5.5. The template for
pyrosequencing was obtained by combining equal amounts of DNA fragmented under all five
fragmentation conditions (Figure 3.7 A and B). Two prominent bands visible in Alul treatments,
200 bp and 350 bp in length, correspond to completely digested vector sequence flanking the
inserts (Figure 3.7 C).
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Figure 3.7 PCR amplicons of the inserts of metasecretome-enriched PPs, processed by
enzymatic and mechanical shearing to obtain the pyrosequencing template.

Samples were loaded onto 1% agarose gel containing SYBR® Safe DNA Gel Stain (Life
Technologies). A. Metasecretome amplicons before and after enzymatic and mechanical
shearing. Lanes: L, 1 Kb Plus DNA ladder (Life Technologies); 1, metasecretome PCR
amplicons; 2 — 6 metasecretome PCR amplicons subjected to various fragmentation conditions:
2, Alul digestion for 1 min; 3, Alul digestion for 3 h; 4, mechanical shearing for 6 min; 5,
mechanical shearing followed by 1 min Alul digestion; 6, mechanical shearing followed by 3 h
Alul digestion. B. Comparison of starting metasecretome amplicons and final pyrosequencing
template. Lanes: L, 1 Kb Plus DNA ladder; 1, metasecretome PCR amplicons; 2,
pyrosequencing template (pooled fractionated metasecretome PCR amplicons). C. Completely
Alul-digested vector sequence. Lanes: L, 1 Kb Plus DNA ladder; 1, PCR amplicons derived
from vector pDJO1 (PCR positive control); 2, Alul digested PCR positive control.

3.3.3 Next-generation sequence analysis of the metasecretome phage display

library

Shotgun sequencing of the metasecretome-enriched DNA sample, obtained from the
metasecretome phage display library, yielded 691,206 raw metasecretome pyrosequencing reads
(Figure 2.3, dataset A). Trimming off the vector and helper phage sequences, and subsequent
filtering out the low-quality and short reads (<100 bp), resulted in 492,198 cleaned unassembled
metasecretome reads (Figure 2.3, dataset B) that were either processed via the IMG/M pipeline
[400] or assembled (Figure 2.3, dataset D). The processing and quality filtering of the cleaned
metasecretome reads in the IMG/M system, including de-replication step, resulted in 153,002
cleaned de-replicated unassembled metasecretome reads (Figure 2.3, dataset C). Approximately
two thirds of raw reads were lost in the process of de-replication.
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Summary statistics of the unassembled and assembled metasecretome datasets are
represented in Table 3.1 and Table 3.2, respectively.

Table 3.1 Summary statistics for the unassembled metasecretome datasets.

Raw MS Cleaned Cleaned unassembled
pyrosequencing unassembled de-replicated reads °
reads MS reads °

Number of reads 691,206 492,198 153,002

Average read length (bp) 548 322 362

Total sequence information (Mb) 379 158 55

Abbreviations: MS, rumen microbial plant-adherent metasecretome. ® Raw reads were obtained
by shotgun sequencing of the metasecretome-enriched DNA from the rumen plant-adherent
microbial fraction with the Roche 454 GS FLX Titanium platform using half a plate. ® Cleaned
reads were obtained by trimming the phagemid vector and helper phage sequences, and filtering
out short reads (<100 bp) using SeqClean. © Cleaned unassembled reads after processing,
including trimming (resulting in 492,197 reads), low complexity filtering (resulting in 491,963
reads) and de-replication (resulting in 153,502 reads) via the IMG/M pipeline.

Assembling cleaned metasecretome reads (Figure 2.3, dataset D), using GS Roche De
Novo Assembler version 2.7 [401] as described in section 2.2.6.2.1, resulted in 3,574 contigs

containing 1.7 Mb of consensus sequence (Table 3.2).

Table 3.2 Summary statistics of the assembled metasecretome dataset.

Read status ? Number of reads % of total reads used by
assembler

Assembled ° 205,339 41.72

Partial © 186,930 37.98

Singleton ° 54,433 11.06

Repeat ° 119 0.02

Outlier ' 45,371 9.22

Too short ¢ 0 0.00

Total reads used by assembler 492,192 100

Total bases in consensus sequence (Mb) 1.74

Number of contigs 3,574

Number of large contigs (>500bp) 1,400

N50 (bp) " 771

Largest contig (bp) 2,225
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® Read status reported by the GS Roche De Novo Assembler for assembly of cleaned
metasecretome reads with the overlap requirements of a minimum length of 40bp and a
minimum identity of 100%.° Assembled, the read is fully incorporated into the assembly.

¢ Partial, only part of the read meeting the set overlap requirements was included in the
assembly. ¢ Singleton, the read did not overlap with any other reads in the input and was not
incorporated in the assembly. ® Repeat, the read is deemed to be from repeat regions and was
not incorporated in the assembly. ' Outlier, the read was identified by the assembler as
problematic and was not incorporated in the assembly. ® Too short, the read was too short to be
used in the assembly. " N50, a half of all bases from the input dataset reside in contigs of this
size or longer.

Around 41.7% of the reads were fully and 38% were partially incorporated into the
assembly. Success of assembling reads into longer contigs (>500bp) was limited. A high
proportion of replicates in the metasecretome dataset led to replicates ‘collapsing’ into contigs
that are not much longer than unassembled reads and leaving high number of unassembled
‘singletons’. For this reason, the assembled metasecretome dataset was used only for the
prediction of membrane-targeting signals, while the cleaned de-replicated unassembled

metasecretome dataset was used in all subsequent analyses.

3.3.4 Prediction of common types of membrane-targeting signals in the putative

metasecretome proteins in frame with plll

The pyrosequencing template was derived by fragmentation of PCR products amplified
from the pool of metasecretome-enriched recombinant phagemid ssDNA. These amplicons
contained, in addition to the recombinant phagemid insert, around 360 bp of vector sequence
flanking each side of the insert. Due to the random nature of shearing, it is expected that a
proportion of the pyrosequencing reads contain insert sequence only, while a proportion contain
also vector sequence downstream of the insert (including the c-myc tag and plll-encoding
region) or upstream of the insert. Out of the 691,206 raw reads, we have identified 283,574
reads that contained the vector sequence downstream of the insert as described in section
2.2.6.2.5 and 278,430 of these reads encoded putative proteins in frame with plll. Clustering of
putative ‘in-frame’ proteins at 100% sequence identity threshold to remove duplicity resulted in
85,239 distinct putative proteins, 75,059 (~88%) of which were longer than 24 amino acid
residues. These putative proteins were analysed for the presence of the three types of
membrane-targeting signals (type | and type Il signal sequences, and transmembrane a-helices),
that were most commonly detected in the pilot library as described in section 2.2.6.2.5.

Because of the fragmentation step in the pyrosequencing template preparation, it is

likely that for some partial ORFs in frame with c-myc and glll, the N-terminal part of the ORF,
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encoding the membrane-targeting signal, is found on a separate read after fragmentation. For
this reason, membrane-targeting signal prediction was based on a sequential combination of
direct predictions for ‘in-frame’ putative proteins and predictions assigned based on sequence
similarity between ‘in-frame’ putative proteins without detected membrane-targeting signals,
and longer homologous putative proteins in the metasecretome assembled dataset (as described
in section 2.2.6.2.5).

Around 46% of the putative proteins had a predicted type | signal sequence; 2% had
type Il (lipoprotein) signal sequences and 11% had one or more transmembrane helices. For
around 28% of the putative proteins, none of these three types of
membrane-targeting signals were detected, while for 13% of the putative proteins, the presence
of membrane-targeting signals could not be determined by either direct or indirect methods, due
to the lack of significant similarity to predicted proteins encoded by the assembled
metasecretome dataset (Figure 3.8).

Undetermined
13%

Type Il ss
2%

Figure 3.8 Common types of membrane-targeting signals detected in putative proteins

in-frame with plll in the metasecretome-enriched dataset.

Abbreviations: ss, signal sequence; Type | ss, classical signal sequence; Type Il ss, lipoprotein
signal sequence; TMH, N-terminal or internal transmembrane a helix/helices; Background,
putative proteins without predicted membrane-targeting signals; Undetermined, putative
proteins without significant similarity to predicted proteins encoded by the assembled
metasecretome dataset.
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Due to experimental procedure used to process the DNA template for pyrosequencing,
the proportion of putative proteins with membrane-targeting signals in the pyrosequencing
dataset is not a true measure of the stringency of selection prior to shearing.

3.3.5 Phylogenetic profile of the metasecretome dataset

In addition to the cleaned unassembled metasecretome reads, a metagenome dataset
(Moon et al., unpublished) was included in the bioinformatics analyses to provide a reference
point for comparison to the metasecretome dataset (Table 2.9). This dataset was obtained by
shotgun sequencing of the total metagenomic DNA from the plant-adherent rumen microbial
communities of two New Zealand cows on a similar diet to the cow used for the metasecretome
library analysis, using the Roche 454 GS FLX platform (one plate per cow sample). Both
metasecretome and metagenome datasets were processed and automatically annotated via
IMG/M system [400] using the same parameters (as described in section 2.2.6.2.2) and their
putative functions and phylogenetic profiles were compared between the two datasets.

The phylogenetic distribution of protein-coding genes in the two datasets was also
obtained via the IMG/M system using a similarity-based binning approach (see section
2.2.6.2.2). The accuracy of this approach depends on the availability of appropriate reference
data, which is currently limited for rumen microbial metagenome samples. For this reason, the
phylogenetic distribution of the best BLASTP hits of the protein-coding genes predicted in the
metasecretome and metagenome dataset was reported at the level of phyla, with a 30% identity
cut-off (Figure 3.9).

131



100 -

90 -
80 -
70 - Verrucomicrobia
Lentisphaerae
g m Cyanobacteria
@ 60 - = Tenericutes
S u Synergistetes
o .
c m Fusobacteria
S 50
£ u Other
I Euryarchaeota
S .
= 40 ® Fibrobacteres
ey . .
o Actinobacteria
30 - m Proteobacteria
m Spirochaetes
m Bacteroidetes
20 1 m Firmicutes
= Unassigned
10 -
0 h
Metagenome Metasecretome
Dataset

Figure 3.9 Phylogenetic distribution of putative protein-coding genes in the metagenome

and the metasecretome dataset.

The taxonomic assignments, at the phylum level, were based on the distribution of the best
BLASTP hits at a 30% amino acid sequence identity threshold for protein-coding genes
predicted in metagenome (N=671,876) and metasecretome (N=222,960) datasets. Each section
of the stacked columns represents the percentage of total protein-coding genes assigned to the
corresponding phylum. The section labelled ‘Other’ contains putative protein-coding genes
assigned to a phylogenetic group with low abundance in the dataset (<0.1%), while the section
labelled ‘Unassigned’ corresponds to putative protein-coding genes with best BLASTP hit
below 30% identity cut-off.

At the domain level, the majority of assignments in the metagenome and metasecretome
datasets were to Bacteria (60.7% and 40.9%, respectively), Archaea (1% and 0.2%,
respectively) and Eukaryota (0.2% and 0.1%, respectively). In both datasets, of all the
sequences assigned to Eukaryota, approximately one third were most similar to fungi and
around 12% — 14% to plants. Assignments to viruses were rare (0.06% and 0.004%,
respectively), while around 38.1% of putative protein-coding genes in the metagenome and
58.8% in the metasecretome dataset remained unassigned.
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At the phylum level (Figure 3.9), the main assignments in the metasecretome dataset
were to Bacteroidetes (29.2%) and Firmicutes (9.6%), with minor contributions from different
divisions of the Proteobacteria (0.64%), Actinobacteria (0.45%), Spirochaetes (0.27%),
Euryarchaeota (0.16%) and Cyanobacteria (0.14%). In contrast, in the metagenome dataset,
Firmicutes (31.9%) was the predominant phylum, followed by Bacteroidetes (17.2%),
Spirochaetes (4.8%), Proteobacteria (2.4%), Actinobacteria (1.6%), Fibrobacteres (1.3%),
Euryarchaeota (1%), and a larger number of other phyla, each with less than 1% of assigned

reads.

3.3.6 Functional annotation of the metasecretome dataset

To determine the putative functions enriched in the metasecretome library, functional
annotations of protein coding genes in the metasecretome and metagenome shotgun sequencing
datasets were compared. Annotation via the IMG/M system [400] resulted in 35% and 49%
Pfam [433] assignments of the total protein coding genes in the metasecretome and metagenome
datasets, respectively. In this subset of protein-coding genes, 32% and 44% could be further
categorised into COG-based functional categories in the metasecretome and metagenome
datasets, respectively.

Functional annotations based on Pfams [433] assigned to predicted protein-coding
genes and classified into COG-based functional categories were compared between the two
datasets to look at the effect of the metasecretome enrichment on the abundance of each of the
functional categories (Figure 3.10). The ‘carbohydrate transport and metabolism’ category
(Figure 3.10, bar G) had the most assignments for both the metagenome dataset (10.6%) and the
metasecretome datasets (19.4%). Metasecretome phage display also enabled enrichment of
proteins predicted to be involved in the ‘cell wall/membrane/envelope biogenesis® processes
(Figure 3.10, bar M) and peptides with ‘unknown function’ (Figure 3.10, bar S). In contrast, the
functional categories of ‘replication, recombination and repair’ (Figure 3.10, bar L);
‘translation, ribosomal structure and biogenesis’ (Figure 3.10, bar J); ‘amino acid transport and
metabolism’> (Figure 3.10, bar E) and ‘coenzyme transport and metabolism> (Figure 3.10, bar
H), comprised mainly of intracellular proteins, were relatively underrepresented in the

metasecretome dataset.
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Figure 3.10 Relative abundances of Pfams within the metagenome and metasecretome-

enriched sequence datasets.

Relative abundances of the IMG/M-annotated COG-based functional categories for protein
family (Pfam) conserved domains assigned to the predicted protein coding genes within the
metagenome (purple bars) and metasecretome (green bars) sequence datasets are shown.
Abbreviations for the functional categories, grouped by general functional role: Information
storage and processing (blue font): J, Translation, ribosomal structure and biogenesis;
A, RNA processing and modification; K, Transcription; L, Replication, recombination and
repair; B, Chromatin structure and dynamics; Cellular processes and signalling (red font): D,
Cell cycle control, cell division, chromosome partitioning; Y, Nuclear structure; V, Defence
mechanisms; T, Signal transduction mechanisms; M, Cell wall/membrane/envelope biogenesis;
N, Cell motility; Z, Cytoskeleton; W, Extracellular structures; U, Intracellular trafficking,
secretion and vesicular transport; O, Posttranslational modification, protein turnover,
chaperones; Metabolism (green font): C, Energy production and conversion; G, Carbohydrate
transport and metabolism; E, Amino acid transport and metabolism; F, Nucleotide transport and
metabolism; H, Coenzyme transport and metabolism; I, Lipid transport and metabolism;
P, Inorganic ion transport and metabolism; Q, Secondary metabolites biosynthesis, transport and
catabolism; Poorly characterised (grey font): R, General function prediction only; S, Function
unknown.

134



3.3.7 Diversity of CAZyme families captured by metasecretome selection

Protein-encoding genes from the metasecretome and metagenome datasets (222,960 and
671,876 ORFs, respectively), predicted via IMG/M pipeline [400], as well as from the published
bovine rumen microbial switchgrass-adherent deep-sequenced metagenome (DMG) dataset
(2,547,270 ORFs), obtained from microbiota adhered to switchgrass after 72 h of its incubation
in the rumen of two fistulated cows [22], were subjected to automated annotation for CAZyme
domains. Annotation was performed using the CAZy family-specific HMMs (333 HMMs, as of
May 2013) [399], built from signature domain regions of CAZy families and three signature
cellulosomal modules from the most complete set of metagenomic CAZyme genes deposited in
the doCAN database [399].

The analysis identified 12,565 putative CAZyme hits in the metasecretome dataset, with
a significant match to at least one catalytic domain or associated module belonging to 196
different CAZy families, while the analysis of the metagenome dataset identified 21,823 hits
belonging to 318 CAZy families. A complete list of hits in both datasets is presented in
Appendix 2 (Table A2.1).

The diversity of families of catalytic, auxiliary and carbohydrate-binding CAZyme
modules and cellulosome components captured by the metasecretome selection was compared
with CAZyme families present in the metagenome dataset.In the metasecretome dataset,
cellulosome components (dockerins and cohesins), as well as the GH and CE enzyme classes
were predicted at higher frequencies compared to the metagenome dataset. In contrast, GTs and
AAs occurred at lower frequencies in the metasecretome dataset, whereas overall frequencies of

CBMs and PLs were comparable between two datasets (Figure 3.11).
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Figure 3.11 Comparison of dbCAN hits belonging to different CAZyme classes in the
metasecretome and metagenome datasets.

Proportions of dbCAN hits belonging to different CAZy families of catalytic, auxiliary and
carbohydrate-binding and cellulosome components were compared between metasecretome
(N=12,565) and metagenome (N=21,823) datasets derived from the plant-adherent rumen
microbial community fractions.

Both the metasecretome and metagenome datasets contained sequences encoding an
assortment of putative oligosaccharide-degrading enzymes, hemicellulases and debranching
enzymes, as well as a suite of CEs responsible for removal of esterified moieties bound to
hemicelluloses. Comparison of the 20 most abundant families in each dataset is presented in
Table 3.3. CAZyme families predicted at higher and lower frequency in the metasecretome
compared to the metagenome dataset are presented in Appendix 2 (Table A2.2 and Table A2.3,
respectively). An overview of the occurrence of hits to the major CAZy families involved in the
degradation of plant cell wall polysaccharides in the metasecretome and metagenome datasets is
also presented in Appendix 2 (Figure A2.1).
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Table 3.3 Comparison of the 20 most abundant CAZyme families in the metasecretome
and metagenome datasets.

Metasecretome Metagenome

CAZY family  Count % of all dbCAN hits CAZY family  Count % of all dbCAN hits
dockerin 1,049 83 GT2 1,461 6.7
GH43 1,032 82 GH2 1,070 4.9
GH2 828 6.6 GH43 772 3.5
GH97 574 4.6 GH13 742 3.4
GH3 455 3.6 GT4 714 3.3
CES8 427 3.4 GH3 649 3.0
GH25 423 3.4 GT41 505 2.3
GH92 387 3.1 CE10 501 2.3
CE1l 356 2.8 GH31 496 2.3
GH127 340 2.7 CE1l 487 2.2
GH53 291 2.3 GT35 472 2.2
GH5 268 2.1 GH94 460 2.1
GT41 266 2.1 GH5 395 1.8
CE7 248 2.0 GH51 390 1.8
GH31 230 1.8 GH97 381 1.7
GH30 228 1.8 GH77 373 1.7
GH105 208 1.7 GH36 348 1.6
CE10 195 1.6 GH95 326 15
GH36 194 1.5 GH10 291 1.3
CBM67 183 1.5 GH115 278 1.3
Total 8,182 65.1 Total 11,111  50.9

Comparison of the metasecretome and metagenome GH profiles showed that ORFs
encoding putative enzymes that act on oligosaccharides, belonging to the GH2, GH3 and GH43
families; cellulase GH5; pectin-degrading GH53 and debranching enzymes GH127, all in the
top 20 CAZyme families, as well as endohemicellulase GH26 and xyloglucanases (GH16 and
GH74) occurred at higher frequency in the metasecretome dataset. Also, putative GH97 (o-
glucosidase), GH25 (lysozyme), GH92 (mannosidase), GH127 (B-L-arabinofuranosidase),
GH53 (endo-B-1,4-galactanase), GH30 (oligosaccharide-degrading enzyme) and GH105
(unsaturated rhamnogalacturonyl hydrolase), were all found in the 20 most abundant putative
CAZyme families encoded by the metasecretome dataset. Putative endoglucanases (GH74 and
GH124) were also abundant as compared to the metagenome. In contrast, debranching enzymes
(GH51, GH67, GH78 and GH 115) and endohemicellulase GH10, as well as putative enzymes
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found in the 20 most abundant metagenomic CAZymes hits (GH13, GH77, GH94) occurred at a
lower frequency in the metasecretome dataset.

Sequences encoding putative acetyl xylan esterases (families CE1, CE3 and CE7) and
putative pectin methylesterase (family CE8) were more abundant in the metasecretome dataset
as compared to the metagenome dataset.

CBM67 (binding to L-rhamnose), was found among the 20 most abundant families in
the metasecretome dataset, and was present at higher frequency compared to the metagenome
dataset. CBM67 domains are usually associated with GH78 catalytic modules; however, GH78
was not detected in large numbers in the metasecretome dataset and was less abundant in the
metasecretome compared to the metagenome. The putative CBM40 (sialic acid binding),
CBM16 (cellulose and glucomannan binding) and CBM61 (binding to p-1,4-galactan), as well
as the starch-binding CBM20 and CBM26, and cellulose-binding CBM30 also occurred at a
higher frequency in the metasecretome relative to the metagenome.

Hits to several families of GHs and CBMs that are typically found in large numbers in
fungi (GH6, GH7, GH47, GH61, GH72 and CBM1) [19] were either absent, or only few hits
could be detected in both datasets. This is consistent with low numbers of assignments to fungi
in the taxonomic analysis of these datasets.

Glycosyltransferases, the enzymes which assemble glycans (glycoproteins, glycolipids,
oligosaccharides), were present in much lower frequency in the metagenome compared to the
metasecretome (6.3% and 23.5%, respectively). In contrast, a prominent enrichment of
sequences encoding putative dockerin and cohesin modules was observed in the metasecretome
dataset. These modules are typically components of the complex carbohydrate-degrading cell-
surface bound multi-enzyme complexes, cellulosomes, that have been rarely detected in
previously published metagenomic studies of the cow rumen [19, 22].

The GH profile of the metasecretome dataset was similar to other reported bovine
metagenomes, except that GH53 (exclusive B-1,4-galactanase), responsible for degradation of
galactans and arabinogalactans, and GH43 (various oligosaccharide degrading enzymes) seem
to be present in abundance (Table 3.4). In contrast, putative cohesin and dockerin modules were

present at higher frequency compared to reports from previous rumen microbiome studies.
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Table 3.4 Profiles of selected GH families and cellulosome domains in the metasecretome

and the metagenome datasets in comparison with four published rumen metagenomes.

Predominant activity of Bovine fibre- Bovine fibre-  Bovine fibre-  Bovine Svalbard Yak
GH family members adherent ® adherent *° adherent *° switchgrass-  reindeer fibre-  whole
metasecretome  metagenome  [19] adherent % adherent #* rumen %°
(this study) (this study) [22] [23] [24]
Cellulases
GH5 cellulases 268 395 20 1451 287 1302
GH6 endoglucanases 0 3 0 0 0 0
GH7 endoglucanases 0 0 0 1 0 0
GH9 endoglucanases 109 242 17 795 109 767
GH44 endoglucanases 12 9 0 0 5 0
GH45 endoglucanases 0 11 0 115 0 13
GH48 cellobiohydrolases 0 4 1 3 5 32
Total cellulases 389 664 38 2365 406 2114

Endohemicellulases

GH8 endoxylanases 7 98 7 329 35 174

GH10 endo-1,4-B-xylanases 77 291 16 1025 190 2664

GH11 xylanases 5 20 1 165 8 244

GH12 xyloglucanases 0 1 0 0 0 0

GH26 B-mannanases and 160 121 16 369 153 537
xylanases

GH28 galacturonanases 129 206 9 472 120 244

GH53 endo-1,4-B- 291 126 51 0 125 1066
galactanases

Total endohemicellulases 669 863 100 2360 631 4929

Xyloglucanases

GH16 xyloglucanases 83 84 1 483 116 563

GH74 endoglucanases and 68 46 0 0 44 0
xyloglucanases

Total xyloglucanases 151 130 1 483 160 563

Debranching enzymes

GH51 a-L- 69 390 184 0 488 0

arabinofuranosidases

GH54 a-L- 1 9 4 0 23 111

arabinofuranosidases

GH62 a-L- 0 2 0 1 0 0

arabinofuranosidases

GH67 a-glucuronidases 18 134 0 120 74 1090
GH78 a-L-rhamnosidases 3 190 93 1260 313 426
Total debranching enzymes 91 725 281 1381 898 1627

Oligosaccharide-degrading

enzymes
GH1 B-glucosidases 2 111 31 253 122 331
GH2 B-galactosidases 828 1070 527 1436 716 942
GH3 B-glucosidases 455 649 497 2844 844 5448
GH29 a-L-fucosidases 26 147 79 939 268 899
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Predominant activity of Bovine fibre- Bovine fibre-  Bovine fibre-  Bovine Svalbard Yak

GH family members adherent ? adherent *° adherent *° switchgrass-  reindeer fibre-  whole
metasecretome  metagenome  [19] adherent % adherent #* rumen %¢
(this study) (this study) [22] [23] [24]
GH35 B-galactosidases 2 86 27 158 39 468
GH38 a-mananosidases 2 22 46 272 116 90
GH39 B-xylosidases 2 74 7 315 76 159
GH42 B-galactosidases 2 47 35 374 95 207
GH43 arabino/xylosidases 1032 772 176 0 787 2313
GH52 B-xylosidases 1 4 0 0 2 0
Total oligosaccharide 2352 2982 1425 6591 3065 10857
-degrading enzymes
Total number of GHs 7639 11606 2720 27755 5160 37563

detected in the study

Cellulosome domains

Cohesins 52 27 0 80 52 51
Dockerins 1049 121 1 188 92 516
Raw sequence information (Gb) 0.38 180 0.08 268 05 0.09

Data are presented in the format used in [224], with GH families targeting plant structural
polysaccharides grouped according to their major functional role in the plant fibre degradation.

? Unassembled metagenome; ® Combined metagenomes of two individual animals; © Combined
metagenomes of three individual animals; ¢ Assembled metagenome; ¢ Metagenome obtained
from pooled rumen samples of two animals.

In a subset of 33 individual metasecretome ORFs with multiple, non-overlapping hits to
CAZyme modules (with an E-value <1e-05 for an alignment length >80 amino acid residues
and an E-value <1e-03 for shorter alignment lengths), 8 ORFs that had query coverage >30%
for each putative CAZyme module were further inspected as described in section 2.2.6.2.3. Six
candidate putative proteins with predicted multi-modular CAZyme organisation were identified
using this approach (Figure 3.12 and Table A2.4 of the Appendix 2). An example alignment of
putative multi-modular CAZyme and corresponding HMMs is provided in Appendix 2 (Figure
A2.2).
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Figure 3.12 Architecture of putative proteins with predicted multi-modular CAZyme
organisation in the metasecretome dataset.

Putative proteins predicted in the metasecretome dataset via the IMG/M pipeline were subjected
to automated CAZyme annotation, followed by the manual inspection of putative proteins with
non-overlapping hits to multiple CAZyme HMMs (with an E-value <1e-05 for an alignment
length >80 amino acid residues and an E-value <1e-03 for shorter alignment lengths) that had
query coverage >30% for each putative domain. Predicted co-located catalytic and associated
modules are shown as coloured boxes and labelled by their family designations. Black line
connecting modules corresponds to the fraction of the putative protein in the metasecretome
dataset that did not have a significant hit to the represented CAZyme modules (not to scale). A
dotted horizontal red line above each combination of modules (HMMSs) indicates the HMM
fraction covered in an alignment with the putative metasecretome protein. The number of
predicted individual multi-modular proteins with particular CAZyme module combination is
represented in brackets. Grey boxes, modules belonging to the GH (glycoside hydrolase)
families; pink boxes, CBMs (carbohydrate-binding modules); yellow boxes, Dock (single
dockerin repeats). The lengths shown for the CAZyme modules are based on the lengths of their
HMMs in the doCAN database. The scale bar represents 100 amino acid residues.

3.3.8 Abundance and phylogenetic diversity of cellulosome components predicted

in the metasecretome dataset

Hits to the ‘signature’ cellulosome-associated modules: cohesins, dockerins and SLH
(S-layer homology) domains in the metasecretome dataset were further analysed after clustering
at 100% sequence identity using the CD-HIT algorithm [402] to remove duplicity. Resulting
distinct putative cellulosome modules (44 cohesins, 499 dockerins and 34 SLH) were further
analysed. Around 6.3% of the total clustered CAZyme hits in the metasecretome dataset were to

dockerin modules (complete or partial). Dockerins are usually around 70 amino acid residues in

141



length, and contain two repeats, each with a non-EF hand calcium binding motif of about 22
amino acid residues in length, separated by a linker sequence [182, 183]. Around 4.5% of the
dockerin hits in the metasecretome dataset were partial (to a single dockerin repeat), 1.7% were
complete (to both dockerin repeats) and 0.1% were to a single dockerin repeat in combination
with another CAZyme module. Around 0.6% and 0.4% of the clustered CAZyme hits were to
two other putative cellulosome-associated modules, cohesins and SLH domains, respectively.

The frequencies of the three ‘signature’ cellulosome modules predicted in the
metasecretome and metagenome datasets were compared with those in the DMG, the most
extensive published bovine rumen metagenome dataset currently available [22], also using
predictions via doCAN HMMs. Due to the extent of sequencing undertaken (268 Gb raw
sequence), at least five times more predicted CAZyme-encoding genes (27,755) were originally
reported for this dataset, as compared to all previously published lower-depth rumen microbial
metagenomic studies combined and over one half of CAZyme-encoding genes were complete
[22].

Consequently, the total number of distinct putative CAZyme modules identified using
an HMM-based approach, obtained after clustering of all hits at 100% sequence identity using
CD-HIT [402], was much smaller in the metasecretome and metagenome datasets (7,978 and
21,607, respectively) than in the DMG dataset (123,223). However, comparison of the
frequencies of cellulosome module encoding sequences in the three datasets showed a
prominent enrichment for sequences encoding putative cohesin and dockerin modules in the

metasecretome dataset compared to both the metagenome and DMG datasets (Figure 3.13).
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Figure 3.13 Frequency of cellulosome modules in three bovine rumen plant-adherent
microbial datasets.

Frequency of three putative distinct ‘signature’ cellulosome modules: cohesins (blue); dockerins
(red) and surface S-layer homology (SLH) domains (green) in three datasets: MS,
metasecretome dataset (N=7,978); MG, metagenome dataset (N=21,607) and published deep-
sequenced metagenome (DMG) dataset (N=123,223). Both the MS and MG dataset were
derived from the plant-adherent rumen microbial community fraction isolated from fistulated
pasture-grazing dairy cows, while the DMG dataset was derived from the bovine switchgrass-
adherent microbial community [22].

The family-level taxonomic assignment (see section 2.2.6.2.3) of putative proteins in
the metasecretome dataset with predicted cohesin, SLH and the complete dockerin domains
(containing two putative dockerin repeats) allowed the estimation of the phylogenetic diversity
of these modules (Figure. 3.14).
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Figure 3.14 Phylogenetic diversity of the cellulosome modules predicted in the rumen

metasecretome dataset.

Putative proteins from the metasecretome dataset that were predicted to contain ‘signature’
cellulosome modules: cohesins, dockerins and SLH domains were compared to the NCBI nr
protein database using BLASTP. Family-level taxonomic assignments were made for the host
organism of the best BLASTP hit with bit-score >40 for cohesins (N=20) and SLH (N=34) and
>35 for dockerins (N=403), taking into account the recent taxonomic classification proposals for
these organisms. The chart shows the abundance of each family for each cellulosome module.
For the dockerin data, only sequences that contained two putative dockerin repeats (N=69) are
shown.

