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Abstract

The fermentation of feed and formation of methane (CH4) by ruminant animals occur in
the rumen, and both are microbial processes. There is a natural variation in CH4 emissions
among sheep, and this variation is heritable. Therefore, breeding for sheep that naturally
produce less CHg is a viable strategy to reduce anthropogenic greenhouse gas emissions.
Rumen bacteria play a major role in feed fermentation and in the formation of hydrogen
(H2) or formate, which are converted to CH4 by other rumen microbes called
methanogens. It has been shown that rumen bacterial community compositions in low
CHjy emitting sheep differ to those in high CH4 emitting sheep. This led to the hypothesis
that the metabolism of dominant rumen bacteria associated with low CHs emitting sheep
should explain the lower CH4 yield, for example by producing less Hz or formate than
bacteria associated with high CHs emitting sheep. In this project, the diversity and
physiology of members of the bacterial genera Quinella, Sharpea and Kandleria, which
are major bacterial groups associated with low-CH4 emitting sheep, were investigated. It
appeared that the genus Quinella is more diverse than previously suspected, and might
contain at least eight potential species, although to date none have been maintained in
laboratory culture. Sharpea and Kandleria contain two and one species respectively.
Experiments with Sharpea and Kandleria showed that these behave like classical lactic
acid bacteria that produce lactate as their major end product and did not change their
fermentation pattern to produce more H> or formate when grown in the presence of
methanogens. This strengthens a previous hypothesis that sought to explain low CHgs
emissions from sheep with Sharpea and Kandleria in their rumens, in which this invariant
production of lactate was a key assumption. Quinella is another bacterium found in larger
numbers in the rumen of some low CHs sheep. Virtually nothing is known about its
metabolism. FISH probes and cell concentration methods were developed which helped
in its identification and resulted in construction of four genome bins of Quinella that were
more than 90% complete with as little as 0.20% contaminated. Bioinformatic analyses of
the proteins encoded by these genomes showed that Quinella has the enzymes for lactate
formation and for the randomising pathway of propionate formation. This indicated that
lactate and propionate might be major fermentation end products of Quinella.
Additionally, the presence of an uptake hydrogenase in the Quinella genomes opens up
the new possibility that Quinella might even use free H» in the rumen. In all these possible
pathways, little or no H> would be produced, explaining why an increased abundance of
Quinella in the rumen would lead to lower CH4 emissions from those sheep with high

abundances of this bacterium.

iii



v



Acknowledgements

If I had to make a list of the great things that happened during my PhD, then certainly
getting Dr Peter Janssen as a supervisor would go on the top of this list. I sincerely thank
you for your wisdom, encouragement and valuable advice throughout my PhD. You
surely have made this steep learning curve easier for me. I gratefully acknowledge Dr
Gemma Henderson and Dr Sandra Kittelmann for helping me to explore ARB and QIIME
and thereafter, providing valuable feedback on the project. Your contributions have made

a significant difference to my thesis.

I greatly appreciate Dr Mark Patchett for being supportive and providing consistent
feedback. I thank Dr Graeme Attwood for invaluable suggestions and constructive
criticism throughout the project. I thank Dr Sinead Leahy for providing me with much
needed support in metagenomic analysis and Dr Eric Altermann for helping me with
genome annotations. I thank Dr Dragana Gagic and Associate Professor Jasna Rakonjac
for attending my monthly supervisor meetings and Dr Sinead Waters for being my
Teagasc supervisor. | thank Dr Christina Moon, Dr Ron Ronimus, Dr Janine Kamke,
Priya Soni, Faith Cox and all of the rumen microbiology team for helping and supporting
me in, and outside of the lab. I thank Dr Arjan Jonker and all animal technicians for
helping me with sample collection and sheep handling and Bryan Treloar for HPLC
analysis. I thank Dr Ruy Jauregui for bioinformatics support and Dr Siva Ganesh and

Catherine McKenzie for statistical support.

I would like to thank Teagasc, Ireland for awarding me a Walsh Fellowship, and the New
Zealand Agricultural Greenhouse Gas Research Centre (NZAGRC) for providing
financial support to carry out my PhD project.