Around two thirds of the cohesin module-containing sequences were assigned to the
Firmicutes [including Ruminococcaceae (40%) and Eubacteriaceae (25%)], with the remaining
modules assigned to Bacteroidetes [Flavobacteriaceae (20%) and Bacteroidaceae (10%)]. The
vast majority of dockerin-containing sequences were assigned to the Firmicutes [including
Ruminococcaceae (61%) and Clostridiaceae (17%)], while Bacteroidetes representation was
mainly within the Bacteroidaceae (7.3%), and Prevotellaceae (2.9%). Among the best BLASTP
hits, many were to species that have been previously reported as cellulosome-producers, such as
Acetivibrio cellulolyticus, Clostridium acetobutylicum, C. cellulolyticum (recently, a re-
classification as Ruminiclostridium cellulolyticum has been proposed [176]), C. josui (a re-
classification as Ruminiclostridium josui has been proposed [176]), C. thermocellum
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(a re-classification as Ruminiclostridium thermocellum has been proposed [176]),
Ruminococcus albus and R. flavefaciens [64]. In contrast, 91% of putative SLH domains were
assigned to Firmicutes (including 53% to Lachnospiraceae, 29% to Veillonellaceae and 15% to

Ruminococcaceae).

3.3.9 Assessment of the novelty of CAZymes detected in the metasecretome dataset

Automated annotation of CAZymes via the dbCAN database was used not only to
identify CAZyme-encoding sequences enriched in the metasecretome dataset after selection, but
also to identify putative novel CAZymes that have a limited overall sequence identity to known
proteins, and therefore may potentially possess divergent functional properties.

Briefly, the sequences of 7,910 distinct putative proteins longer than 30 amino acid
residues, containing putative CAZyme modules from the metasecretome dataset were compared
with proteins deposited in the NCBI nr database, and with relevant full-length putative CAZyme
proteins deposited in the dbCAN database. The collection of putative CAZymes available
through the dbCAN database (4,073,867) was estimated (in 2012) to have three times as many
CAZyme homologues compared to the NCBI nr database [399]. This specialised doCAN-
deposited collection contains putative CAZymes from CAZy [138], NCBI (nr and env nr) [423]
and UniProt [424] databases; multiple metagenome datasets (JGI [425], CAMERA [426], BGI-
gut [427] and the deep-sequenced metagenome of cow rumen switchgrass-adherent microbiota
[22]); as well as a small number of sequences from the human gut microbiome [428] and plant
genomes [429] that are not available in GenBank.

Over one quarter (26%) of putative proteins with predicted CAZyme modules in the
metasecretome dataset showed less than 50% of sequence identity, while around 65% shared 50
- 90% sequence similarity with proteins deposited in the NCBI nr protein database (Figure
3.15, red line).
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Figure 3.15 Distribution of sequence identity of best BLASTP hits for CAZymes detected
within the metasecretome dataset.

Distribution of sequence identity is represented for best BLASTP hits of distinct putative
CAZymes, detected within the metasecretome dataset (N=7,910), against a collection of full-
length putative CAZymes deposited in the dbCAN database (blue) and NCBI nr protein
database (red).

When compared to the doCAN-deposited collection of putative CAZymes, around 16%
of putative proteins with predicted CAZyme modules within the metasecretome dataset showed
<50% identity (Figure 3.15, blue line). Around 60% of putative CAZymes within the
metasecretome dataset shared 50 - 90% sequence similarity with dbCAN-deposited putative
CAZymes. Putative hits to cohesins and complete dockerins modules within the metasecretome
dataset shared limited sequence similarity (41 - 70% for cohesins, and 27 - 59% for dockerins)
with putative cohesins and dockerins deposited in the dbCAN database.

Around 89% of the putative CAZymes predicted in this study had a significant match
(E-value <1e-05) to the putative CAZymes deposited in the dboCAN database. Of these, the
majority were homologous to putative CAZymes from the published cow rumen DMG dataset
(66.7%) [22] and human gut microbial metagenome sequences (13.7%) [427]. Compared to the
putative CAZymes from the DMG dataset, 19.4% of all CAZymes detected in the
metasecretome dataset were highly similar (>90% amino acid sequence identity) and 3.6% of
these were identical to CAZymes from DMG.

Results indicate that HMM-based CAZyme annotation of sequences in the
metasecretome dataset allowed detection of both putative CAZymes sharing limited sequence
similarity and those highly homologous to CAZymes observed in previous sequence and
function based (meta)genomic studies. However, the effect of systematic errors (indels) in

homopolymeric tracts causing frame-shifts in coding regions, produced by the 454 sequencing
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platform with a frequency of around 1%, on the accuracy of functional annotations in the
metasecretome dataset, cannot be excluded.

3.3.10 Overview of section 3.3

Metasecretome selection, applied in combination with NGS to enrich and explore the
metasecretome of bovine rumen plant-adherent microbiota, increased the frequency of detection
of the putative proteins involved in the carbohydrate transport and metabolism relative to that
found in the plant-adherent metagenome. The strategy of using a combination of the
metasecretome-selective phage display, that enriched for surface and membrane proteins and an
HMM-based CAZyme annotation allowed detection of ORFs encoding diverse putative
catalytic and binding modules of fibrolityc enzymes, including GH catalytic modules (assigned
to 85 GH families) accompanied by a variety of CBMs (belonging to 38 CBM families), CEs
(13 families) and PLs (10 families).

Of particular interest is identification of a large number of putative cellulosome
components (dockerins and cohesins) in the metasecretome dataset, a large proportion of which
shared homology with the cellulosome components found in the Ruminococcaceae family.
Compared to other published bovine rumen metagenomic datasets, hits to putative cellulosome
modules were detected in the metasecretome dataset in a higher proportion and were obtained
from very limited amount of sequence information (55Mb corresponding to 379 Mb of raw
sequence). This demonstrates the power of the metasecretome selection approach for
enrichment and mining of ‘rare’ secretome proteins, scarcely represented in the shotgun

metagenomic datasets.

3.4 Summary

The study described here was the first application of the secretome-selective phage
display on a metagenomics scale. Using first a pilot library in combination with Sanger
sequencing, then a large-scale library in combination with the next-generation sequencing, this
method was shown to be successful in cloning, selection and analysis of the secretome portion
of a complex metagenome.

To determine the putative functions enriched in the metasecretome library,
metasecretome sequence data was compared to a metagenome dataset derived from the

plant-adherent rumen microbial fraction of two New Zealand cows on a pasture-based diet.
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Comparison of taxonomic assignments of putative protein-coding sequences between
the metasecretome and metagenome datasets showed a notably higher representation of
metasecretome inserts from Gram-negative bacteria in the metasecretome dataset, which is
expected given that the E. coli membrane targeting machinery is used for the secretome
selection step.

Most of the functional assignments in both the metasecretome and metagenome
datasets were to putative proteins involved in carbohydrate transport and metabolism (19.4%
and 10.6%, respectively) and this was also the most prominently enriched COG functional
category after selection. The metasecretome selective approach also enabled enrichment of
genes encoding putative proteins involved in the ‘cell wall/membrane/envelope biogenesis’
processes and peptides with ‘unknown function’, while several predicted functional categories,
comprised mainly of intracellular proteins, were underrepresented in the metasecretome dataset.

Putative cellulosome components (dockerins and cohesins), GH, CE and PL enzyme
classes occurred at higher frequency, while GTs and AAs occurred at lower frequency in the
metasecretome compared to the metagenome dataset. Metasecretome selection allowed the
detection of an abundance of putative cohesin and dockerin modules (0.6% and 6.3% of all
CAZyme hits clustered at 100% sequence identity). These modules were not detected in such
high proportions in the metagenome and published deep-sequenced metagenome dataset [22]
using the same database and search parameters. The majority of the metasecretome inserts
predicted to encode dockerin and cohesin modules showed strong homology to sequences from
members of the Ruminococcaceae.

Around 16% of putative CAZyme-encoding metasecretome ORFs were very divergent
from the relevant full-length putative CAZyme proteins deposited in the dbCAN database. This
indicates that metasecretome selection in combination with HMM-based CAZyme annotation
allowed detection of some CAZyme-encoding genes that have not been observed through

previous (meta)genomics efforts.

148



Chapter 4. Affinity screening of the metagenomic shotgun
phage display library from the rumen plant-adherent
microbiome for proteins mediating interactions with complex

carbohydrates

For plant cell wall degradation, among the most important carbohydrate-active enzymes
are GHs and CEs, both of which are typically modular in nature. In addition to their catalytic
domains, they can contain other functional modules, such as CBMs, which facilitate the
targeting of the enzymes to their carbohydrate substrates. CBMs affect the degradative capacity
of their cognate catalytic modules through proximity effects and determine substrate affinity and
selectivity, via targeting functions and through surface/interfacial modifications of the substrate
[153].

The aim of the second part of this project was to explore the use of the phage display
approach to identify surface and secreted proteins of the plant-adherent rumen microbiota that
are involved in binding to complex carbohydrates. To achieve this, affinity screening of the
recombinant PPs from the larger metagenomic shotgun phage display library (described in
Chapter 3) was performed, using the complex carbohydrates, cellulose and hemicellulose, as

baits.

4.1 Optimisation of complex carbohydrate affinity screening assays

To establish the conditions for affinity screening of the metagenomic phage display
library for complex carbohydrate-binding PPs, several complex carbohydrate substrates were
initially tested as baits by affinity binding assays, to identify those that result in low non-
specific (‘background’) binding of PPs. These substrates were: cellulose (Whatman paper disc,
microcrystalline cellulose and regenerated amorphous cellulose), oat spelt xylan, insoluble
wheat arabinoxylan, and the neutral detergent fraction of ryegrass (corresponding to the
cellulosic and hemicellulosic components of the plant cell wall). Substrates were immobilised
onto empty disposable polypropylene columns and a binding assay was carried out with the
pDJO01 vector-derived PPs as described in section 2.2.7.1. The amount of input PPs (mixed with
the substrates at the start of the assay), and the amount of output PPs (recovered from the
substrates at the end of the assay) was determined by titration, as described in section 2.2.3.6.1.

The PPs were recovered from the substrates under three different elution conditions: acidic
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(pH 2.2), basic (pH 9.2) and by direct on-substrate infection of E. coli TG1 host cells
(see section 2.2.7.1 and 2.2.7.2). The average output/input ratios of PPs from all three elution
conditions were calculated (Table 4.1).

Table 4.1 Binding of pDJ01 vector-derived PPs to complex carbohydrate substrates.

Substrate ? What MCC RAC XYL AXYL NDF Plastic
Average
output/input 5x10™ 2x10™ 4x10° 2x10°® 2x107 5x10™ 4x10°®
ratio

% Substrate: What, Whatman paper No. 1; MCC, microcrystalline cellulose; RAC, regenerated
amorphous cellulose; XYL, oat spelt xylan; AXYL, insoluble wheat arabinoxylan; NDF, neutral
detergent fraction of ryegrass; Plastic, polypropylene walls of empty columns used for substrate
immobilisation. ® Average output/input ratio from three different elution conditions: acidic (low
pH), basic (high pH) and by on-substrate infection of E. coli. Output/input ratio was calculated
based on the total humber of vector-only PPs (pDJO1 PPs) in the eluate (output) and total
number of PPs used as input.

Substrates with the lowest output/input ratio among the tested cellulosic and
hemicellulosic substrates, indicating the lowest levels of non-specific ‘background’ binding of
virions, were regenerated amorphous cellulose (RAC), xylan and arabinoxylan (AXYL). Thus,
to represent cellulose, RAC was chosen to be used as a substrate for affinity screening of the
metagenomic phage display library, and affinity binding assays. To represent hemicellulose,
AXYL was chosen over xylan as it not only had a lower background binding, but it is more
representative of the xylan structure found in ryegrass, which was the predominant component

of the diet of the animal from which the phage display libraries were derived.

4.2 Affinity screening of the metagenomic phage display library for carbohydrate-
binding proteins on RAC and AXYL

Proteins from the cow plant-adherent rumen microbiome, displayed on the surface of
metagenomic phage display library virions, were affinity screened on AXYL and RAC to find
those that are potentially involved in binding to complex carbohydrates.

The complete shotgun metagenomic library (primary size ~5x10° clones), constructed
from the metagenomic DNA from rumen plant-adherent microbiota (described in Chapter 3),
was used to produce PPs for affinity screening. This strategy was chosen instead of affinity

screening of the metasecretome phage display library PPs, as transformation of E. coli with the
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metasecretome-enriched sSDNA (post secretome selection) is of extremely low efficiency, and
would likely result in biases in the metasecretome library representation.

To produce infectious PPs required for multiple rounds of the panning protocol, the
master shotgun metagenomic library was used as the starting material. This library was
produced by transforming the library ligation products into E. coli in 27 separate transformation
reactions, with recombinant phagemids amplified from the plasmid origin of replication in
E. coli, and each amplified transformation aliquot was stored separately at —80°C in 7% DMSO,
as described in section 2.2.5.1. Each aliquot was used to seed a separate overnight culture,
followed by mass-infection with the wt (glll*) helper phage VCSM13 to initiate replication
from the phagemid f1 origin, and enable packaging into PPs. The PPs were expected to have a
monovalent display of the fusion proteins, dependent on the presence of the endogenous signal
sequences encoded by the recombinant phagemid inserts. The PPs obtained after the VCSM13
infection of 27 metagenomic library cultures were pooled (MG1-27 PPs), purified by PEG/NaCl
precipitation, and titrated as described in sections 2.2.3.2 and 2.2.3.3. The resulting master
rumen plant-adherent metagenomic phage display library (5x10% PPs/mL) was stored in
aliquots in 7% DMSO at —80°C for later use in affinity screening procedures. The PPs derived
from the ‘empty’ vector pDJO1, produced and purified in parallel with the library PPs, were
used as a negative control.

Approximately 1x10' PPs from the rumen metagenomic phage display library, and
pDJ01 PPs were used as the inputs in each round of affinity enrichment on AXYL and RAC
(as described in section 2.2.7.2). Putative binders to carbohydrate substrates were identified
through four rounds of panning. In each library-panning round, the unbound PPs were removed
by extensive washing, followed by elution of substrate-bound PPs using the three different
conditions: acidic, basic and on-substrate infection of the host cells. The PPs eluted by all three
conditions were amplified in the E. coli TG1 host strain. The amplified PPs were concentrated
and purified and used in the subsequent round of panning. The output/input ratios for
metagenomic PPs and pDJO01 PPs (control) were determined for each round of panning
(Table 4.2).
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Table 4.2 Enrichment of metagenomic phage display library PPs through four rounds of
affinity panning on complex carbohydrates.

Substrate ? Elution Output/input ratio ° Enrichment
method
1% round 2" round 3% round 4"round  4™/1% round
RAC Acidic 7.5x10™ 5.7x10™ 8x10° 8.7x10® 0.01x
RAC Basic 6x10™ 3.3x10° 4.6x10° 1.2x10™ 0.2x
RAC TG1 2.2x10°° 2.9x10™ 2.7x10™ 6x10™ 0.3x
AXYL Acidic?  1.1x10™  1.5x10™° 1.3x10° ND ND
AXYL Basic ¢ 5x10° 2.5x10® 1.7x10° 1.9x10° ND
AXYL TG1 6x10°" 6.9x10° 2.6x10° 1.3x10° 22x

% Substrate: RAC, regenerated amorphous cellulose; AXYL, insoluble wheat arabinoxylan. ®

Output/input ratio was calculated for each round of library panning on each substrate by
dividing the total number PPs in the eluate (output) with the total number of PPs used as input.
Output and input PP numbers were determined by titration. © Enrichment was calculated by
dividing the output/input ratios calculated for the 4™ round of panning with the output/input
ratio calculated for the 1% round of panning. * Enrichment was not considered for PPs eluted
from AXYL under acidic conditions. ND, not determined.

An increase in the output/input ratio is an indication of successful selection due to
amplification of phage library members with adequate complex carbohydrate binding properties
within the phage population. The observed lack of increase in the number of PPs eluted from the
RAC under all three elution conditions after the fourth round of panning compared to the first
round of panning suggests that no specific enrichment has taken place, or that the displayed
proteins in selected recombinant PPs have a relatively low affinity for substrate, hence their
binding cannot be detected through an increase in the output titre.

A 22-fold increase in the number of PPs recovered from AXYL by elution with host
cells after the fourth round relative to the first round of panning was observed, indicating that an
interaction may have occurred between PPs and the substrate. Enrichment of PPs eluted from
AXYL under acidic and basic condition was not considered due to extremely low output titres
and observed toxicity to the E. coli host. The toxicity could have been caused by cumulative
effect of compounds released into the eluate during exposure of the hemicellulosic substrate to
the acidic or basic elution buffers. Products of hemicellulose hydrolysis (organic acids and
aldehydes), deacetylation and di-ferulate bond cleavage are documented in the literature to
inhibit the growth of E. coli to different extents [434-436].

The PPs eluted from AXYL with TG1 host cells showed considerable, and relatively
consistent, increases in binding over the background control (pDJ01 PPs) through four rounds

of panning (Table 4.3). In contrast, non-specific adsorption of library PPs to the cellulosic
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substrate might have contributed to the observed level of their binding to RAC, which is similar
to the level observed for empty vector-derived PPs that are not displaying any peptides
(pDJO1 PPs).

Table 4.3 Binding of metagenomic phage display library PPs over background through
four rounds of affinity panning on complex carbohydrates.

Substrate ®  Elution pDJO1 PPs Fold binding of metagenomic phage display library

method output/ PPs above background (vector-only pDJO1 PPs) °
input ratio® 1% round 2" round 3 round 4™ round

RAC Acidic 2.8x10° 267 20 3 0.3

RAC Basic 2x10° 300 17 2 59.7
RAC TG1 2x10™ 11 2 1 3

AXYL Acidic?  1x10™° 1.1 2 13 ND
AXYL Basic ¢ 4x10° 1.2 6 0.4 ND
AXYL TG1 1x10® 60 690 2600 1300

? Substrates: RAC, regenerated amorphous cellulose; AXYL, insoluble wheat arabinoxylan;
® Output/input ratio was calculated based on the total number of PPs in the eluate (output) and
total number of PPs used as input for each round of panning for metagenomic phage display
library PPs, or for a single round of panning for the pDJO1-derived PPs. ¢ Fold binding over
background was calculated as the ratio between output/input for recombinant metagenomic
phage display library PPs relative to the output/input ratio for the pDJO1-derived PPs for each
round of panning. ° Binding over background was not considered for PPs eluted from AXYL
under acidic and basic conditions. ND, not determined.

High background binding of filamentous phage virion components, other than the
displayed peptide, has been reported previously to contribute to non-specific binding of PPs to
the cellulosic substrate [379].

As another indicator of individual recombinant clone enrichment within the library,
phagemid profiles of the amplified metagenomic library pools from each round of panning were
monitored by agarose gel electrophoresis (Figure 4.1). Disappearance of the smear of
recombinant phagemids due to the random insert size distribution, and appearance of discrete
bands, is an indication of enrichment of particular recombinant phagemids

(candidate carbohydrate-binders) relative to the rest of the library.
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Figure 4.1 Recombinant phagemid profiles of the metagenomic library over four rounds
of affinity panning on carbohydrate substrates.

The recombinant phagemid library pool (in the form of closed circular dSDNA) was purified
from aliquots of the metagenomic library amplified overnight after each round of panning.
Phagemid DNA bands were visualised by staining with EtBr after agarose gel electrophoresis.
Abbreviations: RAC, regenerated amorphous cellulose; AXYL, insoluble wheat arabinoxylan;
MGL1 - 27, master rumen plant-adherent metagenomic phage display library; A, acidic elution;
B, basic elution; T, elution with host E. coli TG1; 1 — 4, first to fourth round of panning. Lanes:
1, vector pDJO1; 2, MG1 — 27 before panning; 3, RAC Al; 4, RAC A2; 5, RAC A3; 6, RAC
A4; 7, RAC B1; 8, RAC B2; 9, RAC B3; 10, RAC B4; 11, RAC T1; 12, RAC T2; 13, RAC T3;
14, RAC T4; 15, AXYL B1; 16, AXYL B2; 17, AXYL B3; 18, AXYL B4; 19, AXYL T1; 20,
AXYL T2; 21, AXYL T3; 22, AXYL T4. Red arrows indicate DNA bands purified from
preparative gels; white arrows correspond to pDJO1 phagemid vector bands.

The appearance of different sets of discrete recombinant phagemid bands during the
library panning rounds on RAC compared to AXYL substrate was indicative of selection of
different phagemid populations in the two affinity enrichment experiments. Recombinant
phagemid DNA corresponding to three bands from the first round of panning and nine bands
from the fourth round of panning on RAC, eluted under all three elution conditions, were
extracted from slices of a preparative agarose gel. Additionally, DNA corresponding to a single
band from the first round of panning and six bands from the last round of panning on AXYL,
eluted with basic elution buffer and host TG1 cells, respectively, were extracted from agarose
gel slices (Figure 4.1, red arrows). The DNA purified from each agarose gel slice was used to
separately transform electrocompetent TG1 cells and the resulting transformants (20 from each
of the 19 transformations) were analysed.
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4.3 Characterisation of affinity-selected clones

To examine the insert size distribution of the affinity-selected phagemid clones,
bacterial colony PCR was performed (as described in section 2.2.2.5.1) on 20 randomly picked
colonies from each of the 19 transformations. In total, 380 independent colonies of
transformants were analysed (Figure 4.2). The insert sizes ranged from 0.3 — 2.5 Kb. Forty
randomly selected recombinant phagemids (Figure 4.2, red arrows: 5 from the first round of
panning and 19 from the fourth round of panning on AXYL, and 7 from first round of panning
and 9 from fourth round of panning on RAC) contained inserts of varying sizes, and were

further analysed by DNA sequencing.
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Figure 4.2 Bacterial colony PCR of 380 clones selected from the metagenomic phage
display library by affinity screening against complex carbohydrate substrates.

Lanes 1 — 380 correspond to PCR amplicons from randomly picked colonies obtained through
transformations with 19 extracted DNA bands indicated in Figure 4.1. Abbreviations: RAC,
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regenerated amorphous cellulose; AXYL, insoluble wheat arabinoxylan; A, acidic elution; B,
basic elution; T, elution with host E. coli TG1; 1 — 4, first to fourth round of panning. Lanes: 1 —
60 RAC T4; 61 — 100 and 361 — 380 AXYL B4; 101 — 140 RAC A4; 141 — 200 and 301 — 320
RAC B4; 201 — 260 AXYL T4; 261 — 280 RAC A1l; 281 — 300 RAC B1; 321 — 340 RAC T1,
341 — 360 AXYL B1; L, 1 Kb Plus DNA ladder (Life Technologies); +, PCR positive control
(PCR amplicon from TG1 colony transformed with vector pDJ01); —, PCR negative control.
Red arrows indicate sequenced inserts.

Sequencing was performed with an antisense primer (pspR0O3; see section 2.1.4)
complementary to the pDJO1 vector sequence downstream of the insert. This primer anneals
within the vector glll gene, encoding virion protein plll that serves as a platform for display of
peptides in fusion with plll. Thus, sequencing with pspR03 allows the joint between the insert
and the vector in the insert-glll fusion to be determined. If the 5' end of the fusion ORF was not
reached, sequencing with a sense primer (pspF03; see section 2.1.4) was performed. The 40
sequenced recombinant phagemid inserts were analysed as described in section 2.2.7.3, and a
detailed overview is represented in Appendix 3.

Of the 40 sequenced inserts, 24 contained ORFs in frame with glll. Of these, 13 inserts
contained distinct ORF encoding putative proteins longer than 24 amino acid residues. Eleven
inserts contained 10 short distinct ORFs encoding putative peptides and proteins
(<24 amino acid residues long) that were considered ‘background’ (Table 4.4). A large
proportion of inserts (40%) contained distinct ORFs out of frame with glll, that were not

expected to be captured by affinity selection, and they also represent ‘background’.

Table 4.4 Distribution of 40 analysed inserts in regard to ORF frame status.

OREF status RAC 1% RAC 4™ AXYL 1% AXYL 4™
Count % Count % Count % Count %

In frame ? 3 42.9 1 11.1 2 40 7 36.8

Background " 3 429 2 222 2 40 4 21.1

(24 aa)

Background © 1 14.3 6 66.7 1 20 8 42.1

(Out of frame)

Total 7 100 9 100 5 100 19 100

Abbreviations: RAC, regenerated amorphous cellulose; AXYL, insoluble wheat arabinoxylan;
aa, amino acid residues. ® In frame, ORFs encoding putative proteins >24 aa in frame with
vector-encoded plll; ® Background (<24 aa), ORFs encoding putative proteins and peptides <24
aa in frame with vector-encoded plll; ¢ Background (Out of frame), ‘background’ inserts
containing ORFs encoding putative proteins and peptides that are not in frame with vector-
encoded plll; Total, total ORFs analysed per round.
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Selection for ‘background’ inserts containing ‘out of frame’ ORFs during panning
procedure has been reported previously [437-439]. It has been hypothesised that some of these
‘out of frame’ constructs may have a selective advantage, and programmed ribosomal
frameshifting (PRF) events have been implicated [440, 441]. PRF is a translational recoding
mechanism involving ribosomal slippage that leads to a switch of reading frame in —1 and +1
directions, or translation past stop codons when a ribosome encounters a specific signal in the
MRNA sequence [442]. Strong stimulators of —1 PRF are a combination of a heptameric
‘slippery sequence’ of the type X XXY YYZ (where X represents any nucleotide, Y represents
Aor Uand Z represents A, U, or C), a 1 — 15 nucleotide long spacer sequence, and a sequence
that can form a stable secondary hairpin structure (pseudoknot).

To investigate whether the putative proteins encoded by ‘out of frame’ ORFs could
have been brought in frame with plll due to PRF events, resulting in their display and capture
by affinity selection, inserts were inspected for putative sites that can stimulate —1 PRF using
the KnotInFrame algorithm [407]. Around 31% of all inserts that contained ORFs out of frame
with glll had predicted —1 frameshift sites. However, none of the -1 PRF events stimulated
from these putative sites could have led to a frameshift into the plll frame and, for this reason,
could have not contributed to display of putative proteins encoded by the ‘out of frame” ORFs.

Putative proteins longer than 24 amino acid residues in frame with plll were further
analysed for the presence of membrane-targeting signals as described in section 2.2.7.3
(Appendix 3). None of the analysed putative proteins captured in the first and the last round of
panning on RAC were predicted to contain membrane-targeting signals. In contrast, among the
19 putative proteins captured in the last round of panning on AXYL, two contained putative
type | signal sequences, and one contained a predicted N-terminal transmembrane helix. In
addition, four putative proteins (two captured in first, and two captured in the last round of
panning on AXYL), that did not contain a signal sequence, or transmembrane helices, had
SecretomeP 2.0 [259] scores higher than 0.5, indicating their possible secretion via non-classical
pathways. Based on this analysis, five recombinant phagemids were selected for the affinity
binding assays to AXYL.

To explain the high proportion of putative proteins without predicted membrane-
targeting signals, or shorter than 24 amino acid residues, putative proteins encoded by ORFs in
frame with glll were scanned for motifs conferring possible competitive advantage and/or
substrate-unrelated binding as described in section 2.2.7.3. Around 30% of all putative proteins
in frame with plll from the first round and 46% from the fourth round of panning on both
substrates were predicted to confer possible propagation advantage and/or putative motifs for
binding to unrelated targets such as plastic or 1gG class of antibodies, which are present as
low-level contaminants in the BSA used for substrate blocking during panning (Appendix 3).

When putative proteins containing these motifs from the first and last round of panning are
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compared, the overall proportion of putative proteins encoded by background ORFs increased
from 10% in the first, to 23% in the last round, while the proportion of putative proteins longer
than 24 amino acid residues was the same.

Functional annotation of the 13 identified ORFs encoding putative proteins longer than
24 amino acid residues in frame with plll, based on best BLASTP (E-value <1e-05) against the
sequences in the NCBI nr protein database, resulted in a large number of assignments to
conserved hypothetical (5) and hypothetical (3) proteins. One ORF (AXYL236) encoded a
putative protein involved in protein transport across the membrane, while four ORFs
(AXYL225, RAC261, RAC263 and AXYL342 were predicted to encode putative enzymes
(Appendix 3). No putative CBMs were identified through a HMM-based search via dbCAN
web server and BLASTP searches against CAZymes in the dbCAN and CAT databases.

4.4 Affinity-binding assays

Affinity-binding assays were carried out (as described in section 2.2.7.4) to compare the
recovery of PPs derived from five recombinant phagemids (4 from the last and one from first
round of panning on AXYL) to control (pDJO1 vector-containing PPs) using AXYL as bait.
Three of the selected recombinant phagemids contained ORFs encoding putative proteins with
predicted membrane-targeting signals (AXYL223 and AXYL232 type | signal sequence and
AXYL221 one N-terminal transmembrane helix). The other two selected recombinant
phagemids contained ORFs (AXYL225 and AXYL342) encoding putative proteins that were
indicated as being secreted via non-classical secretion pathways.

Phagemid particles were derived from five affinity selected recombinant clones with wt
and Aglll helper phage, and subjected to native virion gel electrophoresis (section 2.2.3.5) to
assess their packaging into intact PPs. Packaging into non-defective PPs with Aglll helper
phage, based on the endogenous signal sequence encoded by recombinant phagemid ORFs,
could only be confirmed for two recombinant phagemids with ORFs encoding putative proteins
predicted to contain type | signal sequences (data not shown).

Affinity-binding assays on AXYL with infectious PPs produced with wt helper phage
were performed in a single round and under the same conditions that were previously used in
metagenomic library panning, with the exception that all PPs were eluted with host TG1 cells.
The fold recovery of tested PPs over the control (pDJO1 PPs) was calculated and is presented in
Table 4.5.
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Table 4.5 Recovery of PPs in affinity binding assays on AXYL.

Tested ORF Protein description * Predicted ss © Fold recovery of
PPs ID length tested PPs (over
(aa) vector-only
control)

AXYL221 101 Hypothetical protein TMH 1x
AXYL223 112 Hypothetical protein ° Type | ss 3x
AXYL225 98 Concanavalin A-like lectin/ Possible  non- 13x

Glucanases [Prevotella sp. classical

CAG:474] secretion
AXYL232 77 Secreted protein [Bacteroides Type | ss 10x

sp. CAG:545]
AXYL342 216 Serine/threonine  protein  kinase Possible  non-  400x

[Veillonella sp. oral taxon 780] classical

secretion

Abbreviations: aa, amino acid residues; ss, signal sequence. ® Protein description is based on
comparison of the putative proteins encoded by five tested recombinant phagemid ORFs with
the sequences in the NCBI nr protein database by BLASTP using default parameters.
Annotation is based on best BLASTP hit with an E-value of <1e-05. ® Putative proteins that had
no hit with an E-value of <1e-05 were annotated as hypothetical. * Membrane-targeting signals
were predicted as described in section 2.2.7.3: Type I ss, classical ss; TMH, transmembrane o-
helix; Possible non-classical secretion, secretion via non-classical pathways indicated by
SignalP 2.0 score >0.5.

Phagemid particles produced from four affinity-selected recombinant clones
(AXYL221, AXYL223, AXYL225 and AXYL232) had 1 — 13 fold higher recovery compared
to the control PPs derived from pDJO01, indicating potential binding to the substrate. However,
because of the intrinsic titration error (estimated standard error of the mean + 32.5% [386]), the
observed differences may not be due to increased binding. AXYL342 PPs, produced from the
affinity-selected recombinant phagemid containing ORF predicted to encode putative protein
sharing 37% sequence identity with a serine/threonine protein kinase (E-value = 2e-48), had an
approximate 400-fold higher recovery compared to the control on AXYL, indicating a relatively
strong interaction with the immobilised substrate (Table 4.4). The putative protein encoded by
AXYL342 also contained predicted protein motifs conferring a possible propagation advantage
and/or substrate-unrelated binding to IgG class of antibodies. Contamination with 1gG is present
at low level (up to 0.05%) in the BSA used for substrate blocking during panning and it is
possible that the observed binding of AXYL342 PPs might have been due to substrate-unrelated
binding.
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4.5 Summary

In the search for rumen microbial proteins involved in binding to complex
carbohydrates, recombinant PPs from a rumen plant-adherent metagenomic phage display
library were affinity screened using RAC and AXYL substrates as bait.

Through four rounds of panning, a small (22-fold) enrichment in the number of
metagenomic PPs recovered by TG1 host cell elution from AXYL in the last round, relative to
the first round of panning was observed. This, together with an observed increased binding over
background (vector-only control), indicates that specific, but low-affinity interactions may have
occurred between PPs and AXYL.

Five recombinant PPs, produced from four clones obtained after the fourth round of
panning and one clone obtained after first round of panning on AXYL, were assayed for affinity
binding to AXYL. The assay showed a 400-fold increase in binding of one of the purified
recombinant PPs (AXYL342) compared to the vector-only control, indicating strong binding.
The putative serine/threonine protein kinase encoded by AXYL342 ORF was predicted to be
secreted via non-classical secretion. This protein also contained putative protein motifs that
confer a potential propagation advantage and/or substrate-unrelated binding to the IgG class of
antibodies, present as low-level contaminants in BSA preparations. Thus, it presently cannot be
excluded that the high level of observed binding of the AXYL342 PPs might have been due to

substrate-unrelated binding during the panning and affinity binding assays.
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Chapter 5. Discussion

Improving the digestive process of ruminant animals, or the processes of biofuel
production from lignocellulosic biomass, requires an understanding of the enzymatic
depolymerisation of plant cell wall structural carbohydrates. The majority of the information
currently available has been generated from the studies of individual microbes and their
enzymatic capability. However, in nature the breakdown of plant polysaccharides is initiated by
microbial consortia and their secreted enzymes. Microbial consortia are much more difficult to
study than individual species and the recent development of high-throughput sequencing and
associated metagenomic techniques has opened up new opportunities to begin to understand the
complex process of microbial polysaccharide breakdown.

In this study, secretome-selective phage display technology was used to focus
next-generation sequencing and sequence analysis to the metasecretome-encoding portion of the
rumen plant adherent microbial metagenome. This is, to my knowledge, the first report of
selective sequence analysis as a method to focus on the sequences encoding secreted proteins

froma metagenome.

5.1 New phage display approach to select for the metasecretome

A pilot library was initially constructed for the development and optimisation of the
secretome display technology on a metagenomic scale, and for the preliminary assessment of
selection stringency and diversity of enriched metasecretome library clone inserts. Membrane
targeting signals were detected in around 94% of the sequenced library inserts, which is a higher
proportion than reported for the secretome phage display of two Gram-positive bacteria,
L. rhamnosus (84%) [234] and M. tuberculosis (70%) [394].

The estimated enrichment of the metasecretome protein-encoding recombinant library
clones after selection (29 fold) indicates a high stringency of selection, and that the majority of
recombinant phagemids containing non-secretome protein-encoding inserts were eliminated.
The proportion of metasecretome ORFs encoding putative proteins predicted to contain
membrane targeting signals in the pilot metasecretome library (~96%) was comparable to those
reported for secretome ORFs of both L. rhamnosus HNOO1 and M. tuberculosis obtained after
sarkosyl selection (98%) [234, 394].

Type | signal sequences were predominantly detected in the pilot library plll fusions
(64%). This is not surprising, taking into account that the targeting of wt plll to the inner

membrane of Gram-negative bacterial host depends on the presence of the type I signal
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sequence, which is cleaved off by SPasel, releasing the N-terminus from the membrane, and
leaving the C-terminus anchored in the inner membrane, which is the topology that is required
for assembly of plll into a detergent-resistant virion cap [345]. The remaining 32% of the pilot
library ORFs encoding putative proteins in frame with plll contained other types of
Sec-dependent membrane-targeting sequences (transmembrane a-helices, type 1l and type 1V),
which is consistent with the dependence of phage display on the SecYEG translocation
pathway. Similar to reports for the secretome-selective phage display of two Gram-positive
bacteria, no Tat signal sequences were detected. This is due to the known inability of
conventional phage display systems to present proteins that are substrates for the Tat
translocation pathway [443] characteristic for fully folded proteins, most likely because protein-
plll fusion typically folds in the oxidising environment of the E. coli periplasm, in contrast to
the Tat-dependent proteins that fold in the reducing environment of the cytoplasm [444]. The
distribution of membrane targeting signals observed in the pilot library indicates that different
types of Sec-dependent signals, are successfully processed by various E. coli membrane or
periplasmic proteases, to achieve the topology of plll required for the virion assembly and
release (periplasmic N-terminus, and a single C-terminal membrane anchor) [445]. Therefore,
the diversity of rumen plant adherent microbial metasecretome sampled through selection was
not limited only to type | signal-containing sequences.

Functional annotations of putative proteins encoded by ORFs in frame with glll showed
that these proteins are involved in diverse functions, such as putative enzymatic functions
(including carbohydrate metabolism), host/microbial interactions, signal transduction and
sporulation, as well as large proportion of hypothetical and conserved hypothetical proteins.

The taxonomic assignment of the pilot secretome library showed that even with the
limited number of analysed clones, the inserts were assigned to eight different genera. Seven
genera, mainly representatives of the core bovine rumen microbiome [7, 8, 60, 68-70, 76, 77],
belonged to predominant rumen phyla Firmicutes and Bacteroidetes (representing 23% and 22%
of analysed sequences, respectively). The remaining genus (Fibrobacter), representing 5% of
the analysed sequences, and belonging to the minor core rumen phylum Fibrobacteres, was
found to represent only 0.8% of analysed bacterial rrs sequences in the study of global ruminal
phylogenetic diversity [7]. The proportion of inserts assigned to the ruminal cellulolytic
bacterial genus Fibrobacter (5%) was unexpected. Studies investigating the abundance of three
predominant culturable species of ruminal cellulolytic bacteria (F. succinogenes,
R. flavefaciens, and R. albus) using species-specific 16S rRNA oligonucleotide hybridisation
probes, placed F. succinogenes at 0.1% of total bacterial population in the sheep rumen and
0.2 — 0.3% of total ruminal bacterial population in cows fed diets that varied in the source of
forage and the concentration of fibre [446, 447]. It is possible that Fibrobacteres are

overrepresented simply by chance, due to the low number of analysed pilot library clones.
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However, a recent study of plant adherent rumen community composition of four cows
(including the animal from which plant-adherent microbial fraction was obtained for
construction of shotgun metagenomic libraries described here) over four seasons using
molecular methods, placed the average abundance of phylum Fibrobacteres in plant-adherent
microbial fraction from these samples at 2.4% [448]. This, in combination with the E. coli host
used in the metasecretome selection process being likely to favour phage display of fragments
from Gram-negative bacteria, could have contributed to observed proportion of this genus. Half
of all analysed sequences did not show significant similarity to any sequences in the NCBI nr
protein database.

We have estimated that the rumen bacterial metasecretome size is around 600 Mb,
based on an estimated bacterial metagenome size of around 3 Gb [223], and the average coding
capacity of bacterial genomes devoted to metasecretome proteins (20%). A large number of
library clones would be needed to represent such large metasecretome diversity. Based on
coverage of the L. rhamnosus HNOO1 secretome achieved using the same secretome-selective
phage display system (approximately 44%), it was estimated that similar coverage of
metasecretome proteins from a complex microbial community, comprised of up to 100 species,
could be achieved with a starting primary library of 10° clones, and analysis of approximately
50,000 clones after selection [234]. Taking into account the higher bacterial diversity in a
complex rumen microbial community, conservatively estimated at 500-1000 species, the size of
the primary metagenomic library, as well as the number of sequenced metasecretome inserts
after selection would have to be at least 5-10-fold higher in order to achieve around 40%
coverage of the rumen microbial metasecretome.

In the pilot metasecretome library, some of the ORFs were isolated multiple times
among the analysed clones. Cloning and transformation biases in combination with observed
low transformation efficiency of ssDNA could have all contributed to the reduced insert
diversity. To improve the representation of metasecretome fraction captured through selection,
the secretome selection protocol was applied on a larger (5x10°) primary shotgun library.
Furthermore, the selected metasecretome library inserts were directly sequenced using the high-

throughput pyrosequencing, bypassing the bottleneck of transforming the secretome ssDNA.
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5.2 Metasecretome characterisation by next-generation sequencing

5.2.1 Membrane-targeting signals and phylogenetic profile of the metasecretome

This thesis developed protocols for template preparation for next-generation sequencing
starting from metasecretome-enriched ssSDNA, as well as data analysis in order to extract the
information on the secretome proteins within the selected metasecretome library. Template
preparation included a PCR-amplification step using ssDNA isolated from sarkosyl-resistant
PPs, followed by mechanical and enzymatic fragmentation. Fragments obtained in this way
were used directly in the standard shotgun pyrosequencing protocol, at the point of end-repair
and size-fractionation of metagenomic fragments.

In order to investigate the presence of three types of membrane-targeting signals
commonly observed in the pilot metasecretome phage display library, it was important to first
identify sequences in-frame with vector-encoded plll in the metasecretome dataset.
Identification of ‘in-frame’ sequences in the raw sequence dataset (before removal of the vector
sequences) was achieved by identifying the short vector sequence encoding peptide tag,
preceding the vector-encoded plll using BLAST. For prediction of membrane-targeting signals,
a sequential combination of direct predictions for putative proteins in-frame with plll and
predictions assigned based on sequence similarity between ‘in-frame’ putative proteins without
detected membrane-targeting signals, and longer homologous putative proteins in the
metasecretome assembled dataset was applied. Around 59% of the distinct putative proteins
contained one of the three putative membrane-targeting signals commonly observed in the pilot
library (type | or type Il signal sequences, and transmembrane helices). For around 28% of the
putative proteins, none of the three types of membrane-targeting signals were detected, while
for the remainder, the presence of the membrane-targeting sequences could not be determined,
due to the short length of sequence and lack of significant similarity to longer putative proteins
in the assembled metasecretome dataset. In comparison, around 11.8% of the putative proteins
in the metagenome dataset contained type | and type Il signal peptides, while around 9.2%
contained predicted transmembrane helices.

Because of the fragmentation step in the sequencing template preparation, it is likely
that for some partial ORFs that are in frame with glll, the N-terminal part of the ORF encoding
the membrane-targeting signal, is found on a separate sequencing read. Due to the high
complexity of the metagenomic DNA before selection, and subsequent complexity of the
enriched metasecretome-encoding DNA after selection, a low depth of sequence coverage is
expected for the volume of sequencing performed in this study. This has led to a limited fraction

of reads that were fully assembled into contigs (42%), resulting in a high proportion of ORFs
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lacking significant similarity to longer homologous metasecretome contig ORFs, some of which
might encode an N-terminal signal sequence.

The proportion of ORFs encoding putative proteins with membrane targeting signals in
the pyrosequencing dataset is not a measure of efficiency of selection prior to shearing.
However, it can indicate that, at a larger scale, selection was not as stringent as in the pilot
library, where almost 95% of putative proteins possessed one of the three types of membrane
targeting signals analysed in the metasecretome pyrosequencing dataset. This result could have
been a consequence of technical issues with the secretome selection step in some of the 27
library aliguots, which were separately subjected to the secretome selection protocol. One such
problem could have been incomplete DNase digestion of the sSDNA released from the sarkosyl-
disassembled defective PPs that contained the non-secretome inserts, the key step in eliminating
the non-secretome protein-encoding recombinant phagemids.

The majority of taxonomic assignments of the predicted protein-coding sequences in the
metasecretome dataset were to Bacteria (40.9%), while around 59% of the protein-coding genes
remained unassigned. Such a high percentage of taxonomically unassigned protein-coding genes
is expected, even for the ‘shallow’ level of binning, since the accuracy of similarity-based
binning approaches used to produce the taxonomic profile of the metasecretome-enriched
dataset depends on the availability of reference data, which is currently very limited for
environmental microbial communities, such as that from the rumen. However, initiatives such
as the Genomic Encyclopedia of Bacteria and Archaea (GEBA) project [449] and the Hungate
1000 project [450] aim to provide genome sequences from organisms that are not currently
represented and systematically fill the gaps in representation of taxonomic groups for which
little genomic data is available, and the availability of such data will greatly enhance our ability
to make taxonomic assignments.

Archaeal assignments (0.2%) were predominantly to the Euryarchaeota phylum, with
some contribution from the Crenarchaeota phylum, and this taxonomic distribution is in
agreement with what was observed in study of phylogenetic diversity census of ruminal
microbiomes [7]. Archaea typically comprise 0.5 - 3% of the rumen microbiome [451] and a
low taxonomic assignment (0.2%) of the metasecretome ORFs to this microbial domain is most
likely further diminished by the poor association of Archaea with the plant adherent fraction of
the rumen microbial community, as well as a lack of reference gene information due to the very
limited volume of archaeal sequences available in the databases. Finally, archaeal signal
sequences have a hybrid character, combining a archaeal-specific composition of hydrophobic
region with a bacterial-like charge distribution, and a eukaryal-like cleavage site, hence they
may be poorly processed by the E. coli SecYEG translocon or the signal peptidase [452].
Nevertheless, preliminary experiments (D. Gagic, personal communication) showed that

archaeal sequences successfully guide archaea-plll protein fusions to the virion. Of all the
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sequences assigned to Eukaryota, approximately 28% were most similar to fungi and around
14% to plants, which may reflect the presence of low levels of plant and fungal material
contamination within the plant-adherent microbiome samples, and is consistent with the
sampled environment.

At the phylum level, the main bacterial assignments in the metasecretome dataset were
to Bacteroidetes (29%) and Firmicutes (10%), with minor contributions from different divisions
of Proteobacteria, Actinobacteria, Spirochaetes and Cyanobacteria. In contrast, in the
metagenome dataset, the Firmicutes were predominant (31.9%), followed by Bacteroidetes
(17.2%), and a small number of assignments were made to a much larger number of phyla. In
the metasecretome dataset, besides reduced diversity at the phylum level, the main taxonomic
assignments are in agreement with predominant phyla found in the metagenome dataset and in
the rumen [7]. However, numerical relations do not reflect the phyla abundances usually
detected in the bovine rumen microbiome using molecular methods. The prevalence of
Firmicutes has been reported in many studies of ruminant bacteria [7, 8, 70, 77], although some
studies identified Bacteroidetes as the most prevalent phylum [71, 75, 453] in the bovine rumen.
Based on a number of 16S rRNA gene based studies of bacterial diversity in the rumen, the
estimated abundance of Gram positive and Gram negative bacterial species in the rumen is 58%
and 42%, respectively (B. Kelly, personal communication) and a similar proportion was
observed in [7]. Notably, the higher representation of sequences from Gram-negative bacteria in
the metasecretome dataset might be due to higher efficiency of the secretome-selective phage
display system to recognise Gram-negative membrane targeting signals, which was also
indicated by taxonomic representation of the secretome inserts in the pilot library.

A higher proportion of putative protein-coding sequences from the metasecretome
dataset (59%) was unassigned, as compared to sequences from the metagenome dataset (38%).
This observation is consistent with the secretome enrichment, since the secretome fraction of the
proteome typically contains a much larger proportion of unique proteins compared to the rest of
the proteome, but could have also been contributed by the ability of the selection procedure to
enrich for sequences encoding the putative metasecretome from rare phylotypes within the
rumen microbial communities, that are otherwise inaccessible via low-depth metagenomic

studies.

5.2.2 The metasecretome selection enriched putative proteins involved in

carbohydrate transport and metabolism

Functional annotation of the metasecretome was compared to that of a metagenome

dataset, obtained by shotgun sequencing of the total plant-adherent rumen microbial
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metagenomic DNA of two New Zealand cows fed a similar diet to the cow from which the
metasecretome dataset was derived.

A study by Noel (2013) [448], comparing rumen plant-adherent bacterial community
composition of four New Zealand cows (including the cow from which the metasecretome
dataset was derived) representative of the national dairy herd on a pasture-based diet sampled
five times over one year, using DGGE profiles of the 16S rRNA gene V3 region and
pyrosequencing of the 16S rRNA gene V1-V3 region amplicons, demonstrated remarkable
similarity between all the animals. In that work, only 0.1-0.6 % OTUs were estimated to be
unique to each animal. Principal coordinate analysis of pyrosequences showed no clustering due
to animal variation and a weak clustering of animals related to the sampling month, and the
plant-adherent microbial communities appeared to be very similar among animals fed a similar
diet. Although minor seasonal variations are expected between the adherent microbial
communities from which the metasecretome and metagenome datasets were derived,
observations from the Noel study [448] were the basis for selection of the particular
metagenome dataset for comparison with the metasecretome.

The profile of COG-based functional categories, detected at over 5% of their relative
abundance in the metagenome dataset, is similar to the COGs profile reported for another rumen
metagenome [454]. High relative abundances of genes encoding putative proteins with
unknown and general function, as well as proteins predicted to be involved in carbohydrate
transport and metabolism, and amino acid metabolism, have been also reported in metagenomic
surveys of other fibre-degrading gastrointestinal microbiomes [427, 455, 456].

Comparison of the COG-based functional categories between the metasecretome and
metagenome datasets revealed that the most abundant functional category in both datasets was
‘carbohydrate transport and metabolism’ (19.4% and 10.7%, respectively), which is consistent
with the involvement of the rumen plant-adherent microbiome in initiating carbohydrate
metabolism. This functional category was also the most prominently enriched after selection. A
comparable enrichment of genes encoding putative proteins belonging to this category (23%)
was reported for fosmid library clones containing metagenomic DNA fragments from human
gut microbiota after applying a multi-step functional screening for carbohydrate-active enzymes
involved in the degradation of dietary fibre [17]. The aim of both approaches was to focus the
sequencing effort onto metagenomic DNA fragments enriched in genes encoding the putative
proteins involved in microbial fibre digestion. However, the single-step secretome selection
presented in this thesis led to a greater coverage of rumen metasecretome (55 Mb) compared to
the published fosmid approach (1 Mb), which relied on laborious high-throughput functional
screening for enzymatic activities.

Metasecretome phage display also enabled the enrichment of genes with putative

protein products predicted to be involved in the ‘cell wall/membrane/envelope biogenesis’,
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processes known to require transport across the membrane(s) [457], as well as the enrichment of
peptides with unknown function. Proteins of unknown function are generally overrepresented in
the secretome fraction of bacterial genomes [230], and their enrichment is consistent with
enrichment of the metasecretome. The functional categories of ‘replication, recombination and
repair’ and ‘translation, ribosomal structure and biogenesis’, were the most under-represented in
the metasecretome dataset, reflecting the predominantly intracellular localisation of proteins
belonging to these functional categories.

5.2.3 The metasecretome selection captured diverse CAZymes

The plant-adherent rumen microbiome is specialised for the initial degradation of plant
fibre through the action of surface-associated and secreted enzymes. In accordance, the
metasecretome-selective phage display approach considerably enriched genes encoding
secretome proteins in the ‘carbohydrate transport and metabolism’ functional category. The
mining effort was focused on genes encoding proteins from this functional category (CAZymes
and cellulosome components) in order to explore the diversity and potential novelty of putative
proteins involved in fibre degradation, captured through metasecretome selection in
combination with next-generation sequencing.

For annotation of the putative CAZyme and cellulosome modules in three sequence
datasets derived from bovine plant-adherent microbial communities: plant-adherent
metasecretome and metagenome and a published switchgrass-adherent deep-sequenced
metagenome (DMG) f, an approach based on dbCAN database CAZyme family-specific HMMs
[399] was chosen over the sequence homology-based, or Pfam domain-based annotation
approaches. These dbCAN HMMs are derived from the signature domain regions of the most
complete collection of metagenomic CAZyme genes [399]. Annotation based on sequence
similarity shared with existing known CAZymes has the greatest accuracy, but limits the ability
to annotate CAZymes with low sequence identity and potentially divergent biochemical
properties [22]. On the other hand, CAZy family annotation using the Pfam protein families
database decreases both the specificity and sensitivity of annotation, because not all of the
existing CAZy families are represented by Pfam models [406]. Annotation of CAZymes in the
published DMG dataset via dbCAN HMMs detected a greater diversity of putative catalytic and
accessory CAZyme modules (belonging to 332 CAZy families) and with five-fold higher
frequency compared to the originally reported Pfam-domain based annotation [22].

The diversity of sequences encoding putative catalytic, auxiliary and carbohydrate-

binding modules and cellulosome components, belonging to 196 CAZyme families captured by
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the metasecretome selection was compared to the diversity of sequences encoding putative
modules belonging to 318 CAZyme families present in the plant-adherent metagenome dataset.

Both datasets contained sequences encoding putative oligosaccharide-degrading
enzymes, cellulases, hemicellulases and debranching enzymes, as well as enzymes involved in
the removal of ester linkages in hemicelluloses and in the degradation of pectins.

Comparison of frequencies with which CAZyme hits were observed in three sequence
datasets subjected to doCAN analysis (metagenome, metasecretome and published DMG)
showed that the metasecretome selection allowed detection of ~2.3 putative CAZyme modules
for every 10 Kb of analysed sequence, in contrast to ~1.5 in the metagenome and ~0.7 in the
DMG datasets. The frequency of detection of putative partial CAZyme-encoding genes in the
metasecretome dataset is at least tenfold higher than average frequency (~0.2 CAZyme
encoding genes /10 Kb) observed from shotgun metagenomic sequencing from rumen [23] and
gut environments [458]. The average number of detected putative CAZyme-encoding genes per
10 Kb of analysed sequence in the metasecretome dataset is also higher than detected through
functional screening strategies of fosmid libraries containing metagenomic DNA from plant-
adherent rumen microbiome (~1.2 putative CAZyme module/10 Kb) [459] and the number
reported in the two-step functional screening of metagenomic inserts from human gut (~1
putative CAZyme module/10 Kb) [17]. Observed differences might be contributed, besides
selection, by higher density of CAZymes harboured in the fibre-adherent microbial fraction of
cow rumen compared to other rumen and gut environments [18].

The glycoside hydrolase/glycosyl transferase (GH/GT) ratio has been used previously to
estimate the enrichment of catabolic genes [17]. Metasecretome selection led to 4-5 fold higher
GH/GT ratio (9.6) than those observed in the metagenome and DMG datasets (2.3 and 2
respectively), and in functional screening of plant-adherent rumen metagenome (1.9) [459]. The
plant-adherent rumen microbiome is expected to have, on average, a high proportion of its
metasecretome dedicated to the catabolism of carbohydrates.

The results presented here indicate that the metasecretome-selection strategy targeted to
the plant adherent microbial metagenome, known to have a diverse and rich coding potential for
fibrolytic activities, was powerful in focusing the sequencing onto metagenomic DNA
fragments rich in sequences encoding diverse putative CAZyme modules, particularly catabolic

genes.

5.2.4 CAZyme families enriched in the metasecretome

Putative cellulosome components (dockerins and cohesins), as well as carbohydrate-

active enzyme classes GHs, CEs and PLs, were predicted to occur at higher frequencies in the
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plant-adherent metasecretome dataset compared to the plant-adherent metagenome dataset. The
selectivity of the method for secretome proteins was particularly apparent when the abundance
of GTs, enzymes involved in biosynthesis of various glycans (glycoproteins, glycolipids,
oligosaccharides) and ‘signature’ cellulosomal modules, cohesins and dockerins, were
compared to corresponding groups in a metagenome dataset. The relatively lower representation
of GTs in the metasecretome (6.3%) compared to the metagenome (23.5%) is consistent with
the predominantly cytoplasmic localisation of GTs [460]. Conversely, sequences encoding
putative proteins containing cohesin and dockerin domains were represented at higher frequency
in the metasecretome compared to the metagenome dataset. This is consistent with cohesin and
dockerin-containing proteins being secreted, or membrane-bound to form cellulosomes, as
described for several anaerobic bacteria, notably C. thermocellum (for which a re-classification
to genus Ruminiclostridium [176] within the family Ruminococcaceae [177] has been proposed)
and C. cellulovorans, and R. flavefaciens FD1 [204, 461].

Putative CAZyme-encoding gene fragments that were more frequent in the
metasecretome compared to the metagenome dataset belong to 34 families with diverse
functions, 18 of which are found within the top 25 hits in the metasecretome dataset, with a
frequency >1%. The sequences encoding putative dockerin module and dockerin repeat
containing proteins, which have been scarcely observed in other rumen microbial metagenomic
studies [19, 22, 23], have been detected with 12.5-fold higher frequency in the metasecretome
compared to the metagenome dataset. Hits to putative dockerin modules and repeats were also
the most prevalently detected hits in the metasecretome dataset (8.3%), indicating that
enrichment of gene fragments encoding these putative modules allowed their successful
detection. In contrast, putative cohesin modules, also represented with higher frequency in the
metasecretome compared to the metagenome dataset (3 fold), were not detected as frequently as
shorter dockerins.

Interestingly, some of the generally low abundant (0.1 — 0.9%) sequences encoding
putative CAZyme domains in the metasecretome dataset are nevertheless enriched relative to
the metagenome dataset. For example, CBM16, CBM38, GT94 and CBM40 were significantly
enriched between 6.8 and 10.6 fold in the metasecretome relative to the metagenome dataset.

Other enriched predicted CAZyme-encoding ORFs included representatives of
CAZyme families involved in degradation of major fibre components, such as cellulase
(GH124), endohemicellulases (GH53, GH26), xyloglucanases (GH16, GH74), side chain
degrading enzymes (acetyl xylan esterase CE3, CE7 and CE1 and B-L-arabinofuranosidase
GH127), oligosaccharide degrading enzymes (B-xylosidases GH3, GH30, GH43 and
1,4-B-manosidase GH2) and pectin-degrading enzymes (GH53, CES8).

Some of the ORFs moderately enriched in the metasecretome dataset encode putative

GH43, GH26, GH3, GH105 modules, considered important in degrading cellulose, xylan and
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polygalacturonan [459]. These modules have been detected in polysaccharide utilisation loci
(PULs) mainly of uncultured Bacteroidetes, as well as in Prevotella from metagenomic DNA
originating from the rumen [23, 24, 459, 462] and gut [20] microbiomes. It is tempting to
speculate that the selection procedure, successful in enriching for the metasecretome genes from
Bacteroidetes, might have led to detection of rare and otherwise inaccessible components of the
metasecretome belonging to PULs of Bacteroidetes.

Some putative CAZyme modules enriched in the metasecretome dataset are involved in
carbohydrate metabolism that is not associated with fibre degradation. For example, hits to the
GH25 family are abundant, representing 3.4% of CAZyme hits in the metasecretome dataset
(enriched 2.9 fold relatively to the metagenome dataset). GH25 enzymes are lysozymes
involved in degradation and remodelling of the carbohydrate backbone of bacterial
peptidoglycan and in the release of phage progeny at the end of the phage lytic cycle and both of

these are membrane-associated functions.

5.2.5 Architecture of metasecretome ORFs with predicted multi-modular CAZyme

organisation

Because of the large number of incomplete gene fragments in the metasecretome
dataset, co-localisation of only a limited number of partial sequences encoding putative
CAZyme modules in the same polypeptide was detected. Some of the predicted associations are
well-documented in the CAZy database and can be searched via the CAZymes Analysis Toolkit
(CAT) web service [406]. The association of GH16 with CBM4 is common in bacterial
CAZymes with broad functional and substrate specificity. Multiple co-located CBMs,
sometimes associated with enhanced affinity for carbohydrate substrates through the
cooperative binding of tandemly repeated modules, have been reported in GHs (e.g. tandem
CBM4 from Cellulomonas fimi Cel9B [463], linked CBM10 and CBM2 from Pseudomonas
fluorescens Xynl10A [464], duplicated family 2b CBMs from C. fimi XynllA [465], three
CBMBG in the Clostridium stercorarium thermophilic xylanase [167], CBM40 and CBM32 in the
C. perfringens sialidase [466]). Multi-modularity of CBM32, in a combination with catalytic
GH module or independent, predicted for two putative proteins in the metasecretome dataset,
has been commonly observed in proteins from C. perfringens and Saccharophagus degradans.
A tandemly repeated CBM50 modules associated with GH25 are typically found in bacterial
lysozymes [467]. An independent association of multiple CBM50 modules without GH module
is not typical for bacteria, but has been reported for secreted proteins of several species of plant
pathogenic fungi and it was proposed that these proteins bind surface-exposed hitin, acting as

effectors in evading recognition by plant immune receptors [468].
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Putative proteins containing dockerin repeat in combination with GH5 or GH25,
catalytic modules that are not usually found in cellulosomes, have also been predicted in the
metasecretome dataset. In silico analyses of the genome of cellulosome-producing
Ruminococcus flavefaciens FD-1 identified twelve GH5-encoding ORFs containing also
putative dockerin coding sequence and predicted signal peptides, indicating secretion of these
proteins [12].

5.2.6 Phylogenetic diversity of cellulosome components predicted in the

metasecretome

Metasecretome selection led to the enrichment of putative dockerin and cohesin
modules, ‘signature’ components of the complex carbohydrate-degrading cell-surface bound
multi-enzyme complexes - cellulosomes. Secreted and membrane-bound cellular localisation
has been described for cohesin- and dockerin- containing cellulosomal components of several
anaerobic bacteria, notably Clostridium thermocellum (a re-classification as Ruminiclostridium
thermocellum has been proposed [176]), C. cellulovorans, and R. flavefaciens FD1 [204, 460,
461], and predicted for non-cellulosomal bacterial proteins containing cohesins and dockerins
[198].

A striking difference in comparison with reports from previous rumen microbiome
studies and the plant-adherent metagenomes used for comparison lies in the presence of a high
proportion of cohesin and dockerin modules that have been rarely detected in previously
published metagenomic studies of the cow rumen microbiome [19, 22]. For example,
comparison of the abundance of cellulosome-associated modules in the metasecretome dataset,
with those in a switchgrass-adherent bovine rumen microbial deep-sequenced metagenome
DMG dataset [22], predicted using the same database and search parameters [399], showed a
prominent enrichment for cohesin and dockerin modules. Other published rumen metagenomic
datasets have detected even lower proportions of cellulosomal modules [19, 23, 24] than in the
switchgrass adherent dataset.

The majority of the putative dockerin and cohesin modules in the metasecretome dataset
showed strong homology to sequences from members of the Ruminococcaceae family [176].
This finding is consistent with the taxonomic affiliations of known cultivated cellulosome
producing-bacteria, which also predominantly belong to the Ruminococcaceae [175]. This
suggests that within the plant-adherent rumen microbial fraction, members of the
Ruminococcaceae also have the greatest potential to produce cellulosome-like structures. A
number of cohesins (10%) and dockerins (7.25%) were also assigned to the Bacteroidaceae

(with hits to Bacteroides nordii), suggesting the potential for this family to produce
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cellulosomes. However, there currently are no reports of cellulosome-producing organisms from
this family. One of the earliest reported cellulosome producers, Bacteroides cellulosolvens
[469], is now recognised as a member of the Ruminococcaceae [177] and its re-classification to
Ruminiclostridium cellulosolvens has been proposed [176].

In the metasecretome dataset, almost 18% of ORFs encoding putative dockerin modules
were most similar to sequences from members of the Clostridiaceae, but curiously, no cohesins
were identified from this taxon. In total, 44 sequences with hits to distinct cohesin domains were
detected in the metasecretome dataset and almost 500 sequences had hits to one or both
dockerin repeats (69 of which were to both dockerin repeats). The HMM within dbCAN
specific for a cohesin module (168 amino acid residues) is longer than that for a single dockerin
repeat (22 residues) [399]. Thus, with the metasecretome library ORFs being of small sizes, the
probability of in silico detection of partial cohesin-encoding sequences was lower than that for
identifying dockerins.