I would like to thank all the fellow students in the student room for providing a great
social environment. Great thanks to my diverse flatmates covering eleven countries and
five continents over the years, especially Aniek, Ermanno, Stefi, Daniel, Taina, Stephen,
Maarten, Judith, Savannah and Linda. Thanks are also due to my adopted, extended New
Zealand family; Dr Helal Ansari, Dr Wajid Hussain, Dr Sandeep Gupta, Dr Tanu Gupta,
Dr Preeti Raju, Agneta Ghose, Lovepreet Kaur, Jaspreet Singh, Debjit Dey and Shampa
Dey for making this journey joyful.

And finally, to my family, mother Deo Pari Devi, father Shambhu Sharan Prasad, brother
Santosh Kumar and sister Sarika Anjan for showing faith in me and providing much
needed love and encouragement. Cherished memories of my grandmother Sita Devi were

a source of great comfort during my present academic journey.



vi



Dedication

To the most impressive and beautiful woman of my life, my mother, the late Deo Pari Devi.
Like any other child, I also ran out of the words to show my gratitude and emotions for all
the love and sacrifices you have made to make me a better human being. I wish you could be
here to share the joy of my accomplishment, which belongs more to you than me. But I am
sure that you are watching me from heaven and pouring your blessing on me as always. I

dedicate not only this thesis, but all my future achievements to you.

vil



viil



Abstract

Table of contents

Acknowledgements

Dedication

Table of contents

List of tables

List of figures

Abbreviations

Chapter 1 Introduction and literature review

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

Introduction

The rumen

Microbial groups in the rumen
Pathways of fermentation in the rumen
Mitigation of ruminant CH4 emissions

Low CH4 emitting animals

il

vil

1X

Xvii

Xxi

XXVii

8

8

Difference in rumen microbial communities between high and low CH4 animals 9

“Omics” approaches to understand community structure and physiology

1.8.1  Use of genomics to understand rumen bacterial physiology

1.9

Research aims

Chapter 2 Materials and methods

2.1

2.2

23

2.4

Animal use and ethics approvals
Rumen fluid collection for media preparation
Autoclaving

Media solutions and additives

X

11

14

16

17

17

17

17

17



24.1

242

243

244

245

2.4.6

247

248

249

Trace element solution SL.10

Selenite/tungstate solution

Vitamin 10 concentrate solution

Clarified rumen fluid preparation

No Substrate Rumen Fluid Vitamin mix (NoSubRFV)
General substrate-Rumen Fluid-Vitamin mix (2GenRFV)
Sugar, amino acid and substrate solutions

Pectin (10% w/v)

3M sodium formate and 0.5 M sodium acetate for methanogen growth

2.5  Culture experiments

25.1

252

253

2.54.

Substrate utilisation test
Co-culture experiment
End product analysis using gas chromatography

Enzymatic determination of D- and L-lactate

2.6  Growth media

2.6.1

2.6.2

RMO02 growth media

LB (lysogeny broth) liquid and solid medium

2.7  DNA cloning methods

2.7.1

2.7.1.1

Reagents preparation

Phosphate buffered saline (PBS)

2.7.1.2 50 x Tris-acetate-EDTA (TAE) buffer

2.7.2

2.7.3

2.7.4

DNA extraction from various sample types
DNA quantification

Polymerase chain reaction (PCR)

17

17

18

18

18

19

19

19

20

20

20

20

21

22

22

22

23

23

23

23

23

23

25

25



2.7.5  Agarose gel electrophoresis 25

2.7.6  Clone library construction 25
2.7.6.1 Colony PCR and sequencing 26
2.7.6.2 Clone analysis 28

2.8  Pyrosequencing analysis to assess bacterial community composition 28

2.9  Identification of taxa associated with samples from high and low CHs sheep 29

2.10 Phylogenetic analysis of Quinella, Sharpea and Kandleria 29
2.11 Fluorescence in situ hybridisation (FISH) 30
2.11.1 Rumen samples 30
2.11.2  Rumen fluid fixation and preservation for FISH 31
2.11.3  FISH probe design 31
2.11.4 FISH probe testing 31
2.11.5 Clone FISH 32
2.11.6  Liquid FISH 33

2.12 Experiments to provide better understanding of Quinella morphology and

physiology 35
2.12.1 Sample collection 35
2.12.2  Isolation of Quinella-like cells from sheep rumen samples 35
2.12.3  Method development for Quinella concentration from rumen fluid 36

2.13  Electron microscopy of Quinella 36
2.13.1 Scanning electron microscopy (SEM) 36
2.13.2  Transmission electron microscopy (TEM) 37