Interestingly, putative cohesin modules from R. albus have been detected in the
metasecretome dataset. However, to date, cohesin domain-encoding genes have not been
identified in the available genome sequence from cultured R. albus strain 8, even though this
putative cellulosome producer contains many genes encoding dockerin-containing enzymes
[175]. It was thus speculated that closely related organisms may produce cognate cohesin
bearing scaffoldins that would enable use of the dockerin-containing enzymes produced by
R. albus 8 [175].

A small number of dockerin and cohesin module-containing sequences in the
metasecretome dataset appeared to be associated with a number of bacterial families that are not
known to produce cellulosomes, such as the Coriobacteriaceae, Erysipelotrichaceae and
Porphyromonadaceae. It is thus uncertain whether these are from cellulosome-producing
organisms. Alternatively, they may be associated with proteins that mediate roles
uncharacteristic of the conventional polysaccharide-degrading cellulosomal function, such as
proteolysis (proteases), oxidative reduction (peroxidases) or dephosphorylation (phosphatases)
[198]. It has been proposed that in complex ecosystems, different organisms could use cohesin
and dockerin modules for interspecies cell-cell adhesion or that these domains may evolve into

roles that are unrelated to binding interaction [198].

5.2.7 Assessment of the novelty of CAZymes detected in metasecretome dataset

Conventional sequence homology-based CAZyme annotation has a bias towards the

identification of candidates similar to known enzymes. For this reason, this approach is not
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suitable for discovering novel CAZyme related proteins with low sequence identity and
potentially divergent properties from environmental metagenomes [22, 399].

The ability of metasecretome selection in combination with automated HMM-based
CAZyme annotation to discover putative carbohydrate active enzymes with limited overall
amino acid sequence identity to known proteins was assessed.

Distinct putative CAZyme-encoding ORFs (longer than 30 amino acid residues) were
compared to proteins deposited in the NCBI nr database in order to compare with the ‘CAZyme
discovery rate’ reported for the published DMG dataset. Over one quarter (26%) of putative
CAZyme-encoding ORFs in the metasecretome dataset showed less than 50% of amino acid
sequence identity with sequences deposited in the NCBI nr database. In contrast, 43% of
putative CAZyme-encoding genes detected in the DMG dataset was reported to have less than
50% amino acid sequence identity to putative proteins deposited in the NCBI nr database at that
time [22]. The higher estimated novelty reported for the DMG dataset was achieved with 700
fold greater sequencing effort compared to this study (268 Gb of raw sequence data compared to
379 Mb in the metasecretome dataset) and with over half of originally detected CAZyme-
encoding genes estimated to be complete.

Similarity searches were also performed against the specialised collection of putative
proteins with annotated CAZyme domains, containing sequences from CAZy and other
databases, as well as the collection of CAZymes from different metagenome projects. In 2012,
this collection had about three times more CAZyme homologues compared to the NCBI nr
database [399]. Over 60% of putative CAZymes identified in the rumen plant-adherent
microbial fraction using metasecretome phage display shared limited similarity (50 — 90%) and
over one-sixth shared less than 50% of amino acid sequence identity with dbCAN-deposited
putative CAZymes available from other studies. All putative cohesin and complete dockerins
modules identified in this study shared limited amino acid sequence similarity
(41 — 70% for cohesins and 27 — 59% for dockerins) with putative cohesin and dockerin
sequences deposited in the dbCAN database.

Among putative CAZymes predicted in this study with a significant match
(E-value <1e-05) to dbCAN database entries, the majority were homologous to putative
CAZymes from the published cow rumen metagenome dataset [22] and human gut microbial
metagenome sequences (around 67% and 14%, respectively) [427]. Around 3.6% of putative
CAZymes identified in this study shared 100% amino acid sequence identity with CAZymes
predicted from the DMG dataset. This is comparable with findings from functional
metagenomic mining of the fibre-adherent microbiome from cow rumen, where 84% of all
putative proteins from that study were homologous to proteins predicted in the DMG dataset
(reported at E-value <1e-10) [459], with 4.5% of identified putative CAZymes sharing 100%

amino acid sequence identity to putative proteins in the DMG dataset.
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It is indicated that the secretome selection had captured a mixture of potentially novel
CAZyme-encoding sequences, suggesting that the developed approach is complementary to
existing strategies used for exploring the functional potential of complex microbial
communities. This also suggests that, if the sequencing of metasecretome selected genes, in
combination with HMM-based CAZyme annotation, is applied on a larger scale, allowing a
higher coverage of selected metasecretome, this could be an efficient strategy for mining the
metasecretomes of biomass-degrading complex microbial communities for novel putative

genes, and shed light on fibre-degrading strategies in the rumen.

5.3 Affinity screening of the metagenomic shotgun phage display library for
carbohydrate-binding proteins

Secreted and surface-associated fibrolytic enzymes and accessory proteins, produced by
complex rumen plant-adherent microbial communities, have a central role in initiating fibre
degradation and providing energy for the ruminant host. Accessory CBMs have a key role in
binding associated catalytic domains to the substrate and targeting the degradative capacity of
catalytic modules through a proximity effect [153].

The development of an efficient metasecretome-selection platform for the enrichment of
genes encoding relatively lowly abundant surface and secreted proteins of complex microbial
communities, and their in silico characterisation, is an important step towards functional
analysis of metasecretome proteins encoded by these genes. Functional characterisation of
(poly)peptide libraries displayed on the surface of filamentous phage typically involves
biopanning of the phage display library against a target of interest, allowing affinity selection of
phage clones that bind to the target and binder identification through sequencing. Biopanning of
combinatorial phage display libraries of the random heptapeptides on cellulose has previously
been successfully used to identify and characterise cellulose-binding peptide motifs [168, 379].

In this thesis, the suitability of a standard biopanning procedure for affinity selection of
the phage-displayed plant-adherent rumen metasecretome proteins potentially involved in
binding to amorphous cellulose and arabinoxylan was examined. It was recognised that it is
likely that, due to the limited primary library size (before selection) and relatively low
transformation efficiency of metasecretome-enriched ssDNA after the selection, the diversity of
proteins displayed in the metasecretome phage display library is significantly reduced. For this
reason, the PPs of the metagenomic phage display library (before the selection), produced using
a wt helper phage to enable infectivity of library virions, were chosen for affinity screening, to
identify proteins potentially involved in binding to the complex carbohydrate substrates of

interest.
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However, this library also had limitations. The primary metagenomic library size before
selection was ~5x10° clones and the effectively displayed’ size and diversity of secretome
proteins fused to plll is predicted to be ~3.3% (up to 1.6x10° displayed protein variants).
Furthermore, the display is monovalent, with typically 10% of PPs displaying one copy of the
plll fusion encoded by the phagemid, and 90% of particles displaying the helper phage-encoded
wt plll, due to a preferential assembly of the latter into the PPs [470]. The wt helper phage had
to be used to allow amplification of PPs between the successive rounds of panning, given that
the pDJ01 phagemid vector encodes only the C-terminal domain of plll, necessary for
packaging and release of recombinant PPs [354], and lacks the receptor-binding N1 and N2
domains, required for infection [345]. (This design was necessary to avoid resistance of
phagemid-containing cells to helper phage infection, which was mediated by the N1 and N2 pllI
domains).

After four rounds of panning using arabinoxylan and amorphous cellulose as baits, the
inserts from 40 recombinant phagemids were sequenced. One third of the sequenced inserts
carried ORFs encoding putative proteins in frame with plll, and were further analysed. The
remaining inserts carried ‘background” ORFs that were either too short to be further analysed or
out of frame with plll. ORFs out of the frame with glll, were analysed for the frameshifting
signals that could have placed them in frame with plll [407], however none contained a
predicted frameshift into the plll frame. Hence, they could not have been displayed on the
surface of the PPs.

Functional annotation of the candidate low-affinity binders (13 ORFs encoding
polypeptides in frame with plll) resulted in a large proportion of assignments to conserved
hypothetical or hypothetical proteins (69%) and putative enzymes. None of the analysed ORFs
captured in the first and the last round of panning on regenerated amorphous cellulose encoded
putative proteins with a classical or non-classical membrane-targeting or secretion motifs,
indicating that these ORFs most likely represent background, and are not displayed on the
surface of the phage.

Five monoclonal recombinant PPs (four from the last, and one from the first round of
panning on arabinoxylan), selected based on the presence of putative membrane targeting
signals or implicated in the non-classical secretion, were subjected to affinity binding assays to
determine whether the displayed proteins have an increased affinity for the substrate.

Four tested clonally purified PPs (displaying putative proteins AXYL221, AXYL223,
AXYL225 and AXYL232), showed only 1-13 fold higher recovery compared to the vector
control and these differences might be contributed by a low affinity of binding to the substrate,
or a titration error. In contrast, AXYL342 PPs, displaying a putative serine/threonine protein
kinase fragment, were recovered from arabinoxylan with a 400-fold increase in bound PPs as

compared to the vector control. No prediction of the exact function could have been derived for
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putative protein encoded by the AXYL342 ORF, since it showed only a limited amino acid
sequence identity to proteins deposited in the NCBI nr database. A DELTA-BLAST search
showed strong homology (4e-75) between AXYL342 putative protein and a catalytic domain of
a putative eukaryotic serine/threonine protein kinase. However, AXYL342 shared only limited
amino acid sequence identity with kinases in the NCBI nr database. This, together with
membrane localisation of its best prokaryotic homologue (2e-48) suggests that AXYL342 could
encode a catalytic domain of putative eukaryote-like serine/threonine kinase [471]. In silico
analyses have not associated this protein with recognised carbohydrate binding functions,
indicating that the observed binding may have not been carbohydrate-specific. In addition,
putative protein motifs conferring a potential propagation advantage and/or substrate-unrelated
binding to the 1gG class of antibodies, present as low-level contaminants in BSA preparations,
were predicted for AXYL342. Thus, it presently cannot be excluded that the high level of
observed binding of the AXYL342 PPs might have been due to substrate-unrelated binding
during the panning and following affinity binding assay and would require further investigation.

Overall, the affinity screening of the metagenomic shotgun phage display library PPs
against amorphous cellulose did not identify any binding domains, whereas the arabinoxylan
screen identified a putative serine/threonine protein kinase as a candidate arabinoxylan-binding
protein. However, substrate-unrelated binding could not be excluded for this putative protein.
Affinity screening of the metagenomic phage display library on amorphous cellulose and
arabinoxylan as baits was not efficient, probably due to several factors discussed below.

First, the copy number of displayed proteins is low due to competition between the
secretome protein fusions to plll with the wt plll from the helper phage. The monovalent
display is not suitable for affinity-selection of CBMs that mostly have a low affinity for their
cognate substrates (K, ~10% — 10° M™) [157]. Avidity resulting from multivalent interactions
between tandem or arrayed CBMs and their ligand that can compensate these weak interactions
in nature would be presumably rare in the library, due to the relatively small insert sizes.
Polyvalent phage display approach could not been taken in this screen, since a full-length plll
from the helper phage is required for amplification of the selected particles through several
rounds of panning, that is necessary to separate real binders from the background of non-
specific binders.

Second, the display of metasecretome proteins depends on the presence of endogenous
membrane-targeting signals encoded by library inserts, typically found at their N-terminus.
Hence, the display is biased towards the N-terminal domains. Relatively short insert sizes
observed after affinity panning (with the majority <500 nt) have contributed to a decreased
number of complete domains of the secretome proteins. This could have resulted in the
exclusion of CBM domains located near the C-terminus or, in the case of incomplete CBMs,

preclusion of domain folding and formation of a binding surface for its carbohydrate substrate.
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Third, immobilisation of carbohydrate substrates using columns could have contributed
to a high background, by increasing the probability of selecting non-specific plastic binders on a
column frit. In the case of panning on the RAC, unspecific binding of PPs to the slurry-like
substrate, increasing the background, was very likely.

Fourth, the plll fusions that are targeted to the membrane often result in longer
generation times of E. coli cells in which they are expressed. The recombinant library
phagemids that did not contain inserts encoding membrane-targeting signals fused to plll would
have had a growth advantage during the amplification steps between the panning rounds,
outcompeting the clones encoding low-affinity substrate binders which were only marginally
enriched during the binding/elution steps of the panning.

Overall, a high non-specific background binding in combination with growth advantage
during amplification had very likely vastly increased the number and variety of background
recombinant clones over the ‘low-affinity’ binders. Consequently, the analysis of only 40
recombinant clones by sequencing may have not been sufficient to identify the low-affinity
binders that had been enriched, but were not dominant in the eluted library pools. The next-
generation sequencing technologies have been increasingly applied for in-depth identification of
the diversity of inserts following the affinity-screening after one or two rounds of panning on
ligand of interest, allowing high-throughput identification of numerous binding variants and

overcoming a problem of competition between the ‘background’ and the true binders [386-390].

5.4 Study limitations

The main limitations of the microbial metasecretome enrichment and characterisation
are likely contributed by limitations inherent to phage display/secretome-selective phage display
and particular experimental choices made in this study.

Prominent bias towards representation of Gram-negative bacteria observed in the
metasecretome phage display library might be due to the limited ability of E. coli host SecYEG
translocon and accessory proteins to recognise and export membrane-targeting signals from
Gram-positive bacteria and Archaea.

The second major limitation is the low coverage of the complex microbial
metasecretome. At the time of metasecretome dataset generation (late 2011), the 454 GS FLX
platform with Titanium chemistry offered significantly longer sequencing reads and highest per
base accuracy compared to other available platforms (Illumina and lonTorrent). Choosing the
pyrosequencing platform required a trade-off to be made between long read length, crucial for
removal of vector sequence included in the NGS template preparation from metasecretome-

enriched ssDNA, and a modest amount of sequencing data that can be obtained from a half

180



plate. In addition, systematic artefacts intrinsic to the 454 sequencing platform in combination
with two rounds of PCR, one to prepare the sequencing template from metasecretome-enriched
sSDNA, followed by the standard emulsion PCR to add sequencing adaptors, most likely
heavily contributed to the loss of over two thirds of raw reads in the de-replication process. The
high level of ‘replication’ observed in the metasecretome dataset might have also been
contributed by a ‘bottleneck’ in the starting metagenome diversity, inherent to the construction
of metagenomics libraries, whose primary sizes are typically up to 10° different recombinant
clones. Unlike the classical shotgun metagenomic approach, in which DNA is extracted from
environmental microbial communities, fragmented and directly sequenced, metasecretome
phage display requires construction of a shotgun metagenomic library in E. coli to allow
assembly of metagenomic phage particles upon infection of the host with helper phage, as these
PPs represent a substrate for the downstream secretome selection. Construction of a shotgun
metagenomic library of sufficient primary size to fully represent the extremely complex rumen
metagenome is not feasible. This leads not only to reduction in the starting metagenome
diversity, but also may allow over-representation of certain library clones harbouring non-
deleterious metagenomic inserts during their propagation.

Third, a relatively small insert size resulted in a large number of partial gene fragments
in the metasecretome dataset that hindered both functional annotations and taxonomic
assignments of the reads, as well as the detection of membrane-targeting signals. In addition,
both accuracy of functional and taxonomic annotations and relative gene abundances might be
affected by indels introduced in homopolymeric tracts by the 454 platform.

Another caveat is in regards to the limited power of comparison between metasecretome
and metagenome datasets obtained from different animals under different experimental
conditions, due to undetermined level of variability in each sample (e.g. sampling season,
geographical location, and different rumen content fractionation and DNA extraction methods).
For this reason, caution is needed in interpretation of these comparisons.

In addition, the experimental design of the affinity screening described in this thesis
might not be well suited for identification of carbohydrate binding domains displayed on the
phage surface. This might be contributed by monovalent display of fusions that do not allow for
selection of low-affinity intereactions, such as those reported between many CBMs and their

carbohydrate substrates, and difficulties with immobilisation of carbohydrate bait.
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Chapter 6. Conclusions and future directions

6.1 Conclusions

The research presented in this thesis demonstrates that it is possible to focus sequencing
efforts onto the subset of metagenomic sequences encoding secreted and surface proteins of a
complex microbial community, by combining the secretome-selective phage display at a
metagenomic scale with next-generation sequencing. When applied to the rumen plant-adherent
microbial community, the developed metasecretome phage display approach successfully
selected for genes encoding functionally and taxonomically diverse secretome proteins. The
prominent enrichment of sequences encoding a subset of low-abundance surface and secreted
proteins relevant for fibre-degradation allowed for the in silico identification of functionally
diverse CAZymes, and a large number of cellulosome module-containing proteins. This was
achieved at a scale that would otherwise require much larger sequencing efforts had the
metagenome been sequenced directly.

Putative proteins from the rumen plant-adherent microbial community, involved in the
binding and degradation of plant fibre, uncovered using the metasecretome phage display
approach, represent a mixture of potentially novel CAZyme-encoding genes and genes encoding
putative homologues of the CAZymes observed in previous sequence- and function- based
metagenomic studies. This suggests that the approach presented in this thesis is complementary
to existing strategies used for exploring the coding potential of complex microbial communities.
Applied in a more targeted way, and on a larger sequencing scale, the metasecretome-selective
phage display technology has potential to further expand the known repertoire of fibre
degrading and binding capabilities from complex microbial communities.

The obtained rumen microbial metasecretome phage display library is a valuable
resource that has allowed in silico identification of diverse putative proteins involved in or
associated with fibre degradation. The functional identification of proteins involved in binding
to complex polysaccharide substrates of interest by affinity screening was trialled, leading to the
identification of one arabinoxylan-binding candidate. However, substrate-unrelated binding
could not be excluded for this candidate. Further work is required to confirm the binding and to
up-scale the analysis of selected library pools through next-generation sequencing in order to
identify the complete complement of substrate-binding proteins enriched by affinity screening

of the library.
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6.2 Future directions

The discovery of microbial genes encoding novel lignocellulolytic enzymes (especially
hemicellulases), allowing an efficient breakdown of plant biomass, as well as accessory proteins
(e.g. scaffoldin components) aiding fibre degradation, is of considerable biotechnological
interest [25]. These genes and their protein products are likely to contribute to a better
understanding of mechanisms underlying fibrolytic processes and have potential applications in
agriculture, industry, biomass waste management and biofuel production. In addition, they
represent possible targets for improving the enzymatic performance, lowering production costs
and obtaining enzymes tailored for a specific application through genetic engineering and
directed evolution [3-6].

The rumen microbial metasecretome phage display library obtained from this work is a
valuable genomic resource of diverse putative proteins involved in fibre degradation and
binding in the rumen plant-adherent microbial fraction. At present, this library is being used to
explore the diversity and roles of the identified putative cellulosome module-containing proteins
through functional studies. Cohesin-dockerin pairing is crucial for cellulosome assembly and
the way cellulosome architecture determines the recruitment of enzyme components, which
contributes to their synergistic activities. Understanding these interactions, and identifying
novel cellulosome modules that can be used as building blocks for ‘custom-made’ cellulosomes,
is highly sought after to enable their implementation in biotechnological and nanotechnological
applications, such as engineering display of designer cellulosomes on microbial cell surfaces to
improve biofuel production processes [6]. Using the sequence information obtained from the
metasecretome library, genes encoding five cohesins that share less than 50% amino acid
sequence similarity with cohesins deposited in the dbCAN database have been successfully
amplified from the metagenomic DNA of the plant-adherent microbial community. The cohesin
domains have been expressed so they can be used as bait in affinity screening of the
metasecretome phage display library to identify their cognate dockerins (D. Gagic, personal
communication). Panning conditions have been tested using a functionally characterised
cohesin-dockerin pair from Ruminococcus flavefaciens FD-1, namely one of the cohesin
modules from the functionally characterised scaffoldin ScaA as a bait, and recombinant PPs
displaying its cognate dockerin from the GH family 44 enzyme, Cel44A, on their surface [461].

The metasecretome library constructed in this study will be used in the future for
exploring putative novel fibre degrading and binding domains and proteins of interest, using the
existing sequence information for expression and display of the candidate genes, and their
functional characterisation using standard enzymatic and/or carbohydrate binding assays.

In addition to expanding the known repertoire of fibre degrading and binding

capabilities, phage display-based metasecretome selection could also be used to identify novel
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candidate genes for potential biotechnological applications in a targeted fashion. Lignocellulosic
biomass degradation into the individual component sugars for the production of biofuels, driven
by microbial enzymes, is a promising alternative approach to the currently used mechanical and
chemical procedures for saccharification, which are relatively expensive and inefficient [472].
For example, metasecretome libraries could be constructed from other rumen microbial
communities that are tightly adherent to the feedstocks used for production of lignocellulosic
bioethanol (miscanthus, switchgrass and corn stover). These metasecretome libraries could be
used to directly express soluble metasecretome proteins (without the plll fusion partner), by
exploiting features of the secretome-selective phagemid vector (e.g. the sequence encoding the
c-myc peptide tag is followed by a single amber stop codon, allowing the expression of the
protein-c-myc fusion in a suppressor-negative E. coli host strain) [234]. Alternatively,
metasecretome libraries could be subjected to affinity screening on substrates relevant for
biofuel production processes to enrich for candidate binders. The biochemical activities of
soluble metasecretome proteins or expressed candidate genes encoding novel putative secreted
and cell-surface CAZymes and other proteins of importance could be verified by enzymatic
screening using assays developed for a panel of model carbohydrate substrates.

Information obtained from the metasecretome phage display libraries could be further
improved in terms of quantity and quality, by optimising individual steps in the library
construction and selection. For example, to avoid the domination of short inserts in the library,
stringent removal of shorter metagenomic fragments prior to their cloning into phagemid vector
is required, or construction of the fosmid-based phage display vectors that would accommodate
only large inserts. Furthermore, to increase the amount of metasecretome-enriched DNA
available for sequence analysis and/or metasecretome library construction and bypass PCR,
multiple-displaced amplification using the 29 DNA polymerase could be used [461] for the
preparation of DNA for the library construction and/or for next-generation sequencing template.
Finally, coverage of the enriched metasecretome pool could be maximised by a hybrid
sequencing approach, combining sequencing data generated on multiple platforms (e.g. using a
combination of Illumina and 454 platforms for parallel sequencing of different-sized DNA
fragments).

In order to improve screening and identification of metasecretome phage display library
variants with carbohydrate binding affinity, polyvalent display in combination with next
generation sequencing of PPs enriched after single round of panning on carbohydrate baits,
chemically immobilised onto a matrix, could be applied.

The metasecretome phage display method presented in this thesis offers a
complementary approach to existing strategies used for exploring the secretome of complex
microbial communities. It can be applied for the simultaneous enrichment and screening of

secretome proteins with functions of interest of any complex microbial community, bridging the
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gap between sequence-based and function-based metasecretome gene discovery. Its scope is not
limited to catalytic and accessory fibrolytic activities and can be applied to expand the known
repertoire of various surface and secreted functions involved in interactions of microbes with
their environment, animal/plant host, or other microbes.
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Appendices

Appendix 1

Table Al.1. Predicted

membrane targeting signals and annotation of putative proteins in the metasecretome pilot library.

Clone ID® Number Insert Putative Predicted SignalP 4.1 SignalP 4.1 TMHMM 2.0 LipoP 1.0 PRED-LIPO PILFIND 1.0 SecretomeP SecretomeP Predicted signal sequence/anchor Putative protein Taxonomic Accession
of clones length protein  membrane- mean D-score mean D-score numberand  location location and prediction 2.0 score 2.0 score and cleavage sites ¢ description assignment number
with (bp)  length targeting and predicted ssand predicted ss predicted prediction ss cleavage (G+and G-) (G-) (G+) based on best  based on best
identical (aa) signal cleavage site  cleavage site  position of (G-) site location BLASTP hit?  BLASTX hit ¢
insert position (G-)  position (G+) TMH prediction

(G+)
MS1 1 245 27 Type I 'ss 0.338 0.455(23-24) 0 Cyt Signal (1-21) FALSE- 0.11 0.04 MKKIICITLMMALCLVSPHKAFA hypothetical Prevotella KF790700
pattern not —IDF protein
present
MS2 2 267 63 Type I 'ss 0.687 (27-28)  0.814 (27-28) 1 TMH (7-26), Spl Signal (1-27) FALSE- 0.05 0.76 MRNTRRIFLAIALVIAMVFTMGT conserved Clostridium KF790701
possible N- pattern not LALA-ADG hypothetical
terminal ss present protein
MS3 1 351 52 N-terminal ~ 0.122 0.24 1TMH (12-34), TMH Membrane  FALSE- 0.12 091 MFTKLLRRNLIMMLIPVLVIQILII hypothetical Ruminococcus  KF790702
TMH possible N- (10-29) pattern not FMVIQLGLLPA protein
terminal ss present
MS4 1 613 63 Type I 'ss 0.73 (29-30) 0.689 (29-30) 1 TMH (12-29), Cyt Cyt FALSE- 0.84 0.97 MRTNTIKRKTLLAFVLTIAGLVA hypothetical Genus not KF790703
possible N- pattern not GQSAWA-TGD protein assigned
terminal ss present
MS5 1 478 33 Type I 'ss 0.425(19-20)  0.259 0 Spl Signal (1-27) FALSE- 0.09 0.02 MKRLTYLFLVLFWALSAIA- hypothetical Genus not KF790704
pattern not QDK protein assigned
present

MS6 1 722 235 Type I 'ss 0.589 (18-19)  0.385 0 Spl Signal (1-18) FALSE- 0.74 0.23 VHLYIPAGVTLTAIGANA-AGT hypothetical Genus not KF790705

pattern not protein assigned
present
MS7 1 1223 347 Type | ss 0.783 (24-25)  0.603 (24-25) O Spl Signal (1-24) FALSE- 0.09 0.07 LKKRAALPAVLCALILGILACAR NHL repeat Ruminococcus  KF790706

pattern not
present

A-DTP protein
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Clone ID® Number Insert Putative Predicted SignalP 4.1 SignalP 4.1 TMHMM 2.0 LipoP 1.0 PRED-LIPO PILFIND 1.0 SecretomeP SecretomeP Predicted signal sequence/anchor Putative protein Taxonomic Accession

of clones length protein  membrane- mean D-score mean D-score numberand location location and prediction 2.0 score 2.0 score and cleavage sites © description assignment number
with (bp)  length targeting and predicted ssand predicted ss predicted prediction ss cleavage (G+and G-) (G-) (G+) based on best  based on best
identical (aa) signal cleavage site  cleavage site  position of (G-) site location BLASTP hit?  BLASTXhit ®
insert position (G-)  position (G+) TMH prediction
(G+)
MS8 1 716 101 Type I ss 0.852(18-19) 0.588(20-21) O Spl Signal (1-18) FALSE- 0.94 0.1 MKKLMIFALMLLSMGTQA-QT- Acetylesterase/  Prevotella KF790707
pattern not ARQ GDSL-like lipase/
present acylhydrolase
MS9 2 815 495 N-terminal 0.383 0.305 1 TMH (27-45), Spl Membrane  FALSE- 0.87 0.86 MHALNDKRHQPVGSSGNARND conserved Barnesiella KF790708
TMH possible N- (27-44) pattern not VARWKYALLACCMMALMMSPM hypothetical
terminal ss present MWAQQP protein
MS10 2 290 89 Type I ss 0.399 0.456 (32-33) 1 TMH (10-27), Cyt Cyt FALSE- 0.03 0.81 MMVVDHTRTYRTIFFIFLISALV conserved Clostridium KF790709
possible N- pattern not FCFSKKADA-KDL hypothetical
terminal ss present protein
MS11 1 666 7 Type | ss 0.764 (20-21)  0.711(20-21) O Spl Signal (1-22) FALSE- 0.54 0.07 MKKLLLILFTIHCSCVPAVA- a-N-acetyl Prevotella KF790710
pattern not SEQ glucosaminidase
present
MS12 1 311 68 Type | ss 0.887 (20-21) 0.714(20-21) O Spl Signal (1-20) FALSE- 0.58 0.22 MKRILFISILCLLAVSGALA-QKP alpha-amylase Bacteroides KF790711
pattern not
present
Ms13f 1 265 264 Multiple TMH 0.139 0.142 3 TMH (10-30; TMH Membrane  FALSE- 0.28 0.98 MHAPEDIMSSLTDYLWAFLIGGA stage V Clostridium KF790712
37-59; 63-85), (38-59) pattern not ICTVGQVLMSLTRLTPARILVLFVT sporulation
possible N- present SGVVLTALGLYSPVVEAGGAGATYV protein AE
terminal ss PLTGFGYALATGAIEGAKTE
MS14 2 751 91 N-terminal ~ 0.144 0.232 1TMH (21-43), TMH Membrane  FALSE- 0.04 0.66 MSLISFIRYDIKRLFGHGKTAILA hypothetical Fibrobacter KF790713
TMH possible N- (21-42) pattern not VLSPIPVLLLFASFLIPFLSAD protein
terminal ss present
MS15 2 341 99 Internal TMH 0.112 0.128 1TMH (39-61), Cyt Membrane  FALSE- 041 0.91 MWKDEEREQIEQAPADDEGQEL hypothetical Genus not KF790714
possible N- (44-65) pattern not TDSVSTAEDGDKASRKKLLLSTG protein assigned
terminal ss present LPVLLTIFFLIPLFFKTP
MS16%9 4 314 104 0.098 0.091 0 Cyt Cyt FALSE- 0.19 0.28 conserved Butyrivibrio KF790715
Background pattern not hypothetical
(no ss) present protein
MS17 2 826 82 Type I ss 0.319 0.482 (35-36) 1 TMH (13-35), TMH Signal (1-35) FALSE- 0.09 0.65 VRRFIRTGAGKTALFMLFVLSVI hypothetical Clostridium KF790716
possible N- pattern not VLALSATGIVGA-VEY protein
terminal ss present
MS18 2 791 107 Type | ss 0.761 (22-23)  0.594 (27-28) O Spl Signal (1-27) FALSE- 0.12 0.55 MTNRKVKIITAVITCCMFCATA- histidine kinase  Ruminococcus ~ KF790717
pattern not VDIYA-SSL
present
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Clone ID® Number Insert Putative Predicted SignalP 4.1 SignalP 4.1 TMHMM 2.0 LipoP 1.0 PRED-LIPO PILFIND 1.0 SecretomeP SecretomeP Predicted signal sequence/anchor Putative protein Taxonomic Accession
of clones length protein  membrane- mean D-score mean D-score numberand location location and prediction 2.0 score 2.0 score and cleavage sites © description assignment number
with (bp)  length targeting and predicted ssand predicted ss predicted prediction ss cleavage (G+and G-) (G-) (G+) based on best  based on best
identical (aa) signal cleavage site  cleavage site  position of (G-) site location BLASTP hit?  BLASTXhit ®
insert position (G-)  position (G+) TMH prediction

(G+)
MS19 1 799 90 Type I ss 0.560 (26-27) 0.672(26-27) O Spl Signal (1-26) FALSE- 0.37 0.08 MKEMRKSLLFLSFCLLCACGPR conserved Bacteroides KF790718
pattern not GGKA-VTD hypothetical
present protein
MS20 1 900 167 N-terminal 0.136 0.214 1 TMH (36-58), Cyt Membrane  FALSE- 0.21 0.84 MNEQDYMKITNSIDERFVAEYQ hypothetical Butyrivibrio KF790719
TMH possible N- (36-55) pattern not TSAKVHDLTGRRRISIGIAVAVLV protein
terminal ss present AVMIPAGVFAYNQIT
MS21 1 935 144 Type I ss 0.744 (19-20)  0.45 (19-20) 0 Spl Signal (1-20) FALSE- 0.82 0.39 MRKLTFVCCLMTLWTQALY-  conserved Prevotella KF790720
pattern not ADD hypothetical
present protein
MS22 3 948 83 Type I ss 0.566 (37-38)  0.395 1 TMH (21-38), Spl Cyt FALSE- 0.14 0.83 MQQPPPEVAPHIDERMNRYRLT tPR repeat- Prevotella KF790721
possible N- pattern not LLLAAALLACGAAFA-QEP containing protein
terminal ss present

MSs23 " 1 299 34 Type | ss 0.26 0.361 1TMH (7-26), Cyt Membrane  FALSE- 0.09 0.96 MNKTHPRILILLLAVCLVLPLTEAF hypothetical Genus not KF790722

possible N- (9-29) pattern not SGCR protein assigned
terminal ss present

MS24 19 865 174 TypelVss 011 0.225 1TMH (15-37), Cyt Membrane ~ TRUE-pattern 0.47 091 MIFTGEKKDKGFTLVELAAVIAIM pilin Genus not KF790723

possible N- (11-39) found, TMH VVMTGVLTLSLSVIYN assigned
terminal ss (15-37)
MS25 1 902 170 Type I ss 0.414 0.539 (27-28) 1 TMH (7-29), Spl Signal (1-27) TRUE-pattern 0.10 0.64 MRKMMRYFVRMAIPVLVIVCC conserved Bacteroides KF790724
possible N- found, TMH AFNLHA-LEL hypothetical
terminal ss (15-37) protein
MS26 2 246 7 Type I ss 0.4 0.444 (43-44) 1 TMH (30-47), Cyt Cyt FALSE- 0.06 0.64 VGRNLDIAQAFEYVVCGPLYRK conserved Fibrobacter KF790725
possible N- pattern not EALVMKNIALVSLLTASVAFA- hypothetical
terminal ss present QIP protein

MS27 1 700 136 Type I ss 0.391 0.574 (24-25) 1 TMH (5-24), Spl Signal (1-26) FALSE- 0.90 0.69 MRKHILTALLVMLTVVTFGQQ conserved Genus not KF790726

possible N- pattern not WVA-IKS hypothetical assigned
terminal ss present protein

MS28 1 606 43 Type I ss 0.740 (22-23) 0550 (20-21) O Spl Signal (1-22) FALSE- 0.07 0.03 MKSIIKTTLLALTICLPALA-SA- hypothetical Parabacteroides KF790727

pattern not HDI protein
present

MS29 1 805 90 Internal TMH 0.149 0.224 1 TMH (45-67), Cyt Membrane  FALSE- 0.90 0.97 LTEIQSSTAAMPNSTPKPWPRSG hypothetical Parabacteroides KF790728

possible N- (48-65) pattern not SSTHTTTATPSRTCQGTRNMRIK protein
terminal ss present LSSIGIFTAFLMALSIPITQGCES

MS30 1 843 268 Type Il ss 0.631(23-24) 042 1 TMH (12-34), Spll Signal (1-35) FALSE- 0.66 0.39 MIRRMGKVVRILVNFLIGMLLL conserved Genus not KF790729

possible N- (24-25) pattern not AS-CTQ hypothetical assigned
terminal ss present protein
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Clone ID® Number Insert Putative Predicted SignalP 4.1 SignalP 4.1 TMHMM 2.0 LipoP 1.0 PRED-LIPO PILFIND 1.0 SecretomeP SecretomeP Predicted signal sequence/anchor Putative protein Taxonomic Accession
of clones length protein  membrane- mean D-score mean D-score numberand location location and prediction 2.0 score 2.0 score and cleavage sites © description assignment number
with (bp)  length targeting and predicted ssand predicted ss predicted prediction ss cleavage (G+and G-) (G-) (G+) based on best  based on best
identical (aa) signal cleavage site  cleavage site  position of (G-) site location BLASTP hit?  BLASTXhit ®
insert position (G-)  position (G+) TMH prediction

(G+)
MS31 1 605 204 N-terminal 0.152 0.387 1 TMH (47-69), Cyt Membrane  FALSE- 0.53 0.95 MPPPVKRTVTKNKVNVKKASV conserved Genus not KF790730
TMH possible N- (51-69) pattern not PKTVVKPSVKVENKTKVEDNSL hypothetical assigned
terminal ss present NKDLVMRSILLVSYTLIVFLVIGFV protein
DSL
MS32 2 215 44 Type I ss 0.677 (22-23)  0.495(22-23) O Spl Signal (1-25) FALSE- 0.31 0.37 MKKSIAILTTLLLLGGTICPFA- hypothetical Genus not KF790731
pattern not GEI protein assigned
present
MS33 " 1 867 37 N-terminal 0.245 0.39 1 TMH (13-35), Cyt Cyt FALSE- 0.07 0.97 MNMMISGKKKNCIPVLRRMAAV hypothetical Clostridium KF790732
TMH possible N- pattern not LLSAGILLGMCFPAA protein
terminal ss present
MS34 2 820 55 Type I 'ss 0.615(35-36)  0.704 (35-36) 1 TMH (13-35), Spl Signal (1-35) FALSE- 0.79 0.94 LFKMKKSHIKGRFMAMAAAAA hypothetical Genus not KF790733
possible N- pattern not MTCSFTYGTLPVSA-AET protein assigned
terminal ss present
MS35 1 338 60 Type I ss 0.647 (19-20) 0537 (20-21) 0O Spl Membrane  FALSE- 0.58 0.08 MMRKIALTVLLAASQLTMS-A- conserved Genus not KF790734
(5-26) pattern not QFFG hypothetical assigned
present protein
MS36 1 691 48 Type I ss 0.881 (19-20)  0.487 (10-11) 1 TMH (5-24), Spl Signal (1-24) FALSE- 0.06 091 MKKLSFLMLV-LALAFPINA-  hypothetical Genus not KF790735
possible N- pattern not SVT protein assigned
terminal ss present
MS37 1 7 55 Type I ss 0.707 (26-27)  0.556 (26-27) 0 Spl Signal (1-26) FALSE- 0.79 0.24 MKTKDFSKKLLVALTLMLALA hypothetical Prevotella KF790736
pattern not MNAKA-QKS protein
present
MS38 2 553 146 Type Il ss 0.448 (21-22)  0.244 0 Spll Lipoprotein  FALSE- 0.50 0.17 MQKIYVLAGAALIMAACGGSE- membrane Prevotella KF790737
(16-17)  (1-16) pattern not KEY protein
present
Ms39F 1 242 80 Internal TMH 0.134 0.194 1TMH (49-71), Cyt Membrane ~ FALSE- 0.60 0.89 MPPKALLKPATRTKQWLSDVV  hypothetical Genus not KF790738
possible N- (49-65) pattern not QSLIKRDNEAVKAQILNDQGYR protein assigned
terminal ss present KALFKASRLALKLGMGTVAFAIS
GYLGAAYLAIE
Ms40 " 1 764 35 Type I ss 0.338 0.381 1TMH (7- Spl Signal (1-24) FALSE- 0.14 0.95 LMIKRPAALILAGIMALLAVPAFG hypothetical Genus not KF790739
25),possible N- pattern not ADEI protein assigned
terminal ss present
Ms41F 1 299 99 Multiple TMH 0.155 0.171 2 TMH (10-32; TMH Membrane  FALSE- 0.08 0.93 MPLMILPMTMQEMAGVTSDAMT conserved Genus not KF790740
45-67), possible (45-65) pattern not NAFSFLFIAIVLKAVNDNQKLSN hypothetical assigned

N-terminal ss

present

KQIMVITILGTCIGMCKMVYIPLLL protein
LLL
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Clone ID® Number Insert Putative Predicted SignalP 4.1 SignalP 4.1 TMHMM 2.0 LipoP 1.0 PRED-LIPO PILFIND 1.0 SecretomeP SecretomeP Predicted signal sequence/anchor Putative protein Taxonomic Accession
of clones length protein  membrane- mean D-score mean D-score numberand location location and prediction 2.0 score 2.0 score and cleavage sites © description assignment number
with (bp)  length targeting and predicted ssand predicted ss predicted prediction ss cleavage (G+and G-) (G-) (G+) based on best  based on best
identical (aa) signal cleavage site  cleavage site  position of (G-) site location BLASTP hit?  BLASTXhit ®
insert position (G-)  position (G+) TMH prediction

(G+)
MS42 1 866 140 Type Il ss 0.652 (20-21)  0.608 (25-26) O Spll Signal (1-24) FALSE- 0.45 0.22 MKNRHIFAIAAVLMAIT-CKA  hypothetical Genus not KF790741
(17-18) pattern not protein assigned
present
MS43 1 887 136 Type I ss 0.841 (28-29)  0.505 (30-31) 1 TMH (13-31), Spl Signal (1-28) FALSE- 0.05 0.59 MIYKLILRNMRKVVFGAVALFM conserved Prevotella KF790742
possible N- pattern not AFVSNA-QV-LDP hypothetical
terminal ss present protein
MS44 1 864 43 Type I ss 0.832 (23-24)  0.617 (30-31) 1 TMH (7-24), Spl Signal (1-28) FALSE- 0.27 0.92 MTMTKRFFMAVFAVCLVALST hypothetical Bacteroides KF790743
possible N- pattern not LA-DDKQAEA-TFS protein
terminal ss present

MS45 1 388 133 Type I 'ss 0.173 0.430(26-27) 0 Cyt Cyt FALSE- 0.85 0.6 MHAPSSCPQSRSHRSCICPTPPC  hypothetical Genus not KF790744

pattern not APA-CTP protein assigned
present

MS46 " 2 87 25 Type | ss 0.338 0.392 0 Cyt Cyt FALSE- 0.11 0.03 MKKIVRTIAAMQAAVMILTSTA hypothetical Genus not Not

pattern not FAE protein assigned available '
present

Ms47 1 485 52 Internal TMH 0.285 0.324 1 TMH (20-42), Spl Signal (1-39) FALSE- 0.46 0.95 LRISFLRRVSDMNGRFRRFICFT hypothetical Butyrivibrio KF790745

possible N- pattern not AVAAALLILAGAGAGAYSYGDD  protein
terminal ss present
MS48 1 618 64 N-terminal ~ 0.39 0.373 1TMH (15-37), Spl Signal (1-36) FALSE- 0.47 091 MIKLRFYRLLLTKNYIFMKRVLF hypothetical Prevotella KF790746
TMH possible N- pattern not MLAGVLMFTAVSAQENG protein
terminal ss present
MS49 1 816 228 Type I ss 0.734 (25-26)  0.479 (25-26) 1 TMH (5-27), Spl Signal (1-25) FALSE- 0.47 0.81 MRTSHISFFLTSLLLHFLMPAFLS Ser/Thr Bacteroides KF790747
possible N- pattern not A-TTTC phosphatase
terminal ss present family protein
MS50 1 259 41 Type I ss 0.864 (23-24)  0.708 (23-24) 1 TMH (5-23), Spl Signal (1-23) FALSE- 0.39 0.93 MKKLLALVLALVLSLGVVSFAS hypothetical Genus not KF790748
possible N- pattern not A-EEP protein assigned
terminal ss present
MS51 1 643 114 N-terminal ~ 0.353 0.257 1TMH (21-38), Spl Membrane  FALSE- 0.94 0.97 MNTTYEHTKRLAQQTITTLRLTI hypothetical Genus not KF790749
TMH possible N- (21-38) pattern not ALLLMLVLGSTSVWGQDY protein assigned
terminal ss present
MS52 1 420 41 Type I ss 0.599 (21-22)  0.495(21-22) 1 TMH (7-26), Spl Signal (1-21) FALSE- 0.08 0.96 MTMKKIFTFVFCALLATAAWA- hypothetical Genus not KF790750
possible N- pattern not DVI protein assigned
terminal ss present
Ms53 " 1 818 37 Type | ss 0.169 0.274 1TMH (7-29), Cyt Lipoprotein  FALSE- 0.13 0.97 MKKRHLHIQLIFMLIVFIIPA-CSP hypothetical Clostridium KF790751
possible N- (1-21) pattern not protein
terminal ss present

191



Clone ID® Number Insert Putative Predicted SignalP 4.1 SignalP 4.1 TMHMM 2.0 LipoP 1.0 PRED-LIPO PILFIND 1.0 SecretomeP SecretomeP Predicted signal sequence/anchor Putative protein Taxonomic Accession

of clones length protein  membrane- mean D-score mean D-score numberand location location and prediction 2.0 score 2.0 score and cleavage sites © description assignment number
with (bp)  length targeting and predicted ssand predicted ss predicted prediction ss cleavage (G+and G-) (G-) (G+) based on best  based on best
identical (aa) signal cleavage site  cleavage site  position of (G-) site location BLASTP hit?  BLASTXhit ®
insert position (G-)  position (G+) TMH prediction
(G+)
MS54 1 888 427 Type I ss 0.807 (24-25) 0.634(28-29) O Spl Signal (1-28) FALSE- 0.33 0.17 LFMKKLIAAVTGAALAFMAFSP beta-lactamase ~ Ruminococcus  KF790752
pattern not QA-EVLA-DSA
present
MS55 ¢ 1 315 15 Background ND ND ND ND ND ND ND ND ND hypothetical Genus not Not
(short ORF) protein assigned available'
90/ 641 %

Abbreviations: aa, amino acid residues; G-, Gram-negative bacteria; G+, Gram-positive bacteria; D-score, discrimination score; ND, not determined. *
The rumen metasecretome (MS) recombinant clones are numbered in the order of identification. ® Predicted membrane-targeting signal types: ss, signal
sequence; Type | ss, classical ss; Type Il ss, lipoprotein ss; Type 1V ss, pilin-like ss; TMH, transmembrane a-helix; Background, putative proteins
without predicted membrane-targeting signal or shorter than 24 aa (the latter were not analysed for presence of signal sequence due to their short size). ©
Amino acid residues in italics correspond to the sequence of the predicted transmembrane o helix, — corresponds to predicted cleavage sites for SPasel
or SPasell and these sites are represented for both G- and G+ bacteria if different; underlined sequence corresponds to Type IV ss. ¢ Putative protein
description, based on best BLASTP hit against NCBI nr protein database, is provided only for the hits with an E-value of <1e-05. Putative proteins with
best BLASTP hit below this threshold are described as hypothetical. ® Taxonomic assignments at the genus level, based on the best BLASTX hit of pilot
library inserts encoding corresponding putative proteins, are provided only for the hits with an E-value of <1e-05and a query coverage >30%. Genus
was not assigned to inserts with best BLASTX hit below this threshold. Since 55 distinct ORFs were identified among 90 analysed inserts, this column
does not reflect the taxonomic distribution of all analysed inserts (90). * Vector pDJO1 provided start codon, putative protein part encoded by the vector
is represented in bold font. ¢ Putative proteins with no ss, transmembrane helices or non-classical predicted protein secretion. " Putative proteins with D-
score below SignalP 4.1 ‘sensitive’ (SignalP-3.0 compliant) cut-off (0.42 for both G- and G+ bacteria) due to the short sequence length. Membrane-
targeting signals identified in these putative proteins were assigned as Type | ss (rather than N-terminal membrane anchor), based on sequence
similarity to the best BLASTP homologue that already carries the predicted ss in the aligned portion of the sequence. Membrane-targeting signals of
short putative proteins with no known homologues were assigned as N-terminal membrane anchor, but are possible Type | ss. ' Putative protein
sequence too short for deposition. ! Total number of inserts analysed. ¥ Average insert size (bp).
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Appendix 2

Table A2.1 Putative carbohydrate-active enzymes and associated modules identified in the metasecretome and the metagenome dataset.

CAZy family dbCAN Known activities from CAZY database MS count MS abundance MG count MG abundance MS(%)/MG(%)
HMM (%) (%) ratio
source
AAl laccase/p-diphenol:oxygen oxidoreductase/ferroxidase (EC 1.10.3.2); 0 0.000 2 0.009 0.000
ferroxidase (EC 1.10.3.-); laccase-like multicopper oxidase (EC 1.10.3.-)

AA2 ¢d00692 manganese peroxidase (EC 1.11.1.13); versatile peroxidase (EC 1 0.008 0 0.000 0.000
1.11.1.16); lignin peroxidase (EC 1.11.1.14); peroxidase (EC 1.11.1.-)

AA3 C0G2303 cellobiose dehydrogenase (EC 1.1.99.18); glucose 1-oxidase (EC 1.1.3.4); 2 0.016 148 0.678 0.023
aryl alcohol oxidase (EC 1.1.3.7); alcohol oxidase (EC 1.1.3.13); pyranose
oxidase (EC 1.1.3.10)

AA4 vanillyl-alcohol oxidase (EC 1.1.3.38) 0 0.000 12 0.055 0.000

AA5 self-built oxidase with oxygen as acceptor (EC 1.1.3.-); galactose oxidase (EC 1 0.008 23 0.105 0.076

1.1.3.9)

AAB TIGR01755  1,4-benzoquinone reductase (EC. 1.6.5.6) 50 0.398 169 0.774 0.514

AAT7 glucooligosaccharide oxidase (EC 1.1.3.-) 0 0.000 10 0.046 0.000

AA8 self-built iron reductase 3 0.024 79 0.362 0.066

AA9 (formerly GH61) pfam03443  copper-dependent lytic polysaccharide monooxygenases (LPMOSs); 6 0.048 7 0.032 1.489

cleavage of cellulose chains with oxidation of various carbons (C-1, C-4
and C-6)

AA10 (formerly CBM33)  pfam03067  copper-dependent lytic polysaccharide monooxygenases (LPMOs); acton 4 0.032 1 0.005 6.947

chitin and cellulose

Total AAs 67 0.5 451 21

CBM1 pfam00734  Binding to cellulose and chitin 1 0.008 1 0.005 1.737

CBM2 pfam00553  Binding to cellulose, chitin and xylan. 1 0.008 49 0.225 0.035

CBM3 pfam00942  Binding to cellulose and chitin 1 0.008 17 0.078 0.102

CBM4 pfam02018  Binding to xylan, B-1,3-glucan, B-1,3-1,4-glucan, $-1,6-glucan and 43 0.342 109 0.499 0.685

amorphous cellulose

CBM5 pfam02839 Binding to chitin 0 0.000 4 0.018 0.000
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CAZy family dbCAN Known activities from CAZY database MS count MS abundance MG count MG abundance MS(%)/MG(%)

HMM (%) (%) ratio
source
CBM6 pfam03422  Binding to amorphous cellulose, $-1,4-xylan, B-1,3-glucan, $-1,3-1,4- 41 0.326 169 0.774 0.421
glucan, and -1,4-glucan
CBM8 self-built Binding to cellulose 0 0.000 4 0.018 0.000
CBM9 pfam06452  Binding to cellulose 9 0.072 22 0.101 0.711
cBM11 pfam03425  Binding to beta-1,4-glucan and beta-1,3-1,4-mixed linked glucans 0 0.000 9 0.041 0.000
CBM12 pfam02839  Binding to chitin 4 0.032 34 0.156 0.204
CBM13 pfam00652  Binding to xylan, GaINAc and mannose 21 0.167 67 0.307 0.544
CBM14 pfam01607  Binding to chitin 0 0.000 3 0.014 0.000
CBM15 pfam03426  Binding to xylan and xylooligosaccharides 2 0.016 2 0.009 1.737
CBM16 pfam02018  Binding to cellulose and glucomannan 86 0.684 22 0.101 6.789
CcBM17 pfam03424  Binding to amorphous cellulose, cellooligosaccharides and derivatised 7 0.056 7 0.032 1.737
cellulose
CBM19 pfam03427  Binding to chitin 0 0.000 1 0.005 0.000
CBM20 pfam00686  Binding to granular starch and cyclodextrins 56 0.446 43 0.197 2.262
CBM22 pfam02018  Binding to xylan, mixed -1,3/B-1,4-glucans and thermostabilising effect 10 0.080 35 0.160 0.496
CBM23 pfam03425  Binding to mannan 0 0.000 5 0.023 0.000
CBM24 self-built Binding to a-1,3-glucan (mutan) 1 0.008 4 0.018 0.434
CBM25 pfam03423  Binding to starch 4 0.032 4 0.018 1.737
CBM26 self-built Binding to starch 49 0.390 38 0.174 2.240
CBM27 pfam09212  Binding to mannan 0 0.000 5 0.023 0.000
CBM28 pfam03424  Binding to non-crystalline cellulose, cellooligosaccharides, and beta- 0 0.000 1 0.005 0.000
(1,3)(1,4)-glucans
CBM29 self-built Binding to mannan and glucomannan 0 0.000 9 0.041 0.000
CBM30 pfam02927  Binding to cellulose 35 0.279 19 0.087 3.199
CBM31 pfam11606  Binding to beta-1,3-xylan 0 0.000 3 0.014 0.000
CBM32 pfam00754  Binding to galactose, lactose, polygalacturonic acid and LacNAc (B-D- 66 0.525 82 0.376 1.398
galactosyl-1,4--D-N-acetylglucosamine)
CBM34 ¢d02857 Binding to granular starch 0 0.000 46 0.211 0.000
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CAZy family dbCAN Known activities from CAZY database MS count MS abundance MG count MG abundance MS(%)/MG(%)
HMM (%) (%) ratio
source

CBM35 pfam03422  Binding to xylan, decorated soluble mannans, mannooligosaccharidesand 55 0.438 100 0.458 0.955

B-galactan
CBM36 pfam03422  Binding to xylans and xylooligosaccharides (calcium-dependent) 0 0.000 12 0.055 0.000
CBM37 smart00060  Binding to xylan, chitin, microcrystalline, phosphoric-acid swollen 25 0.199 85 0.389 0.511
cellulose and more heterogeneous substrates, such as alfalfa cell walls,
banana stem and wheat straw

CBM38 self-built Binding to inulin 16 0.127 4 0.018 6.947

CBM39 self-built Binding to beta-1,3-glucan, lipopolysaccharide and lipoteichoic acid 0 0.000 4 0.018 0.000

CBM40 pfam02973  Binding to sialic acid 98 0.780 16 0.073 10.638

cBM41 pfam03714  Binding to alpha-glucans amylose, amylopectin, pullulan, and 0 0.000 10 0.046 0.000

oligosaccharide fragments derived from these polysaccharides

CBM42 pfam05270  Binding to arabinofuranose (present in arabinoxylan) 0 0.000 2 0.009 0.000

CBM43 pfam07983  Binding to $-1,3-glucan 1 0.008 1 0.005 1.737

CBM44 pfam00801  Binding to cellulose and xyloglucan 2 0.016 12 0.055 0.289

CBM45 self-built Binding to starch 0 0.000 2 0.009 0.000

CBM46 pfam03442  Binding to cellulose 0 0.000 11 0.050 0.000

CBM47 pfam00754  Binding to fucose 2 0.016 1 0.005 3.474

CBM48 pfam02922  Binding to glycogen 41 0.326 116 0.532 0.614

CBM49 pfam09478  Binding to crystalline cellulose 0 0.000 2 0.009 0.000

CBM50 pfam01476  Binding to chitopentaose 83 0.661 143 0.655 1.008

CBM51 pfam08305  Binding to galactose and to blood group A/B-antigens 2 0.016 12 0.055 0.289

CBM52 pfam10645  Binding to beta-1,3-glucan 0 0.000 4 0.018 0.000

CBM53 pfam03423  Binding to starch 0 0.000 3 0.014 0.000

CBM54 self-built Binding to xylan, yeast cell wall glucan and chitin 1 0.008 16 0.073 0.109

CBM56 self-built Binding to B-1,3-glucan 4 0.032 69 0.316 0.101

CBM57 pfam11721  Binding to Glc2-N-glycans 2 0.016 10 0.046 0.347

CBM58 self-built Binding to maltoheptaose 6 0.048 15 0.069 0.695

CBM59 self-built Binding to mannan, xylan, and cellulose 0 0.000 6 0.027 0.000
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CAZy family dbCAN Known activities from CAZY database MS count MS abundance MG count MG abundance MS(%)/MG(%)

HMM (%) (%) ratio
source
CBM60 self-built Binding to xylan 8 0.064 5 0.023 2.779
CBM61 self-built Binding to B-1,4-galactan 65 0.517 50 0.229 2.258
CBM62 self-built Binding to the galactose moieties found on xyloglucan, arabinogalactan 1 0.008 12 0.055 0.145
and galactomannan
CBM63 Binding to cellulose 0 0.000 7 0.032 0.000
CBM64 self-built Binding to cellulose 1 0.008 3 0.014 0.579
CBM65 Binding to a range of B-glucans (significant preference for xyloglucan) 0 0.000 4 0.018 0.000
CBM66 self-built Binding to terminal fructoside residue of fructans 5 0.040 29 0.133 0.299
CBM67 self-built Binding to L-rhamnose 183 1.456 76 0.348 4.182
Total CBMs 1038 8.3 1656 7.6
CEl pfam00756  acetyl xylan esterase (EC 3.1.1.72); cinnamoyl esterase (EC 3.1.1.-); 356 2.833 487 2.232 1.270
feruloyl esterase (EC 3.1.1.73); carboxylesterase (EC 3.1.1.1); S-
formylglutathione hydrolase (EC 3.1.2.12)
CE2 ¢d01831 acetyl xylan esterase (EC 3.1.1.72). 15 0.119 132 0.605 0.197
CE3 ¢d01833 acetyl xylan esterase (EC 3.1.1.72). 117 0.931 67 0.307 3.033
CE4 pfam01522  acetyl xylan esterase (EC 3.1.1.72); chitin deacetylase (EC 3.5.1.41); 46 0.366 153 0.701 0.522
chitooligosaccharide deacetylase (EC 3.5.1.-); peptidoglycan GICNAc
deacetylase (EC 3.5.1.-); peptidoglycan N-acetylmuramic acid deacetylase
(EC3.5.1.-).
CE5 pfam01083  acetyl xylan esterase (EC 3.1.1.72); cutinase (EC 3.1.1.74) 0 0.000 9 0.041 0.000
CE6 pfam03629  acetyl xylan esterase (EC 3.1.1.72). 24 0.191 91 0.417 0.458
CE7 pfam05448  acetyl xylan esterase (EC 3.1.1.72); cephalosporin-C deacetylase (EC 248 1.974 160 0.733 2.692
3.1.1.41).
CE8 pfam01095  pectin methylesterase (EC 3.1.1.11). 427 3.398 138 0.632 5.374
CE9 cd00854 N-acetylglucosamine 6-phosphate deacetylase (EC 3.5.1.25); N- 2 0.016 214 0.981 0.016

acetylglucosamine 6-phosphate deacetylase (EC 3.5.1.80)
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CAZy family dbCAN Known activities from CAZY database MS count MS abundance MG count MG abundance MS(%)/MG(%)
HMM (%) (%) ratio
source

CE10 COG0657 arylesterase (EC 3.1.1.-); carboxyl esterase (EC 3.1.1.3); 195 1.552 501 2.296 0.676

acetylcholinesterase (EC 3.1.1.7); cholinesterase (EC 3.1.1.8); sterol
esterase (EC 3.1.1.13); brefeldin A esterase (EC 3.1.1.-)
CEl1 pfam03331  UDP-3-0-acyl N-acetylglucosamine deacetylase (EC 3.5.1.-) 0 0.000 56 0.257 0.000
CE12 cd01821 pectin acetylesterase (EC 3.1.1.-); rhamnogalacturonan acetylesterase (EC 49 0.390 137 0.628 0.621
3.1.1.-); acetyl xylan esterase (EC 3.1.1.72)
CE13 pfam03283  pectin acetylesterase (EC 3.1.1.-) 1 0.008 4 0.018 0.434
CE14 pfam02585  N-acetyl-1-D-myo-inosityl-2-amino-2-deoxy-a-D-glucopyranoside 10 0.080 23 0.105 0.755
deacetylase (EC 3.5.1.89); diacetylchitobiose deacetylase (EC 3.5.1.-);
mycothiol S-conjugate amidase (EC 3.5.1.-)

CE15 self-built 4-O-methyl-glucuronoyl methylesterase (EC 3.1.1.-) 9 0.072 59 0.270 0.265

CE16 ¢d01846 acetylesterase (EC 3.1.1.6) active on various carbohydrate acetyl esters 0 0.000 4 0.018 0.000

Total CEs 1499 11.9 2235 10.2

GH1 pfam00232  B-glucosidase (EC 3.2.1.21); B-galactosidase (EC 3.2.1.23); - 2 0.016 111 0.509 0.031

mannosidase (EC 3.2.1.25); B-glucuronidase (EC 3.2.1.31); B-D-
fucosidase (EC 3.2.1.38); phlorizin hydrolase (EC 3.2.1.62); exo-$-1,4-
glucanase (EC 3.2.1.74); 6-phospho-B-galactosidase (EC 3.2.1.85); 6-
phospho-B-glucosidase (EC 3.2.1.86); strictosidine B-glucosidase (EC
3.2.1.105); lactase (EC 3.2.1.108); amygdalin $-glucosidase (EC
3.2.1.117); prunasin B-glucosidase (EC 3.2.1.118); raucaffricine -
glucosidase (EC 3.2.1.125); thioglucosidase (EC 3.2.1.147); B-
primeverosidase (EC 3.2.1.149); isoflavonoid 7-O-B-apiosyl-f-
glucosidase (EC 3.2.1.161); hydroxyisourate hydrolase (EC 3.-.-.-); B-
glycosidase (EC 3.2.1.-)

GH2 COG3250 B-galactosidase (EC 3.2.1.23) ; B-mannosidase (EC 3.2.1.25); B- 828 6.590 1070 4.903 1.344

glucuronidase (EC 3.2.1.31); mannosylglycoprotein endo-B-mannosidase
(EC 3.2.1.152); exo-B-glucosaminidase (EC 3.2.1.165)
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CAZy family dbCAN Known activities from CAZY database MS count MS abundance MG count MG abundance MS(%)/MG(%)

HMM (%) (%) ratio
source
GH3 pfam00933  B-glucosidase (EC 3.2.1.21); xylan 1,4-B-xylosidase (EC 3.2.1.37); B-N- 455 3.621 649 2974 1.218

acetylhexosaminidase (EC 3.2.1.52); glucan 1,3-B-glucosidase (EC
3.2.1.58); glucan 1,4-B-glucosidase (EC 3.2.1.74); exo0-1,3-1,4-glucanase
(EC 3.2.1.-); alpha-L-arabinofuranosidase (EC 3.2.1.55).