2.14 Sample type 4 processing for metagenome sequencing 38
2.14.1  Whole genome amplification from sorted Quinella cells 38
2.142  Cell lysis 38

X1



2.143 MDA 39
2.14.4  Screening and taxonomic identification of MDA products. 39

2.15 Estimation of Quinella cell abundance and sample preparation for metagenome

sequencing 39
2.16 Metagenome sequences processing 40
2.17 Quinella genomic bins analysis 41
2.17.1 Phylotyping of genomic bins 41
2.17.2  Quality assessment of genomic bins 41

2.17.3  Amplification of near full length 16S rRNA gene sequence of Quinella genome

bins 42
2.18 Quinella genome bin annotation and functional analysis 44
2.18.1 Functional genome analysis 44
2.18.2 Metabolic pathway construction 44

Chapter 3 Rumen bacterial taxa associated with high and low methane emitting sheep 45
3.1  Introduction 45
3.2 Results and Discussion 46

3.2.1  Rumen bacterial community structure in high and low CH4 emitting sheep

46

3.2.2  Sample distribution by CH4 and bacterial community composition 50
3.2.3  Bacterial taxa associated with the different community types 52
3.2.3.1 Elimination of low-abundance taxa 53
3.2.3.2 Generating a dataset with only extreme CH4 yield samples 55
3.2.3.3 Taxa associated with Q, H and S-type communities 58

3.2.4  Operational taxonomic units associated with different community types 63

3.2.5  Volatile fatty acid (VFA) profiles of Q-, S- and H-type community samples 68

Xii



3.2.6  Taxonomic refinement of Quinella, Sharpea and Kandleria 69
3.2.7  Quinella, Sharpea and Kandleria diversity within and between sheep 76
3.3 Conclusions 83
Chapter 4 Physiology of Sharpea and Kandleria 85
4.1  Introduction 85
4.2 Results and discussion 86
4.2.1  Substrates that support growth of Sharpea and Kandleria 86
4.2.2  End products of Sharpea and Kandleria 90
423 Is the fermentation pattern of Sharpea and Kandleria influenced by a
methanogen? 90
4.3  Conclusions 95
Chapter 5 Investigation of Quinella through genome analysis from metagenomic DNA 97
5.1  Introduction 97
5.2 Results and Discussion 98
5.2.1  Fluorescence in situ hybridisation (FISH) probe design for Quinella 98
5.2.2  Use of FISH probes with rumen samples 100
5.2.3  Attempt to culture Quinella 106
5.2.4  Enrichment of Quinella cell from rumen liquor samples 106
5.2.5  Ultrastructure of Quinella 110
5.2.6  Diversity of Quinella in the concentrated samples 111
5.2.7  Single cell sorting to generate genomic DNA sequences from Quinella 111
5.2.8  Shotgun sequencing results, assembly and contigs binning 116
5.2.9  Quinella genome bins 118
5.2.10 Quinella genome bin annotation 132
5.3  Conclusions 137

xiil



Chapter 6 Insights into the physiology of Quinella, and its possible role in the rumen of low-

methane-emitting sheep

6.1  Introduction

6.2  Results and discussion
6.2.1  Degradation of polysaccharides
6.2.2  Degradation of sugars to pyruvate
6.2.3  Other sugar fermentation pathways
6.2.4  End products from pyruvate
6.2.4.1 Lactate dehydrogenase
6.2.4.2 Acetate formation
6.2.4.3 Possibility of formate, butyrate and ethanol formation by Quinella
6.2.5  Detailed analysis of key enzymes involved in propionate formation
6.2.5.1 Methylmalonyl-CoA decarboxylase and oxaloacetate decarboxylase
6.2.5.1.1 Detailed analysis of Quinella MMCD and OACD subunits
6.2.5.2 Fumarate reductase
6.2.5.2.1 Detailed analysis of Quinella QFR

6.2.5.3 Hydrogenase (Ni-Fe)

139

139

140

140

144

145

145

147

149

155

157

157

157

169

170

175

6.2.5.3.1 Identification and classification of hydrogenases in Quinella genomes175

6.2.5.3.2 Detailed analyses of Quinella hydrogenase subunits
6.2.5.4 Rnf complex
6.2.5.5 ATP synthase
6.2.5.6  Na'/H" antiporter
6.2.6 Amino acid and flagella synthesis in Quinella
6.3  Conclusions

Chapter 7 Summary, conclusions and ideas for further research

X1v

176

186

186

188

188

189

197



7.1  Rationale

7.2 Summary of results

7.3 Ideas for further research
References

Appendices

XV

197

198

202

205

239



XVi



Table 2.1

Table 2.2

Table 2.3

Table 3.1

Table 3.2

Table 3.3

Table 3.4

Table 3.5

Table 4.1

Table 4.2

Table 4.3

Table 4.4

Table 5.1

List of tables

Primers used for amplification and sequencing of DNA and

plasmid fragments.
Hybridisation and washing buffer preparation for FISH.