GH4 pfam02056  maltose-6-phosphate glucosidase (EC 3.2.1.122); a-glucosidase (EC 12 0.096 50 0.229 0.417
3.2.1.20); a-galactosidase (EC 3.2.1.22); 6-phospho-B-glucosidase (EC
3.2.1.86); a-glucuronidase (EC 3.2.1.139)

GH5 pfam00150  chitosanase (EC 3.2.1.132); B-mannosidase (EC 3.2.1.25); cellulase (EC 268 2.133 395 1.810 1.178
3.2.1.4); glucan 1,3-B-glucosidase (EC 3.2.1.58); licheninase (EC
3.2.1.73); glucan endo-1,6-B-glucosidase (EC 3.2.1.75); mannan endo--
1,4-mannosidase (EC 3.2.1.78); endo-B-1,4-xylanase (EC 3.2.1.8);
cellulose B-1,4-cellobiosidase (EC 3.2.1.91); B-1,3-mannanase (EC 3.2.1.-
); xyloglucan-specific endo-B-1,4-glucanase (EC 3.2.1.151); mannan
transglycosylase (EC 2.4.1.-); endo-B-1,6-galactanase (EC 3.2.1.164)

GH6 pfam01341  endoglucanase (EC 3.2.1.4); cellobiohydrolase (EC 3.2.1.91) 0 0.000 3 0.014 0.000

~

GH8 pfam01270  chitosanase (EC 3.2.1.132); cellulase (EC 3.2.1.4); licheninase (EC 0.056 98 0.449 0.124
3.2.1.73); endo-1,4-B-xylanase (EC 3.2.1.8); reducing-end-xylose
releasing exo-oligoxylanase (EC 3.2.1.156)

GH9 pfam00759  endoglucanase (EC 3.2.1.4); cellobiohydrolase (EC 3.2.1.91); B- 109 0.867 242 1.109 0.782
glucosidase (EC 3.2.1.21); exo-B-glucosaminidase (EC 3.2.1.165)

GH10 pfam00331  endo-1,4-B-xylanase (EC 3.2.1.8); endo-1,3-B-xylanase (EC 3.2.1.32) 77 0.613 291 1.333 0.460

GH11 pfam00457  xylanase (EC 3.2.1.8) 5 0.040 20 0.092 0.434

GH12 pfam04616  alpha-1,3-L-neoagarooligosaccharide hydrolase (EC 3.2.1.-); alpha-1,3-L- 0 0.000 1 0.005 0.000

neoagarobiase / neoagarobiose hydrolase (EC 3.2.1.-)
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CAZy family

dbCAN
HMM

source

Known activities from CAZY database MS count

MS abundance
(%)

MG count

MG abundance MS(%)/MG(%)

(%)

ratio

GH13

pfam00128

a-amylase (EC 3.2.1.1); pullulanase (EC 3.2.1.41); cyclomaltodextrin 172
glucanotransferase (EC 2.4.1.19); cyclomaltodextrinase (EC 3.2.1.54);
trehalose-6-phosphate hydrolase (EC 3.2.1.93); oligo-a-glucosidase (EC
3.2.1.10); maltogenic amylase (EC 3.2.1.133); neopullulanase (EC
3.2.1.135); a-glucosidase (EC 3.2.1.20); maltotetraose-forming a-amylase
(EC 3.2.1.60); isoamylase (EC 3.2.1.68); glucodextranase (EC 3.2.1.70);
maltohexaose-forming a-amylase (EC 3.2.1.98); maltotriose-forming o-
amylase (EC 3.2.1.116); branching enzyme (EC 2.4.1.18); trehalose
synthase (EC 5.4.99.16); 4-a-glucanotransferase (EC 2.4.1.25);
maltopentaose-forming a-amylase (EC 3.2.1.-); amylosucrase (EC
2.4.1.4); sucrose phosphorylase (EC 2.4.1.7); malto-oligosyltrehalose
trehalohydrolase (EC 3.2.1.141); isomaltulose synthase (EC 5.4.99.11);

amino acid transporter

1.369

742

3.400

0.403

GH14

pfam01373

beta-amylase (EC 3.2.1.2) 0

0.000

0.014

0.000

GH15

pfam00723

glucoamylase (EC 3.2.1.3); glucodextranase (EC 3.2.1.70); alpha,alpha- 0
trehalase (EC 3.2.1.28)

0.000

0.023

0.000

GH16

cd00413

xyloglucan:xyloglucosyltransferase (EC 2.4.1.207); keratan-sulfate endo- 83
1,4-B-galactosidase (EC 3.2.1.103); endo-1,3-B-glucanase (EC 3.2.1.39);
endo-1,3(4)-B-glucanase (EC 3.2.1.6); licheninase (EC 3.2.1.73); B-

agarase (EC 3.2.1.81); x-carrageenase (EC 3.2.1.83); xyloglucanase (EC
3.2.1.151)

0.661

84

0.385

1.716

GH17

pfam00332

glucan endo-1,3-beta-glucosidase (EC 3.2.1.39); glucan 1,3-beta- 0
glucosidase (EC 3.2.1.58); licheninase (EC 3.2.1.73); beta-1,3-
glucanosyltransglycosylase (EC 2.4.1.-)

0.000

0.009

0.000

GH18

pfam00704

chitinase (EC 3.2.1.14); endo-B-N-acetylglucosaminidase (EC 3.2.1.96); 17

xylanase inhibitor; concanavalin B; narbonin

0.135

80

0.367

0.369

GH19

¢d00325

chitinase (EC 3.2.1.14) 0

0.000

0.009

0.000
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CAZy family dbCAN Known activities from CAZY database MS count MS abundance MG count MG abundance MS(%)/MG(%)

HMM (%) (%) ratio
source
GH20 pfam00728  B-hexosaminidase (EC 3.2.1.52); lacto-N-biosidase (EC 3.2.1.140); -1,6- 2 0.016 103 0.472 0.034
N-acetylglucosaminidase) (EC 3.2.1.-); B-6-SO3-N-acetylglucosaminidase
(EC3.2.1.-)
GH23 cd00254 lysozyme type G (EC 3.2.1.17); peptidoglycan lyase (EC 4.2.2.-) also 14 0.111 107 0.490 0.227
known in the literature as peptidoglycan lytic transglycosylase
GH24 cd00737 lysozyme (EC 3.2.1.17) 1 0.008 26 0.119 0.067
GH25 pfam01183  lysozyme (EC 3.2.1.17) 423 3.366 256 1.173 2.870
GH26 pfam02156  B-mannanase (EC 3.2.1.78); B-1,3-xylanase (EC 3.2.1.32) 160 1.273 121 0.554 2.297
GH27 pfam02065  a-galactosidase (EC 3.2.1.22); a-N-acetylgalactosaminidase (EC 18 0.143 89 0.408 0.351
3.2.1.49); isomalto-dextranase (EC 3.2.1.94); B-L-arabinopyranosidase
(EC 3.2.1.88)
GH28 pfam00295  polygalacturonase (EC 3.2.1.15); exo-polygalacturonase (EC 3.2.1.67); 129 1.027 206 0.944 1.088

exo-polygalacturonosidase (EC 3.2.1.82); rhamnogalacturonase (EC
3.2.1.-); endo-xylogalacturonan hydrolase (EC 3.2.1.-);

rhamnogalacturonan a-L-rhamnopyranohydrolase (EC 3.2.1.40)

GH29 pfam01120  o-L-fucosidase (EC 3.2.1.51) 26 0.207 147 0.674 0.307

GH30 COG5520 glucosylceramidase (EC 3.2.1.45); B-1,6-glucanase (EC 3.2.1.75); B- 228 1.815 93 0.426 4.258
xylosidase (EC 3.2.1.37); B-fucosidase (EC 3.2.1.38); B-glucosidase
(3.2.1.21); endo-B-1,6-galactanase (EC:3.2.1.164)

GH31 pfam01055  a-glucosidase (EC 3.2.1.20); a-1,3-glucosidase (EC 3.2.1.84); sucrase- 230 1.830 496 2.273 0.805
isomaltase (EC 3.2.1.48) (EC 3.2.1.10); a-xylosidase (EC 3.2.1.-); a-
glucan lyase (EC 4.2.2.13); isomaltosyltransferase (EC 2.4.1.-)
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CAZy family dbCAN Known activities from CAZY database MS count MS abundance MG count MG abundance MS(%)/MG(%)
HMM (%) (%) ratio
source

GH32 pfam00251  invertase (EC 3.2.1.26); endo-inulinase (EC 3.2.1.7); B-2,6-fructan 6- 98 0.780 198 0.907 0.860

levanbiohydrolase (EC 3.2.1.64); endo-levanase (EC 3.2.1.65); exo-
inulinase (EC 3.2.1.80); fructan $-(2,1)-fructosidase/1-exohydrolase (EC
3.2.1.153); fructan B-(2,6)-fructosidase/6-exohydrolase (EC 3.2.1.154);
sucrose:sucrose 1-fructosyltransferase (EC 2.4.1.99); fructan:fructan 1-
fructosyltransferase (EC 2.4.1.100); sucrose:fructan 6-fructosyltransferase
(EC 2.4.1.10); fructan:fructan 6G-fructosyltransferase (EC 2.4.1.243);
levan fructosyltransferase (EC 2.4.1.-)
GH33 ¢d00260 sialidase or neuraminidase (EC 3.2.1.18); trans-sialidase (EC 2.4.1.-); 2- 25 0.199 33 0.151 1.316
keto-3-deoxynononic acid sialidase (EC 3.2.1.-)

GH34 pfam00064  sialidase or neuraminidase (EC 3.2.1.18) 6 0.048 1 0.005 10.421

GH35 pfam01301  p-galactosidase (EC 3.2.1.23); exo-B-glucosaminidase (EC 3.2.1.165) 2 0.016 86 0.394 0.040

GH36 COG3345 a-galactosidase (EC 3.2.1.22); a-N-acetylgalactosaminidase (EC 194 1544 348 1.595 0.968

3.2.1.49); stachyose synthase (EC 2.4.1.67); raffinose synthase (EC
2.4.1.82)
GH37 pfam01204  alpha,alpha-trehalase (EC 3.2.1.28) 0 0.000 11 0.050 0.000
GH38 pfam01074  a-mannosidase (EC 3.2.1.24) ; mannosyl-oligosaccharide a-1,3-1,6- 2 0.016 22 0.101 0.158
mannosidase (EC 3.2.1.114); mannosyl-oligosaccharide a-1,3-
mannosidase (EC 3.2.1.-)

GH39 self-built a-L-iduronidase (EC 3.2.1.76); -xylosidase (EC 3.2.1.37) 2 0.016 74 0.339 0.047

GH42 pfam02449  B-galactosidase (EC 3.2.1.23) 2 0.016 47 0.215 0.074

GH43 pfam04616  B-xylosidase (EC 3.2.1.37); B-1,3-xylosidase (EC 3.2.1.-); a-L- 1032 8.213 772 3.538 2.322

arabinofuranosidase (EC 3.2.1.55); arabinanase (EC 3.2.1.99); xylanase
(EC 3.2.1.8); galactan 1,3-B-galactosidase (EC 3.2.1.145)

GH44 self-built endoglucanase (EC 3.2.1.4); xyloglucanase (EC 3.2.1.151) 12 0.096 9 0.041 2.316

GH45 pfam02015  endoglucanase (EC 3.2.1.4) 0 0.000 11 0.050 0.000

GH46 ¢d00978 chitosanase (EC 3.2.1.132) 0 0.000 1 0.005 0.000

GH47 pfam01532  alpha-mannosidase (EC 3.2.1.113) 0 0.000 5 0.023 0.000
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GH48 pfam02011  endoglucanase (EC 3.2.1.4); chitinase (EC 3.2.1.14); cellobiohydrolase 0 0.000 4 0.018 0.000

(EC 3.2.1.91); endo-processive cellulases (EC 3.2.1.-); [reducing end]
cellobiohydrolase (3.2.1.-)

GH49 pfam03718  dextranase (EC 3.2.1.11); isopullulanase (EC 3.2.1.57); dextran 1,6-alpha- 0 0.000 1 0.005 0.000
isomaltotriosidase (EC 3.2.1.95)
GH50 self-built beta-agarase (EC 3.2.1.81) 0 0.000 24 0.110 0.000
GH51 COG3534 a-L-arabinofuranosidase (EC 3.2.1.55); endoglucanase (EC 3.2.1.4) 69 0.549 390 1.787 0.307
GH52 pfam03512  B-xylosidase (EC 3.2.1.37) 1 0.008 4 0.018 0.434
GH53 pfam07745  endo-B-1,4-galactanase (EC 3.2.1.89) 291 2.316 126 0.577 4.011
GH54 pfam09206  a-L-arabinofuranosidase (EC 3.2.1.55); B-xylosidase (EC 3.2.1.37) 1 0.008 9 0.041 0.193
GH55 self-built exo-B-1,3-glucanase (EC 3.2.1.58); endo-B-1,3-glucanase (EC 3.2.1.39) 124 0.987 33 0.151 6.526
GH56 pfam01630  hyaluronidase (EC 3.2.1.35); chondroitin hydrolase (EC 3.2.1.-) 0 0.000 3 0.014 0.000
GH57 pfam03065  alpha-amylase (EC 3.2.1.1); 4-alpha-glucanotransferase (EC 2.4.1.25); 0 0.000 54 0.247 0.000

alpha-galactosidase (EC 3.2.1.22); amylopullulanase (EC 3.2.1.41);
branching enzyme (EC 2.4.1.18)

GH58 pfam12217  endo-N-acetylneuraminidase or endo-sialidase (EC 3.2.1.129) 2 0.016 2 0.009 1.737

GH59 pfam02057  galactocerebrosidase (EC 3.2.1.46) 13 0.103 16 0.073 1411

GH62 pfam03664  alpha-L-arabinofuranosidase (EC 3.2.1.55) 0 0.000 2 0.009 0.000

GH63 PRK10137 processing alpha-glucosidase (EC 3.2.1.106); alpha-1,3-glucosidase (EC 1 0.008 10 0.046 0.174
3.2.1.84); alpha-glucosidase (EC 3.2.1.20)

GH64 self-built beta-1,3-glucanase (EC 3.2.1.39) 0 0.000 7 0.032 0.000

GH65 pfam03632  a,a-trehalase (EC 3.2.1.28); maltose phosphorylase (EC 2.4.1.8); trehalose 2 0.016 20 0.092 0.174

phosphorylase (EC 2.4.1.64); kojibiose phosphorylase (EC 2.4.1.230);
trehalose-6-phosphate phosphorylase (EC 2.4.1.-);

GH66 self-built cycloisomaltooligosaccharide glucanotransferase (EC 2.4.1.-); dextranase 1 0.008 19 0.087 0.091
(EC3.2.1.11)
GH67 C0OG3661 a-glucuronidase (EC 3.2.1.139); xylan a-1,2-glucuronidase (EC 3.2.1.131) 18 0.143 134 0.614 0.233
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GH68 pfam02435  levansucrase (EC 2.4.1.10); beta-fructofuranosidase (EC 3.2.1.26); 0 0.000 1 0.005 0.000

inulosucrase (EC 2.4.1.9)

GH70 pfam02324  dextransucrase (EC 2.4.1.5); alternansucrase (EC 2.4.1.140); 0 0.000 5 0.023 0.000

reuteransucrase (EC 2.4.1.-); alpha-4,6-glucanotransferase (EC 2.4.1.-)

GH71 pfam03659  alpha-1,3-glucanase (EC 3.2.1.59) 0 0.000 2 0.009 0.000

GH72 pfam03198  beta-1,3-glucanosyltransglycosylase (EC 2.4.1.-) 0 0.000 1 0.005 0.000

GH73 pfam01832  peptidoglycan hydrolase with endo-B-N-acetylglucosaminidase specificity 3 0.024 67 0.307 0.078

(EC3.2.1.-)

GH74 smart00602  endoglucanase (EC 3.2.1.4); oligoxyloglucan reducing end-specific 68 0.541 46 0.211 2.567

cellobiohydrolase (EC 3.2.1.150); xyloglucanase (EC 3.2.1.151)

GH75 pfam07335  chitosanase (EC 3.2.1.132) 2 0.016 2 0.009 1.737

GH76 pfam03663  «-1,6-mannanase (EC 3.2.1.101) 6 0.048 25 0.115 0.417

GH77 pfam02446  amylomaltase or 4-a-glucanotransferase (EC 2.4.1.25) 100 0.796 373 1.709 0.466

GH78 pfam05592  a-L-rhamnosidase (EC 3.2.1.40) 3 0.024 190 0.871 0.027

GH79 self-built B-glucuronidase (EC 3.2.1.31); B-4-O-methyl-glucuronidase (EC 3.2.1.-); 1 0.008 2 0.009 0.868

heparanase (EC 3.2.1.-); baicalin $-glucuronidase (EC 3.2.1.167)

GH80 ¢d00978 chitosanase (EC 3.2.1.132) 1 0.008 3 0.014 0.579

GH81 pfam03639  endo-beta-1,3-glucanase (EC 3.2.1.39) 0 0.000 5 0.023 0.000

GH82 COG5434 -carrageenase (EC 3.2.1.157) 5 0.040 19 0.087 0.457

GH83 pfam00423  neuraminidase (EC 3.2.1.18) 1 0.008 4 0.018 0.434

GH84 pfam07555  N-acetyl beta-glucosaminidase (EC 3.2.1.52); hyaluronidase (EC 3.2.1.35) 0 0.000 14 0.064 0.000

GH85 pfam03644  endo-beta-N-acetylglucosaminidase (EC 3.2.1.96) 0 0.000 6 0.027 0.000

GH86 self-built B-agarase (EC 3.2.1.81) 1 0.008 4 0.018 0.434

GH87 self-built mycodextranase (EC 3.2.1.61); a-1,3-glucanase (EC 3.2.1.59) 5 0.040 20 0.092 0.434

GH88 pfam07470  3-4,5 unsaturated beta-glucuronyl hydrolase (EC 3.2.1.-) 2 0.016 33 0.151 0.105

GH89 pfam05089  a-N-acetylglucosaminidase (EC 3.2.1.50) 2 0.016 37 0.170 0.094

GH90 pfam09251  endorhamnosidase (EC 3.2.1.-) 0 0.000 5 0.023 0.000
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GH91 self-built inulin lyase [DFA-I-forming] (EC 4.2.2.17); inulin lyase [DFA-III- 0 0.000 10 0.046 0.000

forming] (EC 4.2.2.18); dlota;-fructofuranose 1,2":2,3' dianhydride
hydrolase [DFA-IIlase] (EC 3.2.1.-)

GH92 pfam07971  mannosyl-oligosaccharide a-1,2-mannosidase (EC 3.2.1.113); mannosyl- 387 3.080 114 0.522 5.896
oligosaccharide a-1,3-mannosidase (EC 3.2.1.-); mannosyl-
oligosaccharide a-1,6-mannosidase (EC 3.2.1.-); a-mannosidase (EC
3.2.1.24); a-1,2-mannosidase (EC 3.2.1.-); a-1,3-mannosidase (EC 3.2.1.-
); a-1,4-mannosidase (EC 3.2.1.-)

GH93 self-built exo-a-L-1,5-arabinanase (EC 3.2.1.-) 3 0.024 4 0.018 1.303

GH94 COG3459 cellobiose phosphorylase (EC 2.4.1.20); cellodextrin phosphorylase (EC 66 0.525 460 2.108 0.249
2.4.1.49); chitobiose phosphorylase (EC 2.4.1.-); cyclic B-1,2-glucan
synthase (EC 2.4.1.-)

GH95 self-built a-1,2-L-fucosidase (EC 3.2.1.63); a-L-fucosidase (EC 3.2.1.51) 174 1.385 326 1.494 0.927
GH96 self-built a-agarase (EC 3.2.1.158) 1 0.008 5 0.023 0.347
GH97 pfam10566  a-glucosidase (EC 3.2.1.20); a-galactosidase (EC 3.2.1.22) 574 4568 381 1.746 2.617
GH98 pfam08306  endo-B-galactosidase (EC 3.2.1.-) 6 0.048 20 0.092 0.521
GH99 self-built glycoprotein endo-a-1,2-mannosidase (EC 3.2.1.130) 2 0.016 19 0.087 0.183
GH100 pfam04853  alkaline and neutral invertase (EC 3.2.1.26) 0 0.000 3 0.014 0.000
GH101 self-built endo-alpha-N-acetylgalactosaminidase (EC 3.2.1.97) 0 0.000 2 0.009 0.000
GH102 pfam03562  peptidoglycan Iytic transglycosylase (EC 3.2.1.-) 0 0.000 6 0.027 0.000
GH103 TIGR02283  peptidoglycan Iytic transglycosylase (EC 3.2.1.-) 0 0.000 5 0.023 0.000
GH104 ¢d00736 peptidoglycan lytic transglycosylase (EC 3.2.1.-) 0 0.000 2 0.009 0.000
GH105 pfam07470  unsaturated rhamnogalacturonyl hydrolase (EC 3.2.1.-) 208 1.655 188 0.861 1.922
GH106 self-built a-L-rhamnosidase (EC 3.2.1.40) 118 0.939 184 0.843 1.114
GH107 self-built sulfated fucan endo-1,4-fucanase (EC 3.2.1.-) 0 0.000 4 0.018 0.000
GH108 pfam05838  N-acetylmuramidase (EC 3.2.1.17) 0 0.000 1 0.005 0.000
GH109 pfam01408  a-N-acetylgalactosaminidase (EC 3.2.1.49) 8 0.064 147 0.674 0.095
GH110 self-built a-galactosidase (EC 3.2.1.22); a-1,3-galactosidase (EC 3.2.1.-) 4 0.032 14 0.064 0.496
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GH112 pfam09508  lacto-N-hiose phosphorylase or galacto-N-biose phosphorylase (EC 1 0.008 37 0.170 0.047

2.4.1.211); D-galactosyl-1,4-L-rhamnose phosphorylase (EC 2.4.1.-)

GH113 self-built -mannanase (EC 3.2.1.78) 1 0.008 15 0.069 0.116

GH114 pfam03537  endo-o-1,4-polygalactosaminidase (EC 3.2.1.109) 2 0.016 18 0.082 0.193

GH115 self-built xylan o-1,2-glucuronidase (3.2.1.131); a-(4-O-methyl)-glucuronidase 53 0.422 278 1.274 0.331

(3.2.1.5)

GH116 pfam04685  acid B-glucosidase (EC 3.2.1.45); B-glucosidase (EC 3.2.1.21); B- 2 0.016 19 0.087 0.183

xylosidase (EC 3.2.1.37)

GH117 pfam04616  «-1,3-L-neoagarooligosaccharide hydrolase (EC 3.2.1.-); a-1,3-L- 18 0.143 21 0.096 1.489

neoagarobiase / neoagarobiose hydrolase (EC 3.2.1.-)

GH118 self-built B-agarase (EC 3.2.1.81) 6 0.048 5 0.023 2.084

GH119 self-built a-amylase (EC 3.2.1.1) 12 0.096 22 0.101 0.947

GH120 pfam07602  beta-xylosidase (EC 3.2.1.37) 0 0.000 21 0.096 0.000

GH121 self-built B-L-arabinobiosidase (EC 3.2.1.-) 44 0.350 24 0.110 3.184

GH122 COG4697 alpha-glucosidase (EC 3.2.1.20) 0 0.000 1 0.005 0.000

GH123 self-built glycosphingolipid beta-N-acetylgalactosaminidase (EC 3.2.1.-) 0 0.000 13 0.060 0.000

GH124 self-built endoglucanase (EC 3.2.1.4) 132 1.051 16 0.073 14.329

GH125 pfam06824  exo-a-1,6-mannosidase (EC 3.2.1.-) 15 0.119 28 0.128 0.930

GH126 pfam02156  beta-mannanase (EC 3.2.1.78); beta-1,3-xylanase (EC 3.2.1.32) 0 0.000 5 0.023 0.000

GH127 pfam07944  B-L-arabinofuranosidase (EC 3.2.1.-) 340 2.706 208 0.953 2.839

GH128 pfam11790  B-1,3-glucanase (EC 3.2.1.39) 1 0.008 5 0.023 0.347

GH129 self-built a-N-acetylgalactosaminidase (EC 3.2.1.49) 3 0.024 19 0.087 0.274

GH130 pfam04041  1-B-D-mannopyranosyl-4-D-glucopyranose:phosphate a-D- 93 0.740 121 0.554 1.335

mannosyltransferase (EC 2.4.1.281); B-1,4-mannooligosaccharide
phosphorylase (EC 2.4.1.-)
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GH131 pfam01055  alpha-glucosidase (EC 3.2.1.20); alpha-1,3-glucosidase (EC 3.2.1.84); 0 0.000 1 0.005 0.000

sucrase-isomaltase (EC 3.2.1.48) (EC 3.2.1.10); alpha-xylosidase (EC
3.2.1.-); alpha-glucan lyase (EC 4.2.2.13); isomaltosyltransferase (EC
2.4.1.)

GH132 self-built activity on B-1,3-glucan (curdlan); activity on laminarioligosaccharides; 1 0.008 2 0.009 0.868

transglycosylation activity

Total GHs 7639 60.8 11606 53.2

GT1 C0G1819 UDP-glucuronosyltransferase (EC 2.4.1.17); 2-hydroxyacylsphingosine 1- 0 0.000 21 0.096 0.000

206

beta-galactosyltransferase (EC 2.4.1.45); N-acylsphingosine
galactosyltransferase (EC 2.4.1.47); flavonol 3-O-glucosyltransferase (EC
2.4.1.91); indole-3-acetate beta-glucosyltransferase (EC 2.4.1.121); sterol
glucosyltransferase (EC 2.4.1.173); ecdysteroid UDP-glucosyltransferase
(EC 2.4.1.-); zeaxanthin glucosyltransferase (EC 2.4.1.-); zeatin O-beta-
glucosyltransferase (EC 2.4.1.203); zeatin O-beta-xylosyltransferase (EC
2.4.2.40); limonoid glucosyltransferase (EC 2.4.1.210); sinapate 1-
glucosyltransferase (EC 2.4.1.120); anthocyanin 3-O-galactosyltransferase
(EC 2.4.1.-); anthocyanin 5-O-glucosyltransferase (EC 2.4.1.-);
anthocyanidin 3-O-glucosyltransferase (EC 2.4.1.115); dTDP-beta-2-
deoxy-L-fucose: alpha-L-2-deoxyfucosyltransferase (EC 2.4.1.-); UDP-
beta-L-rhamnose: alpha-L-rhamnosyltransferase (EC 2.4.1.-); UDP-
glucose: 4-hydroxybenzoate 4-O-beta-glucosyltransferase (EC 2.4.1.194);
flavonol L-rhamnosyltransferase (EC 2.4.1.159); salicylic acid beta-
glucosyltransferase (EC 2.4.1.-)
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GT2 pfam00535

cellulose synthase (EC 2.4.1.12); chitin synthase (EC 2.4.1.16); dolichyl-
phosphate 3-D-mannosyltransferase (EC 2.4.1.83); dolichyl-phosphate B-
glucosyltransferase (EC 2.4.1.117); N-acetylglucosaminyltransferase (EC
2.4.1.-); N-acetylgalactosaminyltransferase (EC 2.4.1.-); hyaluronan
synthase (EC 2.4.1.212); chitin oligosaccharide synthase (EC 2.4.1.-); B-
1,3-glucan synthase (EC 2.4.1.34); B-1,4-mannan synthase (EC 2.4.1.-); -
mannosylphosphodecaprenol-mannooligosaccharide a-1,6-
mannosyltransferase (EC 2.4.1.199); a-1,3-L-rhamnosyltransferase (EC
2.4.1.)

72

0.573

1461

6.695

0.086

GT3 pfam05693

glycogen synthase (EC 2.4.1.11)

0.008

82

0.376

0.021

GT4 pfam00534

sucrose synthase (EC 2.4.1.13); sucrose-phosphate synthase (EC
2.4.1.14); a-glucosyltransferase (EC 2.4.1.52); lipopolysaccharide N-
acetylglucosaminyltransferase (EC 2.4.1.56); GDP-Man a-
mannosyltransferase (EC 2.4.1.-); 1,2-diacylglycerol 3-glucosyltransferase
(EC 2.4.1.157); diglucosyl diacylglycerol synthase (EC 2.4.1.208);
digalactosyldiacylglycerol synthase (EC 2.4.1.141); trehalose
phosphorylase (EC 2.4.1.231); phosphatidylinositol a-
mannosyltransferase (EC 2.4.1.57); UDP-Gal a-galactosyltransferase (EC
2.4.1.-); UDP-Xyl a-xylosyltransferase (EC 2.4.2.-)

99

0.788

714

3.272

0.241

GT5 cd03791

UDP-Glc: glycogen glucosyltransferase (EC 2.4.1.11); ADP-Glc: starch
glucosyltransferase (EC 2.4.1.21); NDP-Glc: starch glucosyltransferase
(EC 2.4.1.242); UDP-Glc: a-1,3-glucan synthase (EC 2.4.1.183) UDP-
Gle: a-1,4-glucan synthase (EC 2.4.1.-)

8

0.064

239

1.095

0.058

GT6 pfam03414

a-1,3-galactosyltransferase (EC 2.4.1.87); 0-1,3 N-
acetylgalactosaminyltransferase (EC 2.4.1.40); a-galactosyltransferase
(EC 2.4.1.37); globoside a-N-acetylgalactosaminyltransferase (EC
2.4.1.88).

0.016

12

0.055

0.289

207



CAZy family dbCAN Known activities from CAZY database MS count MS abundance MG count MG abundance MS(%)/MG(%)

HMM (%) (%) ratio
source
GT7 pfam02709  lactose synthase (EC 2.4.1.22); beta-N-acetylglucosaminyl-glycopeptide 0 0.000 9 0.041 0.000

beta-1,4-galactosyltransferase (EC 2.4.1.38); N-acetyllactosamine
synthase (EC 2.4.1.90); beta-1,4-N-acetylglucosaminyltransferase (EC
2.4.1.-); xylosylprotein beta-4-galactosyltransferase (EC 2.4.1.133)

GT8 pfam01501  lipopolysaccharide alpha-1,3-galactosyltransferase (EC 2.4.1.44); UDP- 0 0.000 107 0.490 0.000
Glc: (glucosyl)lipopolysaccharide alpha-1,2-glucosyltransferase (EC
2.4.1.-); lipopolysaccharide glucosyltransferase 1 (EC 2.4.1.58);
glycogenin glucosyltransferase (EC 2.4.1.186); inositol 1-alpha-
galactosyltransferase (galactinol synthase) (EC 2.4.1.123);
homogalacturonan alpha-1,4-galacturonosyltransferase (EC 2.4.1.43);

UDP-GIcA: xylan alpha-glucuronyltransferase (EC 2.4.1.-)

GT9 pfam01075  lipopolysaccharide N-acetylglucosaminyltransferase (EC 2.4.1.56); 0 0.000 66 0.302 0.000
heptosyltransferase (EC 2.4.-.-)

GT10 pfam00852  galactoside alpha-1,3/1,4-L-fucosyltransferase (EC 2.4.1.65); galactoside 0 0.000 20 0.092 0.000
alpha-1,3-L-fucosyltransferase (EC 2.4.1.152); glycoprotein alpha-1,3-L-
fucosyltransferase (EC 2.4.1.214)

GT11 pfam01531  GDP-L-Fuc: galactoside a-1,2-L-fucosyltransferase (EC 2.4.1.69); GDP- 1 0.008 97 0.444 0.018
L-Fuc: B-LacNac a-1,3-L-fucosyltransferase (EC 2.4.1.-)
GT12 pfam00535  [N-acetylneuraminyl]-galactosylglucosylceramide N- 0 0.000 9 0.041 0.000

acetylgalactosaminyltransferase (EC 2.4.1.92)

GT13 pfam03071  alpha-1,3-mannosyl-glycoprotein beta-1,2-N- 0 0.000 22 0.101 0.000
acetylglucosaminyltransferase (EC 2.4.1.101)

GT14 pfam02485  B-1,3-galactosyl-O-glycosyl-glycoprotein B-1,6-N- 2 0.016 37 0.170 0.094
acetylglucosaminyltransferase (EC 2.4.1.102); N-acetyllactosaminide f3-
1,6-N-acetylglucosaminyltransferase (EC 2.4.1.150); protein O-f-
xylosyltransferase (EC 2.4.2.26)

GT15 pfam01793  glycolipid 2-a-mannosyltransferase (EC 2.4.1.131); GDP-Man: a-1,2- 3 0.024 5 0.023 1.042

mannosyltransferase (EC 2.4.1.-)
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GT16 pfam05060  alpha-1,6-mannosyl-glycoprotein beta-1,2-N- 0 0.000 2 0.009 0.000

acetylglucosaminyltransferase (EC 2.4.1.143)

GT17 pfam04724  B-1,4-mannosyl-glycoprotein B-1,4-N-acetylglucosaminyltransferase (EC 3 0.024 15 0.069 0.347

2.4.1.144)

GT18 self-built a-1,3(6)-mannosylglycoprotein B-1,6-N-acetyl-glucosaminyltransferase 1 0.008 0 0.000

(EC 2.4.1.155)

GT19 pfam02684  lipid-A-disaccharide synthase (EC 2.4.1.182) 3 0.024 72 0.330 0.072

GT20 pfam00982  alpha,alpha-trehalose-phosphate synthase [UDP-forming] (EC 2.4.1.15) 0 0.000 11 0.050 0.000

GT21 ¢d02520 UDP-Glc: ceramide B-glucosyltransferase (EC 2.4.1.80) 1 0.008 14 0.064 0.124

GT22 pfam03901  Dol-P-Man a-mannosyltransferase (EC 2.4.1.-) 2 0.016 7 0.032 0.496

GT23 self-built N-acetyl-beta-D-glucosaminide alpha-1,6-L-fucosyltransferase (EC 0 0.000 13 0.060 0.000

2.4.1.68)

GT24 cd06432 UDP-Glec: glycoprotein a-glucosyltransferase (EC 2.4.1.-) 1 0.008 1 0.005 1.737

GT25 pfam01755  lipopolysaccharide beta-1,4-galactosyltransferase (EC 2.4.1.-); beta-1,3- 0 0.000 8 0.037 0.000

glucosyltransferase (EC 2.4.1.-); beta-1,2-glucosyltransferase (EC 2.4.1.-);
beta-1,2-galactosyltransferase (EC 2.4.1.-)
GT26 pfam03808  UDP-ManNAcA: B-N-acetyl mannosaminuronyltransferase (EC 2.4.1.-); 1 0.008 67 0.307 0.026
UDP-ManNAc: B-N-acetyl-mannosaminyltransferase (EC 2.4.1.-); UDP-
Gle: B-1,4-glucosyltransferase (EC 2.4.1.-)
GT27 ¢d02510 polypeptide a-N-acetylgalactosaminyltransferase (EC 2.4.1.41) 4 0.032 61 0.280 0.114
GT28 pfam04101  1,2-diacylglycerol 3-beta-galactosyltransferase (EC 2.4.1.46); 1,2- 0 0.000 121 0.554 0.000

diacylglycerol 3-beta-glucosyltransferase (EC 2.4.1.157); UDP-GIcNACc:
Und-PP-MurAc-pentapeptide beta-N-acetylglucosaminyltransferase (EC
2.4.1.227)
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GT29 pfam00777

sialyltransferase (EC 2.4.99.-); beta-galactoside alpha-2,6-sialyltransferase 0
(EC 2.4.99.1); alpha-N-acetylgalactosaminide alpha-2,6-sialyltransferase

(EC 2.4.99.3); beta-galactoside alpha-2,3-sialyltransferase (EC 2.4.99.4);
N-acetyllactosaminide alpha-2,3-sialyltransferase (EC 2.4.99.6); (alpha-N-
acetyl-neuraminyl-2,3-beta-galactosyl-1,3)-N-acetylgalactosaminide
alpha-2,6-sialyltransferase (EC 2.4.99.7); alpha-N-acetyl-neuraminide
alpha-2,8-sialyltransferase (EC 2.4.99.8); lactosylceramide alpha-2,3-
sialyltransferase (EC 2.4.99.9)

0.000

0.018

0.000

GT30 pfam04413

CMP-B-KDO: a-3-deoxy-D-manno-octulosonic-acid (KDO) transferase 1
(EC 2.4.99.)