Primers used to amplify 16S rRNA genes from DNA of Quinella-

enriched samples.

Distribution of community types in samples from high and low

CHgs sheep.

Average relative abundances (%) of taxa significantly associated

with H- (high-CH4) and Q- or S- (low-CH4) type communities.
Assessment of SPLS-DA via cross validation

Samples used for clone library construction, and sequences

obtained.

OTU distribution in clusters of the genera Quinella, Sharpea, and
Kandleria in rumen samples classified as H-, Q-, and

S-community types.

Substrates that supported growth of strains of Sharpea and
Kandleria.

End products from fructose fermentation by Sharpea and

Kandleria.
Lactate isomers formed by Sharpea and Kandleria.

Changes in concentrations of substrate and fermentation products
in cultures of Sharpea or Kandleria with and without

Methanobrevibacter olleyae.

Quinella-specific FISH probes designed for this study.

Xvii

27

34

43

53

59-61

65

70

79-81

88

&9

89

94

99



Table 5.2

Table 5.3

Table 5.4

Table 5.5

Table 5.6

Table 5.7

Table 5.8

Table 5.9

Table 5.10

Table 6.1

Table 6.2

Table 6.3

Table 6.4

Table A3.1

Table A3.2

Matches of Quinella probes to Quinella 16S rRNA gene

sequences.

16S rRNA gene clone libraries prepared from Quinella-enriched

samples.
Read number and sequence quality from DNA sequencing data.

Assemblies and bins generated from metagenomics DNA

sequence data.

Steps to generate Quinella genome bins from metagenomic DNA

sequence data.

Lineage-specific quality control assessment of Quinella genome

bins using CheckM.

Quinella genome bin specifications.
Similarity matrix of cloned sequences.
Quinella genome bin statistics.

CAZyme counts in the Quinella genome bins.

GH enzyme family and related enzymes found in all Quinella

genome bins.

Amino acid sequence similarities of fumarate reductase subunit

C.

Steps and enzymes involved in ATP formation and consumption,
following different pathways for end product formation by

Quinella.

101-103

107

117

117

119

122

123

128

133

143

143

172

194-195

Details of the 88 taxa with a relative abundance of >1% in any of 239-242

the samples, forming the reduced taxa dataset.

Summary of statistical analysis and average relative abundance

(%) of taxa represent in Table 3.2.

XVviil

243-244



Table AS5.1

Table A6.1

Table A6.2

Table A6.3

Functional classification of the predicted genes in the four
Quinella genome bins based on the clusters of orthologous

proteins (COGs) database.
CAZymes found in Quinella genome bins.

Key enzymes in sugar fermentation and associated energetics

found in Quinella genome bins.

PTS transporter found in Quinella genome bins using
TransportDB 2.0 database.

XiX

245-246

247-255

256-260

261-262



XX



Figure 1.1
Figure 1.2

Figure 1.3

Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

Figure 3.6

Figure 3.7

Figure 3.8
Figure 3.9
Figure 3.10

Figure 3.11

List of figures

Atmospheric CHy4 at Baring Head (New Zealand).

Four stomach compartments of a ruminant.

Simplified scheme of pathways of fermentation of complex plant
polysaccharides.

Methane yields associated with each of 236 rumen samples by

cohort and measuring round (enclosed in dashed ovals).
Rarefaction plot using chaol matrix
Contribution of various bacterial orders to overall bacterial

community composition. Orders that contributed on average <1%

are summarised as “other bacteria”.

Principal coordinate analysis based on y>-distance metric
comparing the relative abundances of bacterial groups in each of

228 samples.
Relative abundance of bacterial taxa in 230 rumen samples.

Number of taxa and sequence reads retained at different

threshold.