0.008

46

0.211

0.038

GT31 pfam01762

N-acetyllactosaminide beta-1,3-N-acetylglucosaminyltransferase (EC 0
2.4.1.149); Glycoprotein-N-acetylgalactosamine 3-beta-

galactosyltransferase (EC 2.4.1.122); fucose-specific beta-1,3-N-
acetylglucosaminyltransferase (EC 2.4.1.-); globotriosylceramide beta-
1,3-GalNAc transferase (EC 2.4.1.79); chondroitin synthase (beta-1,3-
GlcUA and beta-1,4-GalNAc transferase (EC 2.4.1.175); chondroitin beta-
1,3-glucuronyltransferase (EC 2.4.1.226); chondroitin beta-1,4-N-

acetylgalactosaminyltransferase (EC 2.4.1.-)

0.000

0.018

0.000

GT32 pfam04488

alpha-1,6-mannosyltransferase (EC 2.4.1.-); alpha-1,4-N- 0
acetylglucosaminyltransferase (EC 2.4.1.-); alpha-1,4-N-
acetylgalactosaminyltransferase (EC 2.4.1.-); GDP-Man: inositol-
phosphorylceramide transferase (EC 2.4.1.-); UDP-Gal: b-galactoside a-
1,4-galactosyltransferase (EC 2.4.1.-); UDP-Gal: lactose/N-acetyl-

lactosamine a-1,4-galactosyltransferase (EC 2.4.1.-)

0.000

56

0.257

0.000

GT33 cd03816

GDP-Man: chitobiosyldiphosphodolichol beta-mannosyltransferase (EC 0
2.4.1.142)

0.000

0.014

0.000

GT34 pfam05637
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UDP-Gal: galactomannan alpha-1,6-galactosyltransferase (EC 2.4.1.-); 0
UDP-Xyl: xyloglucan alpha-1,6-xylosyltransferase (EC 2.4.2.39); alpha-
1,2-galactosyltransferase (EC 2.4.1.-)

0.000

0.018

0.000



CAZy family dbCAN Known activities from CAZY database MS count MS abundance MG count MG abundance MS(%)/MG(%)
HMM (%) (%) ratio
source

GT35 pfam00343  glycogen or starch phosphorylase (EC 2.4.1.1) 67 0.533 472 2.163 0.247

GT37 pfam03254  galactoside 2-L-fucosyltransferase (EC 2.4.1.69) 0.000 4 0.018 0.000

GT38 pfam07388  polysialyltransferase (EC 2.4.-.-) 4 0.032 4 0.018 1.737

GT39 pfam02366  Dol-P-Man: protein a-mannosyltransferase (EC 2.4.1.109) 6 0.048 62 0.284 0.168

GT40 ¢d04186 beta-1,3-galactofuranosyltransferases (EC 2.4.1.-) 0 0.000 27 0.124 0.000

GT41 COG3914 UDP-GlcNAc: peptide B-N-acetylglucosaminyltransferase (EC 2.4.1.94) 266 2117 505 2.314 0.915

GT42 pfam06002  CMP-NeuAc alpha-2,3-sialyltransferase (EC 2.4.99.-) 0 0.000 7 0.032 0.000

GT43 pfam03360  beta-glucuronyltransferase (EC 2.4.1.135); UDP-Xyl: xylan beta-1,4- 0 0.000 2 0.009 0.000

xylosyltransferase (EC 2.4.2.-)
GT44 pfam04488  UDP-Glc: a-glucosyltransferase (EC 2.4.1.-); UDP-GIcNAc: a-N- 1 0.008 7 0.032 0.248
acetylglucosaminyltransferase (EC 2.4.1.-)

GT45 pfam00535  o-N-acteylglucosaminyltransferase (EC 2.4.1.-) 4 0.032 30 0.137 0.232

GT46 self-built This family has been deleted until a convincing sufficient biochemical 0 0.000 6 0.027 0.000

characterisation is found for a member of this family

GT49 self-built beta-1,3-N-acetylglucosaminyltransferase (EC 2.4.1.-) 0 0.000 2 0.009 0.000

GT50 pfam05007  Dol-P-Man alpha-1,4-mannosyltransferase (EC 2.4.1.-) 0 0.000 5 0.023 0.000

GT51 pfam00912  murein polymerase (EC 2.4.1.129) 93 0.740 188 0.861 0.859

GT52 pfam07922  alpha-2,3-sialyltransferase (EC 2.4.99.4); alpha-glucosyltransferase (EC 0 0.000 2 0.009 0.000

24.1.-)
GT53 pfam04602  UDP-L-Ara: a-L-arabinosyltransferase (EC 2.4.2.-) 1 0.008 4 0.018 0.434
GT54 pfam04666  UDP-GlcNAc: a-1,3-D-mannoside -1,4-N-acetylglucosaminyltransferase 1 0.008 2 0.009 0.868
(EC 2.4.1.145)

GT55 pfam09488  GDP-Man: mannosyl-3-phosphoglycerate synthase (EC 2.4.1.217) 0 0.000 2 0.009 0.000

GT56 pfam07429  TDP-Fuc4NAc: lipid Il Fuc4NAc transferase (EC 2.4.1.-) 1 0.008 6 0.027 0.289

GT57 pfam03155  Dol-P-Glc: alpha-1,3-glucosyltransferase (EC 2.4.1.-) 0 0.000 1 0.005 0.000

GT58 pfam05208  Dol-P-Man: dolichol pyrophosphate-mannose alpha-1,3- 0 0.000 1 0.005 0.000

mannosyltransferase (EC 2.4.1.130); Dol-P-Man: dolichol pyrophosphate-
Man5GIcNACc2 alpha-1,2-mannosyltransferase (EC 2.4.1.130)
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CAZy family dbCAN Known activities from CAZY database MS count MS abundance MG count MG abundance MS(%)/MG(%)

HMM (%) (%) ratio
source
GT59 pfam04922  Dol-P-Glc: Glc2Man9GIcNAc2-PP-Dol alpha-1,2-glucosyltransferase 0 0.000 3 0.014 0.000
(EC24.1.-)
GT60 pfam11397  UDP-GIcNAC: polypeptide alpha-N-acetylglucosaminyltransferase (EC 0 0.000 3 0.014 0.000

2.4.1.-); UDP-GIcNAc: hydroxyproline polypeptide alpha-N-
acetylglucosaminyltransferase (EC 2.4.1.-)

GT61 pfam04577  beta-1,2-xylosyltransferase (EC 2.4.2.38) 0 0.000 4 0.018 0.000

GT62 pfam03452  alpha-1,2-mannosyltransferase (EC 2.4.1.-); alpha-1,6- 0 0.000 4 0.018 0.000
mannosyltransferase (EC 2.4.1.-)

GT63 self-built UDP-Glc: DNA beta-glucosyltransferase (EC 2.4.1.27) 0 0.000 7 0.032 0.000

GT64 pfam09258  UDP-GIcNAC: heparan alpha-N-acetylhexosaminyltransferase (EC 0 0.000 5 0.023 0.000
2.4.1.224)

GT65 pfam10250  GDP-Fuc: protein O-alpha-fucosyltransferase (EC 2.4.1.-) 0 0.000 1 0.005 0.000

GT66 pfam02516  Dol-PP-a-oligosaccharide: protein -oligosaccharyltransferase (EC 16 0.127 73 0.335 0.381
2.4.1.119)

GT67 PTZ00210 UDP-Gal: phosphoglycan $-1,3 galactosyltransferase 1 (SCG1) (EC 2 0.016 0 0.000 0.000
24.1.-)

GT68 pfam10250  GDP-Fuc: protein O-alpha-fucosyltransferase (EC 2.4.1.-) 0 0.000 1 0.005 0.000

GT70 self-built UDP-GIcA: B-glucuronosyltransferase (EC 2.4.1.17) 1 0.008 4 0.018 0.434

GT71 pfam11051  alpha-mannosyltransferase (EC 2.4.1.-) 0 0.000 1 0.005 0.000

GT72 pfam11440  UDP-Glc: DNA alpha-glucosyltransferase (EC 2.4.1.26) 0 0.000 1 0.005 0.000

GT73 PRK09822  CMP-beta-KDO: alpha-3-deoxy-D-manno-octulosonic-acid (KDO) 0 0.000 18 0.082 0.000
transferase (EC 2.4.99.-)

GT74 self-built alpha-1,2-L-fucosyltransferase (EC 2.4.1.69) 0 0.000 7 0.032 0.000

GT75 pfam03214  UDP-Glc: self-glucosylating beta-glucosyltransferase (EC 2.4.1.-) 0 0.000 3 0.014 0.000

GT76 pfam04188  Dol-P-Man: alpha-1,6-mannosyltransferase (EC 2.4.1.-) 0 0.000 10 0.046 0.000

GT77 pfam03407  a-xylosyltransferase (EC 2.4.2.39); a-1,3-galactosyltransferase (EC 1 0.008 0 0.000 0.000
2.4.1.37); arabinosyltransferase (EC 2.4.2.-); arabinosyltransferase (EC
2.4.2.)
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CAZy family dbCAN Known activities from CAZY database MS count MS abundance MG count MG abundance MS(%)/MG(%)
HMM (%) (%) ratio
source

GT78 self-built GDP-Man: a-mannosyltransferase (mannosylglycerate synthase) (EC 1 0.008 2 0.009 0.868

2.4.1.5)

GT79 self-built GDP-D-Ara: phosphoglycan a-1,2-D-arabinopyranosyltransferase 1 (EC 1 0.008 4 0.018 0.434

2.4.2.)

GT80 pfam11477  beta-galactoside alpha-2,6-sialyltransferase (EC 2.4.99.1); beta- 0 0.000 3 0.014 0.000

galactoside alpha-2,3-sialyltransferase (EC 2.4.99.4)

GT81 PRK13915 NDP-Glc: glucosyl-3-phosphoglycerate synthase (EC 2.4.1.-); NDP-Man: 0 0.000 59 0.270 0.000

mannosyl-3-phosphoglycerate synthase (EC 2.4.1.-); ADP-Glc: glucosyl-
2-glycerate synthase (EC 2.4.1.-)
GT82 pfam06306  UDP-GalNAc: beta-1,4-N-acetylgalactosaminyltransferase (EC 2.4.1.-) 0 0.000 8 0.037 0.000
GT83 C0G1807 undecaprenyl phosphate-alpha-L-Ara4N: 4-amino-4-deoxy-beta-L - 3 0.024 74 0.339 0.070
arabinosyltransferase (EC 2.4.2.-); dodecaprenyl phosphate-beta-
galacturonic acid: lipopolysaccharide core alpha-galacturonosyl
transferase (EC 2.4.1.-)
GT84 pfam10091  cyclic beta-1,2-glucan synthase (EC 2.4.1.-) 0 0.000 9 0.041 0.000
GT85 pfam12250  B-D-arabinofuranosyl monophosphoryldecaprenol: galactan a-D- 2 0.016 6 0.027 0.579
arabinofuranosyltransferase (EC 2.4.2.-)

GT87 pfam09594  polyprenol-P-Man: a-1,2-mannosyltransferase (EC 2.4.1.-) 5 0.040 7 0.032 1.241

GT88 self-built UDP-Glc: alpha-glucosyltransferase (EC 2.4.1.-) 0 0.000 4 0.018 0.000

GT89 self-built B-D-arabinofuranosyl-1-monophosphoryldecaprenol : arabinan (3-1,2- 3 0.024 9 0.041 0.579

arabinofuranosyltransferase (EC 2.4.2.-)
GT90 smart00672  UDP-Xyl: (mannosyl) glucuronoxylomannan/galactoxylomannan beta- 0 0.000 9 0.041 0.000
1,2-xylosyltransferase (EC 2.4.2.-)
GT91 pfam12141  B-1,2-mannosyltransferase (EC 2.4.1.-) 1 0.008 3 0.014 0.579
GT92 pfam01697  UDP-Gal: N-glycan core alpha-1,6-fucoside beta-1,4-galactosyltransferase 0 0.000 8 0.037 0.000
(EC 2.4.1.-); UDP-Gal: beta-galactoside beta-1,4-galactosyltransferase
(EC2.4.1.-)
GT93 UDP-GIuA : a-glucuronyltransferase (EC 2.4.1.-) involved in GAG 0 0.000 5 0.023 0.000

polymerisation
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CAZy family dbCAN Known activities from CAZY database MS count MS abundance MG count MG abundance MS(%)/MG(%)

HMM (%) (%) ratio
source

GT94 self-built GDP-Man: GlcA-B-1,2-Man-a-1,3-Glc-B-1,4-Glc-a-1-PP-undecaprenol - 108 0.860 22 0.101 8.526
1,4-mannosyltransferase (2.4.1.251)

Total GTs 793 6.3 5126 235

PL1 smart00656  pectate lyase (EC 4.2.2.2); exo-pectate lyase (EC 4.2.2.9); pectin lyase 73 0.581 97 0.444 1.307
(EC 4.2.2.10)

PL2 pfam06917  pectate lyase (EC 4.2.2.2); exo-polygalacturonate lyase (EC 4.2.2.9) 0 0.000 3 0.014 0.000

PL3 pfam03211  pectate lyase (EC 4.2.2.2) 0 0.000 11 0.050 0.000

PL4 self-built rhamnogalacturonan lyase (EC 4.2.2.-) 65 0.517 34 0.156 3.320

PL5 pfam05426  alginate lyase (EC 4.2.2.3) 0 0.000 2 0.009 0.000

PL6 self-built alginate lyase (EC 4.2.2.3); chondroitinase B (EC 4.2.2.4) 5 0.040 19 0.087 0.457

PL7 pfam08787  alginate lyase (EC 4.2.2.3); alpha-L-guluronate lyase (EC 4.2.2.11) 0 0.000 4 0.018 0.000

PL8 pfam02278  hyaluronate lyase (EC 4.2.2.1); chondroitin AC lyase (EC 4.2.2.5); 0 0.000 8 0.037 0.000
xanthan lyase (EC 4.2.2.12); chondroitin ABC lyase (EC 4.2.2.20)

PL9 self-built pectate lyase (EC 4.2.2.2); exopolygalacturonate lyase (EC 4.2.2.9); 2 0.016 89 0.408 0.039
thiopeptidoglycan lyase (EC 4.2.2.-)

PL10 pfam09492  pectate lyase (EC 4.2.2.2) 23 0.183 30 0.137 1.332

PL11 self-built rhamnogalacturonan lyase (EC 4.2.2.-); exo-unsaturated 141 1.122 138 0.632 1.775
rhamnogalacturonan lyase (EC 4.2.2.-)

PL12 pfam07940  heparin-sulfate lyase (EC 4.2.2.8) 1 0.008 19 0.087 0.091

PL13 self-built heparin lyase (EC 4.2.2.7) 1 0.008 2 0.009 0.868

PL14 self-built alginate lyase (EC 4.2.2.3); exo-oligoalginate lyase (EC 4.2.2.-); beta-1,4- 0 0.000 4 0.018 0.000
glucuronan lyase (EC 4.2.2.14)

PL15 pfam07940  oligo-alginate lyase (EC 4.2.2.-) 0 0.000 3 0.014 0.000

PL16 pfam07212  hyaluronan lyase (EC 4.2.2.1) 0 0.000 3 0.014 0.000

PL17 pfam07940  alginate lyase (EC 4.2.2.3) 0 0.000 2 0.009 0.000

PL18 pfam08787  alginate lyase (EC 4.2.2.3) 0 0.000 8 0.037 0.000

PL20 self-built endo-B-1,4-glucuronan lyase (EC 4.2.2.14) 1 0.008 0 0.000 0.000
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CAZy family dbCAN Known activities from CAZY database MS count MS abundance MG count MG abundance MS(%)/MG(%)
HMM (%) (%) ratio
source

PL21 pfam07940  heparin lyase (EC 4.2.2.7); heparin-sulfate lyase (EC 4.2.2.8); acharan- 2 0.016 2 0.009 1.737

sulfate lyase (EC 4.2.2.-)

PL22 TIGR02800 oligogalacturonate lyase / oligogalacturonide lyase (EC 4.2.2.6) 68 0.541 46 0.211 2.567

Total PLs 382 3.0 524 24

cohesin pfam00963  The cohesin-dockerin interaction is the crucial interaction for complex 52 0.414 27 0.124 3.345

formation in the cellulosome

dockerin pfam00404  The cohesin-dockerin interaction is the crucial interaction for complex 1049 8.349 121 0.554 15.057

formation in the cellulosome

SLH pfam00395  S-layer homology domain, anchoring cellulosome onto the bacterial cell 46 0.366 77 0.353 1.038

surfaces

Total cellulosome 1147 9.1 225 1.0

Grand total 12565 100 21823 100

Abbreviations: MS, rumen microbial plant-adherent metasecretome dataset; MG, rumen microbial plant-adherent metagenome dataset.
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Table A2.2 CAZy families predicted at higher frequency in the metasecretome compared to the
metagenome dataset.

CAZy Known activities from CAZY database MS(%)/MG(%)
family ratio
dockerin  The cohesin-dockerin interaction is the crucial interaction for complex formation in the cellulosome 15.1
GH124 endoglucanase (EC 3.2.1.4) 14.3
CBM40 Binding to sialic acid 10.6
GT94 GDP-Man: GlcA-B-1,2-Man-a-1,3-Glc-B-1,4-Glc-a-1-PP-undecaprenol $-1,4-mannosyltransferase 85
(2.4.1.251)

CBM38 Binding to inulin 6.9
CBM16 Binding to cellulose and glucomannan 6.8
GH55 ex0-B-1,3-glucanase (EC 3.2.1.58); endo-B-1,3-glucanase (EC 3.2.1.39) 6.5
GH92 mannosyl-oligosaccharide a-1,2-mannosidase (EC 3.2.1.113); mannosyl-oligosaccharide a-1,3- 5.9

mannosidase (EC 3.2.1.-); mannosyl-oligosaccharide a-1,6-mannosidase (EC 3.2.1.-); a-mannosidase (EC
3.2.1.24); a-1,2-mannosidase (EC 3.2.1.-); a-1,3-mannosidase (EC 3.2.1.-); a-1,4-mannosidase (EC 3.2.1.-

)
CE8 pectin methylesterase (EC 3.1.1.11). 5.4
GH30 glucosylceramidase (EC 3.2.1.45); B-1,6-glucanase (EC 3.2.1.75); B-xylosidase (EC 3.2.1.37); B- 4.3
fucosidase (EC 3.2.1.38); B-glucosidase (3.2.1.21); endo-B-1,6-galactanase (EC:3.2.1.164)
CBM67 Binding to L-rhamnose 4.2
GH53 endo-B-1,4-galactanase (EC 3.2.1.89) 4.0
cohesin The cohesin-dockerin interaction is the crucial interaction for complex formation in the cellulosome 3.3
PL4 rhamnogalacturonan lyase (EC 4.2.2.-) 3.3
CBM30 Binding to cellulose 3.2
GH121 f-L-arabinobiosidase (EC 3.2.1.-) 3.2
CE3 acetyl xylan esterase (EC 3.1.1.72). 3.0
GH25 lysozyme (EC 3.2.1.17) 2.9
GH127 B-L-arabinofuranosidase (EC 3.2.1.-) 2.8
CE7 acetyl xylan esterase (EC 3.1.1.72); cephalosporin-C deacetylase (EC 3.1.1.41). 2.7
GH97 a-glucosidase (EC 3.2.1.20); a-galactosidase (EC 3.2.1.22) 2.6
GH74 endoglucanase (EC 3.2.1.4); oligoxyloglucan reducing end-specific cellobiohydrolase (EC 3.2.1.150); 26
xyloglucanase (EC 3.2.1.151)
PL22 oligogalacturonate lyase / oligogalacturonide lyase (EC 4.2.2.6) 2.6
GH43 B-xylosidase (EC 3.2.1.37); $-1,3-xylosidase (EC 3.2.1.-); a-L-arabinofuranosidase (EC 3.2.1.55); 2.3
arabinanase (EC 3.2.1.99); xylanase (EC 3.2.1.8); galactan 1,3-B-galactosidase (EC 3.2.1.145)
GH26 B-mannanase (EC 3.2.1.78); B-1,3-xylanase (EC 3.2.1.32) 2.3
CBM20 Binding to granular starch and cyclodextrins 2.3
CBM61 Binding to B-1,4-galactan 2.3
CBM26 Binding to starch 2.2
GH105 unsaturated rhamnogalacturonyl hydrolase (EC 3.2.1.-) 19
PL11 rhamnogalacturonan lyase (EC 4.2.2.-); exo-unsaturated rhamnogalacturonan lyase (EC 4.2.2.-) 1.8
GH16 xyloglucan:xyloglucosyltransferase (EC 2.4.1.207); keratan-sulfate endo-1,4-B-galactosidase (EC 1.7

3.2.1.103); endo-1,3-B-glucanase (EC 3.2.1.39); endo-1,3(4)-B-glucanase (EC 3.2.1.6); licheninase (EC
3.2.1.73); B-agarase (EC 3.2.1.81); k-carrageenase (EC 3.2.1.83); xyloglucanase (EC 3.2.1.151)

GH2 B-galactosidase (EC 3.2.1.23) ; B-mannosidase (EC 3.2.1.25); B-glucuronidase (EC 3.2.1.31); 13
mannosylglycoprotein endo-B-mannosidase (EC 3.2.1.152); exo-B-glucosaminidase (EC 3.2.1.165)

CE1l acetyl xylan esterase (EC 3.1.1.72); cinnamoyl esterase (EC 3.1.1.-); feruloyl esterase (EC 3.1.1.73); 13
carboxylesterase (EC 3.1.1.1); S-formylglutathione hydrolase (EC 3.1.2.12)

GH3 B-glucosidase (EC 3.2.1.21); xylan 1,4-B-xylosidase (EC 3.2.1.37); B-N-acetylhexosaminidase (EC 1.2

3.2.1.52); glucan 1,3-B-glucosidase (EC 3.2.1.58); glucan 1,4-B-glucosidase (EC 3.2.1.74); exo-1,3-1,4-
glucanase (EC 3.2.1.-); alpha-L-arabinofuranosidase (EC 3.2.1.55).

Abbreviations: MS, rumen microbial plant-adherent metasecretome dataset; MG, rumen microbial
plant-adherent metagenome dataset.
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Table A2.3 CAZy families predicted at lower frequency in the metasecretome compared to the
metagenome dataset.

CAZy Known activities from CAZY database MS(%)/MG(%)
family ratio
CBM34 Binding to granular starch 0.000
CE1l1l UDP-3-0-acyl N-acetylglucosamine deacetylase (EC 3.5.1.-) 0.000
GH120 beta-xylosidase (EC 3.2.1.37) 0.000
GH50 beta-agarase (EC 3.2.1.81) 0.000
GH57 alpha-amylase (EC 3.2.1.1); 4-alpha-glucanotransferase (EC 2.4.1.25); alpha-galactosidase (EC 3.2.1.22); 0.000
amylopullulanase (EC 3.2.1.41); branching enzyme (EC 2.4.1.18)
GT1 UDP-glucuronosyltransferase (EC 2.4.1.17); 2-hydroxyacylsphingosine 1-beta-galactosyltransferase (EC 0.000
2.4.1.45); N-acylsphingosine galactosyltransferase (EC 2.4.1.47); flavonol 3-O-glucosyltransferase (EC
2.4.1.91); indole-3-acetate beta-glucosyltransferase (EC 2.4.1.121); sterol glucosyltransferase (EC 2.4.1.173);
ecdysteroid UDP-glucosyltransferase (EC 2.4.1.-); zeaxanthin glucosyltransferase (EC 2.4.1.-); zeatin O-beta-
glucosyltransferase (EC 2.4.1.203); zeatin O-beta-xylosyltransferase (EC 2.4.2.40); limonoid
glucosyltransferase (EC 2.4.1.210); sinapate 1-glucosyltransferase (EC 2.4.1.120); anthocyanin 3-O-
galactosyltransferase (EC 2.4.1.-); anthocyanin 5-O-glucosyltransferase (EC 2.4.1.-); anthocyanidin 3-O-
glucosyltransferase (EC 2.4.1.115); dTDP-beta-2-deoxy-L-fucose: alpha-L-2-deoxyfucosyltransferase (EC
2.4.1.-); UDP-beta-L-rhamnose: alpha-L-rhamnosyltransferase (EC 2.4.1.-); UDP-glucose: 4-hydroxybenzoate
4-O-beta-glucosyltransferase (EC 2.4.1.194); flavonol L-rhamnosyltransferase (EC 2.4.1.159); salicylic acid
beta-glucosyltransferase (EC 2.4.1.-)
GT10 galactoside alpha-1,3/1,4-L-fucosyltransferase (EC 2.4.1.65); galactoside alpha-1,3-L-fucosyltransferase (EC 0.000
2.4.1.152); glycoprotein alpha-1,3-L-fucosyltransferase (EC 2.4.1.214)
GT13 alpha-1,3-mannosyl-glycoprotein beta-1,2-N-acetylglucosaminyltransferase (EC 2.4.1.101) 0.000
GT28 1,2-diacylglycerol 3-beta-galactosyltransferase (EC 2.4.1.46); 1,2-diacylglycerol 3-beta-glucosyltransferase 0.000
(EC 2.4.1.157); UDP-GIcNAc: Und-PP-MurAc-pentapeptide beta-N-acetylglucosaminyltransferase (EC
2.4.1.227)
GT32 alpha-1,6-mannosyltransferase (EC 2.4.1.-); alpha-1,4-N-acetylglucosaminyltransferase (EC 2.4.1.-); alpha- 0.000
1,4-N-acetylgalactosaminyltransferase (EC 2.4.1.-); GDP-Man: inositol-phosphorylceramide transferase (EC
2.4.1.-); UDP-Gal: b-galactoside a-1,4-galactosyltransferase (EC 2.4.1.-); UDP-Gal: lactose/N-acetyl-
lactosamine a-1,4-galactosyltransferase (EC 2.4.1.-)
GT40 beta-1,3-galactofuranosyltransferases (EC 2.4.1.-) 0.000
GT73 CMP-beta-KDO: alpha-3-deoxy-D-manno-octulosonic-acid (KDO) transferase (EC 2.4.99.-) 0.000
GT8 lipopolysaccharide alpha-1,3-galactosyltransferase (EC 2.4.1.44); UDP-Glc: (glucosyl)lipopolysaccharide 0.000
alpha-1,2-glucosyltransferase (EC 2.4.1.-); lipopolysaccharide glucosyltransferase 1 (EC 2.4.1.58); glycogenin
glucosyltransferase (EC 2.4.1.186); inositol 1-alpha-galactosyltransferase (galactinol synthase) (EC 2.4.1.123);
homogalacturonan alpha-1,4-galacturonosyltransferase (EC 2.4.1.43); UDP-GIcA: xylan alpha-
glucuronyltransferase (EC 2.4.1.-)
GT81 NDP-Glc: glucosyl-3-phosphoglycerate synthase (EC 2.4.1.-); NDP-Man: mannosyl-3-phosphoglycerate 0.000
synthase (EC 2.4.1.-);ADP-Glc: glucosyl-2-glycerate synthase (EC 2.4.1.-)
GT9 lipopolysaccharide N-acetylglucosaminyltransferase (EC 2.4.1.56); heptosyltransferase (EC 2.4.-.-) 0.000
CE9 N-acetylglucosamine 6-phosphate deacetylase (EC 3.5.1.25); N-acetylglucosamine 6-phosphate deacetylase 0.016
(EC 3.5.1.80)
GT11 GDP-L-Fuc: galactoside a-1,2-L-fucosyltransferase (EC 2.4.1.69); GDP-L-Fuc: B-LacNac a-1,3-L- 0.018
fucosyltransferase (EC 2.4.1.-)
GT3 glycogen synthase (EC 2.4.1.11) 0.021
AA3 cellobiose dehydrogenase (EC 1.1.99.18); glucose 1-oxidase (EC 1.1.3.4); aryl alcohol oxidase (EC 1.1.3.7); 0.023
alcohol oxidase (EC 1.1.3.13); pyranose oxidase (EC 1.1.3.10)
GT26 UDP-ManNAcA: B-N-acetyl mannosaminuronyltransferase (EC 2.4.1.-); UDP-ManNAc: B-N-acetyl- 0.026
mannosaminyltransferase (EC 2.4.1.-); UDP-Glc: B-1,4-glucosyltransferase (EC 2.4.1.-)
GH78 a-L-rhamnosidase (EC 3.2.1.40) 0.027
GH1 B-glucosidase (EC 3.2.1.21); B-galactosidase (EC 3.2.1.23); B-mannosidase (EC 3.2.1.25); B-glucuronidase 0.031
(EC 3.2.1.31); B-D-fucosidase (EC 3.2.1.38); phlorizin hydrolase (EC 3.2.1.62); exo-3-1,4-glucanase (EC
3.2.1.74); 6-phospho-B-galactosidase (EC 3.2.1.85); 6-phospho-B-glucosidase (EC 3.2.1.86); strictosidine -
glucosidase (EC 3.2.1.105); lactase (EC 3.2.1.108); amygdalin B-glucosidase (EC 3.2.1.117); prunasin j3-
glucosidase (EC 3.2.1.118); raucaffricine f-glucosidase (EC 3.2.1.125); thioglucosidase (EC 3.2.1.147); B-
primeverosidase (EC 3.2.1.149); isoflavonoid 7-O-B-apiosyl-B-glucosidase (EC 3.2.1.161); hydroxyisourate
hydrolase (EC 3.-.-.-); B-glycosidase (EC 3.2.1.-)
GH20 B-hexosaminidase (EC 3.2.1.52); lacto-N-biosidase (EC 3.2.1.140); B-1,6-N-acetylglucosaminidase) (EC 0.034
3.2.1.-); B-6-SO3-N-acetylglucosaminidase (EC 3.2.1.-)
CBM2 Binding to cellulose, chitin and xylan. 0.035
GT30 CMP-B-KDO: a-3-deoxy-D-manno-octulosonic-acid (KDO) transferase (EC 2.4.99.-) 0.038
PL9 pectate lyase (EC 4.2.2.2); exopolygalacturonate lyase (EC 4.2.2.9); thiopeptidoglycan lyase (EC 4.2.2.-) 0.039
GH35 B-galactosidase (EC 3.2.1.23); exo-B-glucosaminidase (EC 3.2.1.165) 0.040
GH112 lacto-N-biose phosphorylase or galacto-N-biose phosphorylase (EC 2.4.1.211); D-galactosyl-1,4-L-rhamnose 0.047
phosphorylase (EC 2.4.1.-)
GH39 a-L-iduronidase (EC 3.2.1.76); B-xylosidase (EC 3.2.1.37) 0.047
GT5 UDP-Glc: glycogen glucosyltransferase (EC 2.4.1.11); ADP-Glc: starch glucosyltransferase (EC 2.4.1.21); 0.058