Principal coordinate analysis based on y*-distance metric
comparing the relative abundances of bacterial groups in each of
230 samples using all taxa, and taxa with a relative abundance of

>1% in any of the samples

Sample distribution by CH4 yield from sheep.
Taxa associated with different community types.
Separation of samples based on sPLS-DA scores.

sPLS-DA loadings associated with OTUs.

XX1

47

49

50

52

54

55

56

57

62

66

67



Figure 3.12

Figure 3.13

Figure 3.14

Figure 3.15

Figure 3.16

Figure 3.17

Figure 4.1

Figure 4.2

Figure 5.1

Figure 5.2

Figure 5.3

Propionate to acetate ratios in rumen samples that contained Q-,

S- and H-type communities.

Refined phylogenetic tree of the genera Quinella, Sharpea and

Kandleria.

Sequence identities between sequences from Quinella and
Selenomonadaceae genus 1 in the clusters in the refined

phylogenetic tree of Quinella, Sharpea and Kandleria.

Sequence identities between sequences from Sharpea and
Kandleria in the clusters in the refined phylogenetic tree of

Quinella, Sharpea and Kandleria
Phylogenetic distribution of low methane associated OTUs.

Heat-map of sequence read abundance grouped by sequence
clusters in the genera Quinella, Sharpea, and Kandleria (Figure
3.13) in 230 rumen samples classified as H-, Q-, and S-type

communities.

Possible fermentation schemes discussed in this chapter. A)

Homolactic fermentation.

Experimental design of co-culture experiments of Sharpea or

Kandleria with Methanobrevibacter olleyae.

Micrographs of rumen bacterial cells hybridised simultaneously
with Cy3- and Alexa 488-labelled Quinella-specific probes
Quinl130Mix and Quin1231 respectively.

Micrographs of rumen bacterial cells hybridised simultaneously
with Cy3-labelled universal bacterial probe EUB338 and Alexa
488-labelled Quinella-specific probe Quinl1231.

Phase contrast images of enriched Quinella-like cells from

sample 3.

XXil

68

73

74

75

78

82

92

93

104

105

108



Figure 5.4

Figure 5.5

Figure 5.6

Figure 5.7

Figure 5.8
Figure 5.9

Figure 5.10

Figure 5.11

Figure 5.12

Figure 5.13

Figure 5.14

Micrographs of concentrated Quinella cells from sample 3 that
were hybridised simultaneously with Cy3-labelled universal
bacterial probe EUB338 and Alexa 488-labelled Quinella-
specific probe Quinl231.

Scanning electron microscopic images of putative Quinella cells

and other cells in sample 3.

Transmission electron microscopic images of putative Quinella

cells from sample 3.

Phylogenetic tree of 16S rRNA gene sequences affiliated with

Quinella from concentrated samples enriched for Quinella cells.
Phylotyping of genomic bins.
Comparison of Quinella genome bins.

Primer targets and use to amplify 16S rRNA genes from DNA of

Quinella-enriched samples.

Phylogenetic tree of Quinella 16S rRNA gene sequences,
including those amplified from the DNA samples used to

generate the Quinella genome bins.

Sequence similarity matrix of clone library sequences amplified
from the DNA samples used to generate the genome bins, and

other sequences assigned to Quinella.

Phylogenetic distribution of repset sequences representing
abundant OTUs of Quinella and 16S rRNA gene sequences
amplified from the DNA samples used to generate the Quinella

genome bins.

Functional classification of the predicted genes in the four
Quinella genome bins based on the clusters of orthologous

proteins (COGs) database.

XXiii

109

112

113

114-115

120

124

127

129

130

131

134



Figure 5.15

Figure 5.16

Figure 6.1

Figure 6.2

Figure 6.3

Figure 6.4

Figure 6.5

Figure 6.6

Figure 6.7

Figure 6.8

Figure 6.9

Figure 6.10

Figure 6.11

Figure 6.12

Figure 6.13

Venn diagram of orthologous protein families among all four

Quinella genome bins.

Functional genome distribution (FGD) tree of Quinella genome

bins.
Deduced fermentation pathways of Quinella.

Phylogenetic analysis of L-lactate dehydrogenases from the
Quinella genome bins. Malate dehydrogenase of M. elsdenii was

used as the out group.
Identification of PFOR in the Quinella genome bins.

Pathway showing possible electron flow from the glycolytic

pathway and conversion of pyruvate to acetyl-CoA.
Possible acetate formation pathways from acetyl-CoA.

Identification of succinate CoA-transferase in the Quinella

genome bins.
Enzymes involved in formate, butyrate and ethanol pathway.