NDP-Glc: starch glucosyltransferase (EC 2.4.1.242); UDP-Glc: a-1,3-glucan synthase (EC 2.4.1.183) UDP-
Gle: a-1,4-glucan synthase (EC 2.4.1.-)
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CAZy Known activities from CAZY database MS(%)/MG(%)

family ratio
AA8 iron reductase 0.066
GH24 lysozyme (EC 3.2.1.17) 0.067
GT83 undecaprenyl phosphate-alpha-L-Ara4N: 4-amino-4-deoxy-beta-L-arabinosyltransferase (EC 2.4.2.-); 0.070
dodecaprenyl phosphate-beta-galacturonic acid: lipopolysaccharide core alpha-galacturonosyl transferase (EC
24.1.5)
GH42 B-galactosidase (EC 3.2.1.23) 0.074
AA5 oxidase with oxygen as acceptor (EC 1.1.3.-); galactose oxidase (EC 1.1.3.9) 0.076
GH73 peptidoglycan hydrolase with endo-B-N-acetylglucosaminidase specificity (EC 3.2.1.-) 0.078
GT2 cellulose synthase (EC 2.4.1.12); chitin synthase (EC 2.4.1.16); dolichyl-phosphate B-D-mannosyltransferase 0.086

(EC 2.4.1.83); dolichyl-phosphate B-glucosyltransferase (EC 2.4.1.117); N-acetylglucosaminyltransferase (EC
2.4.1.-); N-acetylgalactosaminyltransferase (EC 2.4.1.-); hyaluronan synthase (EC 2.4.1.212); chitin
oligosaccharide synthase (EC 2.4.1.-); B-1,3-glucan synthase (EC 2.4.1.34); B-1,4-mannan synthase (EC 2.4.1.-
); B-mannosylphosphodecaprenol-mannooligosaccharide a-1,6-mannosyltransferase (EC 2.4.1.199); a-1,3-L-
rhamnosyltransferase (EC 2.4.1.-)

GH89 a-N-acetylglucosaminidase (EC 3.2.1.50) 0.094
GT14 B-1,3-galactosyl-O-glycosyl-glycoprotein 3-1,6-N-acetylglucosaminyltransferase (EC 2.4.1.102); N- 0.094
acetyllactosaminide -1,6-N-acetylglucosaminyltransferase (EC 2.4.1.150); protein O-B-xylosyltransferase (EC
2.4.2.26)
GH109 a-N-acetylgalactosaminidase (EC 3.2.1.49) 0.095
CBM56 Binding to B-1,3-glucan 0.101
GH88 5-4,5 unsaturated beta-glucuronyl hydrolase (EC 3.2.1.-) 0.105
GT27 polypeptide a-N-acetylgalactosaminyltransferase (EC 2.4.1.41) 0.114
GH8 chitosanase (EC 3.2.1.132); cellulase (EC 3.2.1.4); licheninase (EC 3.2.1.73); endo-1,4-B-xylanase (EC 0.124
3.2.1.8); reducing-end-xylose releasing exo-oligoxylanase (EC 3.2.1.156)
GT39 Dol-P-Man: protein a-mannosyltransferase (EC 2.4.1.109) 0.168
CE2 acetyl xylan esterase (EC 3.1.1.72). 0.197
CBM12 Binding to chitin 0.204
GH23 lysozyme type G (EC 3.2.1.17); peptidoglycan lyase (EC 4.2.2.-) also known in the literature as peptidoglycan 0.227
lytic transglycosylase
GH67 a-glucuronidase (EC 3.2.1.139); xylan a-1,2-glucuronidase (EC 3.2.1.131) 0.233
GT4 sucrose synthase (EC 2.4.1.13); sucrose-phosphate synthase (EC 2.4.1.14); a-glucosyltransferase (EC 0.241

2.4.1.52); lipopolysaccharide N-acetylglucosaminyltransferase (EC 2.4.1.56); GDP-Man a-
mannosyltransferase (EC 2.4.1.-); 1,2-diacylglycerol 3-glucosyltransferase (EC 2.4.1.157); diglucosyl
diacylglycerol synthase (EC 2.4.1.208); digalactosyldiacylglycerol synthase (EC 2.4.1.141); trehalose
phosphorylase (EC 2.4.1.231); phosphatidylinositol a-mannosyltransferase (EC 2.4.1.57); UDP-Gal a-
galactosyltransferase (EC 2.4.1.-); UDP-Xyl a-xylosyltransferase (EC 2.4.2.-)

GT35 glycogen or starch phosphorylase (EC 2.4.1.1) 0.247

GH94 cellobiose phosphorylase (EC 2.4.1.20); cellodextrin phosphorylase (EC 2.4.1.49); chitobiose phosphorylase 0.249
(EC 2.4.1.-); cyclic B-1,2-glucan synthase (EC 2.4.1.-)

CE15 4-O-methyl-glucuronoyl methylesterase (EC 3.1.1.-) 0.265

GH29 a-L-fucosidase (EC 3.2.1.51) 0.307

GH51 a-L-arabinofuranosidase (EC 3.2.1.55); endoglucanase (EC 3.2.1.4) 0.307

GH115 xylan o-1,2-glucuronidase (3.2.1.131); a-(4-O-methyl)-glucuronidase (3.2.1.-) 0.331

GH27 a-galactosidase (EC 3.2.1.22); a-N-acetylgalactosaminidase (EC 3.2.1.49); isomalto-dextranase (EC 3.2.1.94); 0.351
B-L-arabinopyranosidase (EC 3.2.1.88)

GH18 chitinase (EC 3.2.1.14); endo--N-acetylglucosaminidase (EC 3.2.1.96); xylanase inhibitor; concanavalin B; 0.369
narbonin

GT66 Dol-PP-a-oligosaccharide: protein B-oligosaccharyltransferase (EC 2.4.1.119) 0.381

GH13 a-amylase (EC 3.2.1.1); pullulanase (EC 3.2.1.41); cyclomaltodextrin glucanotransferase (EC 2.4.1.19); 0.403

cyclomaltodextrinase (EC 3.2.1.54); trehalose-6-phosphate hydrolase (EC 3.2.1.93); oligo-a-glucosidase (EC
3.2.1.10); maltogenic amylase (EC 3.2.1.133); neopullulanase (EC 3.2.1.135); a-glucosidase (EC 3.2.1.20);
maltotetraose-forming a-amylase (EC 3.2.1.60); isoamylase (EC 3.2.1.68); glucodextranase (EC 3.2.1.70);
maltohexaose-forming a-amylase (EC 3.2.1.98); maltotriose-forming a-amylase (EC 3.2.1.116); branching
enzyme (EC 2.4.1.18); trehalose synthase (EC 5.4.99.16); 4-a-glucanotransferase (EC 2.4.1.25);
maltopentaose-forming a-amylase (EC 3.2.1.-); amylosucrase (EC 2.4.1.4); sucrose phosphorylase (EC
2.4.1.7); malto-oligosyltrehalose trehalohydrolase (EC 3.2.1.141); isomaltulose synthase (EC 5.4.99.11);
amino acid transporter

CBM6 Binding to amorphous cellulose, B-1,4-xylan, B-1,3-glucan, -1,3-1,4-glucan, and -1,4-glucan 0.421
CE6 acetyl xylan esterase (EC 3.1.1.72). 0.458
GH10 endo-1,4-B-xylanase (EC 3.2.1.8); endo-1,3-B-xylanase (EC 3.2.1.32) 0.460
GH77 amylomaltase or 4-a-glucanotransferase (EC 2.4.1.25) 0.466
AA6 1,4-benzoquinone reductase (EC. 1.6.5.6) 0.514
CE4 acetyl xylan esterase (EC 3.1.1.72); chitin deacetylase (EC 3.5.1.41); chitooligosaccharide deacetylase (EC 0.522
3.5.1.-); peptidoglycan GIcNAc deacetylase (EC 3.5.1.-); peptidoglycan N-acetylmuramic acid deacetylase
(EC35.1.5).
CE10 arylesterase (EC 3.1.1.-); carboxyl esterase (EC 3.1.1.3); acetylcholinesterase (EC 3.1.1.7); cholinesterase (EC 0.676
3.1.1.8); sterol esterase (EC 3.1.1.13); brefeldin A esterase (EC 3.1.1.-)
GT41 UDP-GlcNAc: peptide B-N-acetylglucosaminyltransferase (EC 2.4.1.94) 0.915
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Abbreviations: MS, rumen microbial plant-adherent metasecretome dataset; MG, rumen microbial
plant-adherent metagenome dataset.
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Figure A2.1. Overview of the frequencies of major putative CAZy families involved in the degradation of plant cell wall polysaccharides in

the metasecretome and the metagenome dataset.

Abbreviations: MS, rumen microbial plant-adherent metasecretome dataset; MG, rumen microbial plant-adherent metagenome dataset; GH, glycoside
hydrolase; CE, carbohydrate esterase; PL, polysaccharide lyase. GHs, CEs and PLs are grouped according to their major functional role in degradation

of of plant cell wall polysaccharides [64].
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Table A2.4. Candidate putative proteins with predicted multi-modular organisation in the metasecretome dataset.

Query ID*#

Query
length
(aq)

Target
(dbCAN
HMM)

Target
length
(aa)

iE-value

Bit

score

cE-value

Target
start

Target
end

Target
covered

fraction

Query
start

Query

end

Query
covered

fraction

Query sequence

Best DELTA
BLASTP hit °

RMSec_
22195141

198

CBM32

124

9.20E-10

334

2.80E-12

37

109

0.58

26

104

0.39

CBM32

124

7.50E-08

27.2

2.30E-10

32

81

0.40

142

193

0.26

AFKKMIDEVFRKNLAEKA
RRQTKGDETVIDFGKPTTF
NRFLVEEDIRYGQRVKKFK
LEAEVDGQWQQLKDALVE
NGDGLTTIGHRRIICFPTVN
ATKLRFTIVDTKCGPIIKKL
GVYLAPELTADIPDAGEKK
SSNLHLFFSSPTQMMIDWD
TEQTITSFRYLPPQESKDGT
VTHYTLWASTDWTNWTK
LASGEFSNV

hypothetical
protein [Prevotella
sp. P6B4]

RMSec_
22291211

260

CBM50

40

1.90E-13

45.0

5.80E-16

40

0.98

72

114

0.16

CBM50

40

4.80E-05

18.1

1.40E-07

33

0.80

154

185

0.11

CBM50

40

2.40E-05

19.0

7.30E-08

28

0.60

219

243

0.09

MSFYYYETGANESIYDIAA
KLGVTKDYIIKNNPSAADG
IENGMTLYFPVSESNASKP
AKQETVVAPATANTHVVE
QGETLYGLAKRYGVTIDEL
ILANPGSENGIKIGQKLNIP
SANATASSTTNANQQVRN
AFENAASPATVAVPQGSDP
VFHTLQAGESIYSLAKQYN
SSIEGIITANPGLKPEEYTQ
GAKVKVVPNIALPFIYERT
GRRNYKYEAGRGETFATIA
AANGITEEELKAANPTEKN
VKKGKNHHSAQAL

glycosyl hydrolase
family 25
[Clostridium sp.
ATCC 29733]

RMSec_
22522671

275

GH16

189

1.70E-49

163.3

1.00E-51

36

189

0.81

198

0.71

RDGKLVLKAIKTQKDGKD
YYTSGKVTGQNKTDFQYG

laminarinase

[Ruminococcaceae
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Query ID #

Query
length
(aq)

Target
(dbCAN
HMM)

Target
length
(aa)

iE-value

Bit

score

cE-value

Target
start

Target
end

Target Query

covered start

fraction

Query
end

Query
covered

fraction

Query sequence

Best DELTA
BLASTP hit °

CBM4

126

5.00E-06

215

3.00E-08

49

0.38 222

275

0.19

KVVVSAKVPEGQGLWPAI
WMMPKDESFYGQWPKCG
EIDIMESLGNDTTTSYSTIH
YGEPHAEQQGTIVKEGAER
FSAKFHEYSVEWEPGEMR
FYTDGELVLTVNDWETAV
QGEDDKPYPAPFNQPFFVQ
MNLAVGGNWAREILMLST
DFSKAEFEIDYVRVYQKPS
YDTNVKKPEKQYGKADAT
GNFIRNGNFKKAEKLDDD
VDWKFLLFNGGVGAAEIK
NGEIVITSSNCGTEEYSVQ

bacterium
AB4001]

RMSec_
24462541

194

GH16

189

3.60E-16

54.6

2.2E-18

100

189

0.46 1

121

0.63

CBM4

126

0.00017

16.5

1.00E-06

44

0.34 145

193

0.25

ESLGNDTTKSYSTIHYGEP
HAEQQGTIVKEGADSFSAK
FHEYSVEWEPGEMRFYTD
GELVLTVNDWFTAVQGRR
QALSCTFQPTILRSDETSQS
EATGPGNPDSTTDFSKAEF
EIDYVRVYQKPSYDTNVK
KPEKQYGQADSTGNFIRNG
DFKKTEKLDDDVDWKFLL
FNGGVGAAEIKDGEIVITSS
NCGTEE

laminarinase
[Ruminococcaceae
bacterium
AB4001]

RMSec_
23376741

126

GH25

177

1.10E-08

29.9

6.60E-11

84

149

0.37 1

67

0.52

dockerin

21

8.70E-05

16.7

5.20E-07

16

0.71 102

117

0.12

LPLVVDVEDWSNDEQIKD
ERTQQHLDAMLDNLRSRG
HKVMIYTNGDGYKKYIKN
GQININLWLCSFRQPDRTIK
IRRAMKRLLSLAVFISCVL

glycosyl hydrolase
[Rhizobium sp.
OR191]
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Query ID # Query | Target Target iE-value Bit cE-value  Target Target Target Query  Query  Query Query sequence Best DELTA
length | (dbCAN length score start end covered  start end covered BLASTP hit®
(aa) HMM) (aa) fraction fraction

VASSKIIGDVNGDEKISAA
DVATLVSYLIDDNI

RMSec_ 202 dockerin 21 6.90E-06 20.2 8.30E-08 1 21 0.95 27 47 0.10 VNLDDVKLLRDYLTTEKE Endoglucanase

24393731 ELAVPANGDLDGDNVITAI [Ruminococcus
DLTLLKRGILEGKYSSGDG  champanellensis]
PAADETAMEFVKHIKLGW
NLGNTFDAQIKGAYQSPQ

GH5 275 3.90E-20 66.9 4.60E-22 10 107 0.35 82 202 0.59 QAETAWGNPQTSKAMIDA
IKAAGFNTVRVPVSWGEK
MNSNYEIDTAWMNRVQE
VVDYVIDNDMY CILNIHHD
NGYESNGQFVAPSCPYFYP
TSAHYEHSEKFVTAVWTQ
\Y

Abbreviations: MS, rumen microbial plant-adherent metasecretome dataset; MG, rumen microbial plant-adherent metagenome dataset.; RMSec, rumen
metasecretome; aa, amino acid residues; doCAN HMM, dbCAN database CAZyme-specific Hidden Markov Model; iE-value, independent E-value; cE-
value, conditional E-value. Putative proteins in the metasecretome dataset (clustered at 100% sequence identity) with multiple, non-overlapping hits to
CAZyme-specific HMMs (E-value <1e-05 for an alignment length >80 aa and an E-value <1e-03 otherwise and query coverage > 30%) were inspected
for ‘start-end” position consistency between the HMM and the query protein and hit ‘strength’ for each domain, as described in section 2.2.6.2.3.

2 Query IDs were randomly assigned to putative RMSec proteins predicted in the IMG/M pipeline. ® Annotation based on best DELTA-BLAST hit in
the NCBI nr protein database.

223



A

>RMSec_22522671

domain 1
GH16.hmm

RMSec 22522671 2

GH16.hmm 119

RMSec 22522671 97

GH16.hmm 179

RMSec 22522671 188

domain 2
CBM4 . hmm 1

RMSec 22522671 222

C.

RMSec 22522671

#=GR RMSec_ 22522671 PP
#=GC PP_cons

#=GC RF

RMSec 22522671

#=GR RMSec_ 22522671 PP
#=GC PP_cons

#=GC RF

RMSec 22522671

#=GR RMSec_ 22522671 PP
#=GC PP_cons

#=GC RF

224

score:

score:

RDGKLVLKATKTQKDGKDYYTSGKVTGONKTDFQYGKVVVSAKVPEGQGLWPATIWMMPKDESFYGQWPKCGEIDIMESLGNDTTTSYSTIHYGEPHAEQQ
GTIVKEGAERFSAKFHEYSVEWEPGEMRFYTDGELVLTVNDWEFTAVQGEDDKPYPAPFNQPFFVOMNLAVGGNWARETILMLSTDFSKAEFEIDYVRVYQK
PSYDTNVKKPEKQYGKADATG

163.3 bits; conditional E-value: le-51
dgnLvlratresta.k..ytsgriesk..fsfkygrvearaklpkgsglwpafwllgdd...... wpasgEiDiiEvvgn.pnkvhgtlhytnrg 118
dg+Lvl+a +++++ k ytsgt+++ + ++f+yg+tv ++ak+ptgtglwpatw++++d wp++gEiDi+E++gn +++ ++t+hy+++
DGKLVLKAIKTQKDgKdAyYTSGKVTGOnkTDFQYGKVVVSAKVPEGQGLWPAIWMMPKDe s fyggWPKCGEIDIMESLGNATTTSYSTIHYGEPH 96
899***9999998866999******97677****************************99*******************747777******9744 PP
ts.ga.....saeess.dasddfhtYgveWtpdeitwyvDgelvrtvt....... ... .. ... pfdapfylilnlavgg........... kgp. 178
++ ++ + + ++s++fh Y+veW+pt+e+++y Dgelv tv+ pf+gpf++ +nlavgg +++
AEQQGtivkeG----AeRFSAKFHEYSVEWEPGEMRFYTDGELVLTVNdwftavggeddkpypaPFNQPFFVQOMNLAVGGnwareilmlstDFSk 187
43321344321""247999**************************99999***********999**************999988877543332 PP

aemevdyvrvy 189
aete+dyvrvy

AEFEIDYVRVY 198
46********9 PP

21.5 bits; conditional E-value: 3e-08
nlikngdFdeg..... lagWtlyessgakatfsvedgelkvtitnggenrwdvg 49
n+i+ng+F++ W + +g+ + +++++ge+ +t +n gr++++vg
275

89********999996667**********************************9 PP

rDGKLVLKAIKTQKDgKAyYTSGKVTGONnkTDFQYGKVVVSAKVPEGQGLWPAIWMMPKDe s f yggWPKCGEIDIMESLGNATTTSYSTIHYGEPHAEQQ
5890%**09000088669 00 kkkkk Q7 7 THhkkhkkkkkkkkkkkkk Kk Kk Kk Kk Xk kk QQkkkkkkkkkkkkkkkkkk kT4 TTTT*k****x* Q7444332

.899***99999988.6..9******97..7****************************9 ...... **************7.7777******974443.2

[19:9:9.9:9.9:9:9:9:9.9:0.0.0. G GEND.$:9.9.9:9.0:0.0 GIND $.9:9.9:9.9:9:9.9:9.9:0.9:9:9.0:9.9:0.9:0:9.0:9.0.0.0.0.0. QNN XXXXXKXKXXKXKXKXKXKXKXK . XXXKXXXKXKXKXXKXKXKXKXXX . X

GtivkeGAeRFSAKFHEYSVEWEPGEMRFYTDGELVLTVNdwftavggeddkpypaPEFNQPFFVQOMNLAVGGnwareilmlstDFSKAEFEIDYVRVYgk
1344321247900 %*kkkkkkkkkkkkkkkkkkkkkk*x %0 QQQkkkkkkkk*kxkQQQkkkkkxkk xk*k*x** 0000888 TT5A33324G*****x k% Qk*

1..... 12.7900%kkkkhkkhkhkkhkkhkkhkkhkkhkkhkkk*x*Q QOkkkkkkkkkkkxkx 333,46 * *kKkkKkxk*kQ |

Kuvunn XX KXKXKKKKKKKKKKKK KK KKKKKKKKKKKKK o v o v venenennnnnn P355°3°5°3°5°915°915 915 95 SN XXX . KXXKXKXKKKK . o
psydtnvkkpekgygkadatgnfirngnfkkaekldddvdwkfllfnggvgaaeikngeivitssncgteeysvqg
khkhkhhkkhkhhkhkhkhhhhhhhhhbhhhkh bk Ak b h b bk A bk bbb bk bbbk b h bk bk hkh bk hk bk bk hk Ak hkhk bbbk Ak bk kA kb kA khkkx*k



RMSec 22522671 rdgklvlkaiktgkdgkdyytsgkvtggnktdfgygkvvvsakvpeggglwpaiwmmpkdesfyggwpkcgeidimeslgndtttsystihygephaeqqg

#:GR RMSeC 22522671 PP Rk kb b b b b R R R R R R R R R R R R S
SO = =T o
L O
RMSec 22522671 gtivkegaerfsakfheysvewepgemrfytdgelvltvndwftavggeddkpypapfngpffvgmnlavggnwareilmlstdfskaefeidyvrvygk
#:GR RMSec 22522671 PP R Rk ki R R R R R R R I S
1O = =T o
L O
RMSec 22522671 psydtnvkkpekgygkadatgNEIRNGNFKKAek1ddDVDWKFLLENGGVGAAETIKNGEIVITSSNCGTEEYSVO

#:GR RMSeC 22522671 PP *********************89********999996667**********************************9

#=GC PP cons e GO AxFAXKAQG L. 667 X KA K KA K KA KK A KK A XK A XK A XA XA XA XK AXG

#=GC RE e XXXXXXXXXEK . ..

Figure A2.2. Example alignment of putative multi-modular CAZyme and corresponding HMMs.

A. Sequence of a putative metasecretome dataset protein RMSec 22522671 with predicted multi-modular CAZyme organisation. Putative protein
regions with hits to two homologous domains: GH16 (amino acid residues 2-198) and CBM4 (amino acid residues 222-275) are highlighted in yellow
and green, respectively. B. Alignment between homologous regions of the RMSec_22522671 sequence (query) and two CAZyme-specific HMMs
(targets), produced by hmmscan, is represented in a Stockholm format. Target, consensus and query sequences are represented in the first three lines of
an alignment, while the bottom line contains posterior probability (PP), indicating expected accuracy for each aligned residue. PP scores 0-9 represent
accuracy intervals of 0-5%; 5-15%; 15-25%; 25-35%; 35-45%; 45-55%; 55-65%; 65-75%; 75-85% and 85-95%, respectively, while * represent
accuracy interval of 95-100%. Two different notations are used for the “match” and the “insert” columns of an alignment. In a “match” column of an
alignment, residues are represented in upper case and a ’-’ character represents gaps (which are treated as deletions relative to consensus). In an “insert”
column of an alignment, residues are represented in lower case, and a ’.” character is used as padding to accommodate insertions. A ‘+” character
represents conservative substitutions in a consensus sequence. C. Alignment between full length query RMSec 22522671 sequence and each of the two
target HMMs, produced using hmmalign, is represented in a Stockholm format. Query sequence, query PP (GR PP) and consensus PP (GC PP_cons),
calculated as the arithmetic mean of the per-residue PP in each column, are represented in the first three lines of an alignment. Bottom line of an
alignment contains the reference coordinate (GC RF) annotation, with an x marking each column considered to be consensus.
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Appendix 3

Table A3.1. Analysis of 40 clones selected from the rumen microbial plant-adherent
metagenomic phage display library by affinity screening on complex carbohydrate
substrates.

d

Sequence ID ? Substrate and ORF status ° Putative Putative protein description Predicted Motifs
panning protein membrane- conferring
round ° length targeting possible

(aa) signal ® competitive
advantage
and/or
substrate-
unrelated
binding

RAC12°¢ RAC 4th Background

(Out of
frame)
RAC30 RAC 4th Background None
(<24 aa)
RAC53 ¢ RAC 4th Background
(Out of
frame)
RAC65 RAC 4th In frame 179 Conserved hypothetical protein No ss detected ~ Propagation
[Bacteroides sp. CAG:770] advantage
RAC111° RAC 4th Background
(Out of
frame)
RAC124 ¢ RAC 4th Background
(Out of
frame)
RAC150 RAC 4th In frame 29 Hypothetical protein No ss detected ~ None
RAC162 RAC 4th Background
(Out of
frame)
RAC183 RAC 4th Background Propagation
(<24 aa) advantage and
suspected binder
to
immunoglobulin
Fc region
RAC200°9 RAC 4th Background
(Out of
frame)
AXYL221 AXYL 4th In frame 101 Hypothetical protein N-terminal None
TMH
AXYL222 AXYL 4th In frame 264 Conserved hypothetical protein Possible non- Propagation
[Eggerthella sp. CAG:298] classical advantage
secretion
AXYL223 AXYL 4th In frame 112 Hypothetical protein Type | ss None
AXYL224 AXYL 4th Background
(Out of
frame)
AXYL225 AXYL 4th In frame 98 Concanavalin A-like lectin/glucanase Possible non- None
[Prevotella sp. CAG:474] classical
secretion
AXYL226 AXYL 4th Background
(Out of
frame)
AXYL227 AXYL 4th Background
(Out of
frame)
AXYL230 AXYL 4th Background
(Out of
frame)
AXYL231 AXYL 4th Background
(Out of
frame)

AXYL232 AXYL 4th In frame 77 Conserved hypothetical [Bacteroides Type | ss Propagation

sp. CAG:545] advantage

AXYL233" AXYL 4th Background Propagation

(<24 aa) advantage

AXYL235 AXYL 4th Background

(Out of
frame)
AXYL236 AXYL 4th In frame 127 Preprotein translocase subunit SecA No ss detected ~ None
[Clostridiales genom sp. BVAB3 str.
UP119-5]
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Sequence ID ? Substrate and ORF status ° Putative Putative protein description g Predicted Motifs

panning protein membrane- conferring
round ° length targeting possible
(aa) signal © competitive
advantage
and/or
substrate-
unrelated
binding ’
AXYL237 AXYL 4th Background
(Out of
frame)
AXYL238 AXYL 4th Background Propagation
(<24 aa) advantage and
suspected plastic
binder
AXYL239 AXYL 4th Background
(Out of
frame)
AXYL240" AXYL 4th Background Propagation
(<24 aa) advantage
AXYL244 AXYL 4th Background None
(<24 aa)
RAC261 RAC 1st In frame 400 Diguanylate cyclase (GGDEF) domain No ss detected ~ Propagation
protein [Clostridium sp. CAG:127] advantage
RAC262 RAC 1st In frame 63 Conserved hypothetical protein No ss detected ~ Propagation
[Clostridium sp. CAG:352] advantage
RAC263 RAC 1st In frame 47 Oxidoreductase [Prevotella ruminicola ~ No ss detected  Propagation
23] advantage
RAC295 RAC 1st Background
(Out of
frame)
RAC298 RAC 1st Background None
(<24 aa)
RAC302 RAC 1st Background None
(524 aa)
RAC328 RAC 1st Background None
(524 aa)
AXYL342 AXYL 1st In frame 216 Serine/threonine protein kinase Possible non- Propagation
[Veillonella sp. oral taxon 780] classical advantage and
secretion suspected binder
to unrelated
antibodies
AXYL347 AXYL 1st In frame 295 Conserved hypothetical protein Possible non- Propagation
[Prevotella saccharolytica] classical advantage and
secretion suspected plastic
binder
AXYL358 AXYL 1st Background None
(<24 aa)
AXYL366 AXYL 1st Out of frame
AXYL379 AXYL 1st Background Propagation
(<24 aa) advantage and

suspected binder
to
immunoglobulin
Fc region

Abbreviations: aa, amino acid residues; RAC, regenerated amorphous cellulose; AXYL, wheat
arabinoxylan, 1%, first round of panning; 4", fourth round of panning. ® IDs of the 40 sequenced
amplicons correspond to IDs of 40 bacterial colony PCR amplicons selected for sequencing
(marked with red arrows in Figure 4.2). ® Substrate and panning round from which 40 sequenced
metagenomic phage display library clones were selected by affinity screening. © ORF status: In
frame, ORFs encoding putative proteins >24 aa in frame with vector-encoded plll; Background
(<24 aa), ORFs encoding putative proteins and peptides <24 aa in frame with vector-encoded
plll; Background (out of frame), ‘background’ inserts containing ORFs encoding putative
proteins out of frame with vector-encoded plll. ¢ Putative protein description based on best
BLASTP hit against NCBI nr protein database is provided only for the best BLASTP hits with
an E-value of <1e-05 and a query coverage of >30%. Putative proteins with best BLASTP hit
below this threshold are described as hypothetical. ®* Membrane-targeting signals predicted for
putative proteins in frame with plll and >24 aa: ss, signal sequence; Type | ss, classical ss;
TMH, transmembrane a-helix; Possible non-classical secretion, secretion via non-classical
pathways indicated by SignalP 2.0 score >0.5. "Short overlapping regions (40 aa long with 10 aa
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long overlapping sequence) of all putative proteins in frame with plll were scanned for motifs
conferring possible competitive advantages and/or substrate-unrelated binding using the
SAROTUP database [408]. ®" Multiple inserts containing single distinct ORF.
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