Phylogenetic tree of o subunits of MMCD and OACD, based on

amino acid sequences.

Alignment of alpha subunits (MmdA, OadA) of MMCD and

OACD of Quinella with reference sequences.

Alignment and transmembrane helices analysis of beta subunits
of MMCD (MmdB) and OACD (OadB) of Quinella and

comparison with reference sequences.
Gamma and delta subunits.
MMDC and OADC structures.

Alignments of amino acid sequences of hydrophilic subunits of

fumarate reductase from Quinella with those from other bacteria.

XX1V

135

136

146

148

150

151

154

154

156

160

161

166

167

168

173



Figure 6.14

Figure 6.15

Figure 6.16

Figure 6.17

Figure 6.18

Figure 6.19

Figure 6.20

Figure 6.21

Figure A6.1

Figure A6.2

Subunit C of fumarate reductase.

Phylogenetic classification of Quinella hydrogenases using the

amino acid sequences of the large (catalytic) subunit.

Amino acid sequence alignment of the large subunit of the

hydrogenase.

Amino acid sequence alignment and transmembrane helices and
signal peptide analysis of small subunit of the Quinella

hydrogenase.

Amino acid sequence alignment and transmembrane helices

analysis of cytochrome-b subunit of the Quinella hydrogenase.

Alignment of amino acid sequences from subunit ¢ of ATP

synthase.

Schematic showing glucose fermentation pathway of Quinella

based on four Quinella genomic bins.

Possible end product formation by Quinella from glucose and

lactate utilisation.
Genes implicated in amino acid synthesis in Quinella.

Genes associated with flagellar assembly in Quinella.

XXV

174

180-181

182-183

184-185

185

187

192

193

263

264



XXVi



2GenRFV
AA

aa
ANOVA
ATP
BES
BLAST
BLOSUM
BSA
CAZy
CAI
CDS

cfu

CH4
CO2
CoA
COGs
CRISPR
DNA
EDTA
FGD
FISH
GHG(s)
GIT
HMM
IPTG
KEGG
LB
mRNA

Abbreviations

Double general substrate-Rumen Fluid-Vitamin mix
Auxiliary Activities

Amino acid(s)

Analysis of variance

Adenosine triphosphate
2-Bromoethanesulfonic acid

Basic Local Alignment Search Tool
BLOcks SUbstitution Matrix
Bovine serum albumin
Carbohydrate-Active enZYmes
Codon adaptation index

Coding DNA sequence
Colony-forming units

Methane

Carbon dioxide

Coenzyme A

Clusters of Orthologous Groups

Clustered regularly interspaced short palindromic repeat

Deoxyribonucleic acid
Ethylenediaminetetraacetic acid
Functional Genome Distribution
Fluorescence in situ hybridisation
Greenhouse gas(es)

Gastrointestinal

Hidden Markov Model

Isopropyl B-D-1-thiogalactopyranoside
Kyoto Encyclopedia of Genes and Genomes
Lysogeny broth

Messenger RNA

XXVil



NAD
NADP
NCBI
NoSubRFV
NZ

02
ORF
PCoA
PCR
QIIME
RNA
TAE
TE
TEM
TMH
tRNA
uv
VFA
Vv
\A'AY
v/v
w/v

X-gal

Nicotinamide adenine dinucleotide
Nicotinamide adenine dinucleotide phosphate
National Center for Biotechnology Information
Rumen fluid vitamin mix with no added growth substrates
New Zealand

Oxygen

Open reading frame

Principal coordinate analysis

Polymerase chain reaction

Quantitative Insights Into Microbial Ecology
Ribonucleic acid

Tris acetate EDTA

Tris EDTA

Transmission electron micrograph/microscopy
Transmembrane helix

Transfer RNA

Ultra violet

Volatile fatty acid

Volume to volume

Volume to volume to volume

Volume/volume

Weight/volume

5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside

Measurement Units:

°C
ng
pL

Degrees Celsius
microgram
microlitre
micrometre
micromolar

Base pair

XXViii



kcal
kb
kDa

kV

Mb
mg
min
mL
mM
ng

nm

ppm

Hour
kilocalorie
kilobase pairs
kilodaltons
kilopascal
kilovolts
Litre

Molar
megabase pairs
milligram
minutes
millilitre
millimolar
nanogram
nanometer

Parts per million

revolutions per minute

seconds

XXIX








