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Abstract

While the use of nitrogen (N) fertilizer has provided many benefits to agriculture, incessant use of it
can reduce soil organic matter and fertility resulting in lower crop yields. Legume plants can fix its own
N, through symbiotic nitrogen fixation (SNF) to promote plant growth by developing facultative root
organs called nodules. Therefore, increasing the rate of SNF to reduce dependence on N fertilizer is a
promising strategy for sustainable legume production. In legume cultivation this symbiotic process
confronts two major challenges. First, SNF is suppressed by readily available N in the soil and second,
the early senescence of N-fixing nodules can limit any further fixation to occur. Previous reports show
that N fertilizer supresses SNF activity in many legumes and supports plant growth better than SNF.
Moreover, suppression of SNF can also be induced by drought stress which causes early nodule
senescence and subsequent reduced rates of plant growth. This thesis addresses the process of SNF
suppression in two Medicago truncatula selected genotypes, Jemalong A17 and R108, in response to
external N treatment and also delivers a molecular view on the regulation of drought-induced nodule

senescence processes.

| first hypothesized that Jemalong A17 and R108 may respond differently to external N treatment and
drought stress, which both lead to SNF suppression. To determine this, M. truncatula plants were
grown with the N»-fixing symbiont Ensifer meliloti and °N-labelled N fertilizer under well-watered and
drought conditions. Plants were then harvested at different time points. N partitioned by SNF and N
fertilizer were measured using isotope ratio mass spectroscopy. Results show that under well-watered
conditions, N fertilized R108 plants used SNF for N uptake (upto 23% of total shoot N), when
inoculated with E. meliloti, and reduced N fertilizer uptake to balance total N uptake. Under drought
stress, both Jemalong A17 and R108 plants derived assimilated N from SNF (upto 45% of total shoot
N) while they significantly reduced the N uptake from N fertilizer. Moreover | found that SNF in
association with E. meliloti not only benefitted the host by increasing the N supply but also primed the

host plant to better tolerate drought stress by controlling the expression of drought-associated genes.

In legumes, nodules are the first organs to be responsive to drought stress. Once drought conditions
are perceived, the host plant induces early nodule senescence in order to reduce the carbon
investment in the nodules. Therefore, nodule senescence can be part of a drought-survival strategy.
However, as SNF becomes limited due to early nodule senescence, nutrient stress can develop in the
legume in addition to the drought stress. Here, | then hypothesized that the intrinsically destructive
senescence process must be tightly regulated to function as a part of drought-survival strategy. M.
truncatula protease inhibitor and iron scavenging genes, possibly involved in controlling nodule

senescence, were identified. RNAI lines were constructed in which expression of a serpin or ferritins



were knocked down. Both wild-type and RNAI lines were subjected to drought stress and the
subsequent nodule activity and plant physiological responses were measured. Drought caused M.
truncatula to initiate nodule senescence before plant growth was affected and before an increase in
papain-like proteolytic activity and free iron levels were detected. Knock-down expression of serpin6
and ferritins caused increased protease activity, free iron levels, early nodule senescence and reduced
plant growth. These results suggest that M. truncatula expresses serpin6é and ferritins in nodules to
mediate ordered drought-induced senescence by regulating papain-like cysteine protease activity and
free iron levels. This strategy may allow the drought-stressed plants to extract the maximum benefit

from residual N fixation and nutrient recovery resulting from the breakdown of macromolecules.
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Chapter 1

Introduction

Currently, there are two important tasks that must be addressed in the field of agriculture. First, the
risks that climate change imposes on plants must be reduced. Second, food security must be ensured.
Crop and forage legumes in agriculture are two important food sources for highly nutritious food for
both humans and livestock feed. In addition to these fundamental benefits, the majority of legumes
are grown for sustainable agricultural production as it improves the soil fertility. In agriculture,
legumes are also often used for crop rotation as this can also benefit non-legumes by increasing soil
N fertility. However, in an intensive agriculture system synthetic N fertilizers are being widely used as
the host plant ca uptake N at low carbon cost (Crews & Peoples, 2004; Fischer et al., 2010). Excessive
use of these chemical fertilizers for crop yield causes extensive fertilizer runoff into waterways and
causes adverse effects on the environment (Udvardi et al., 2015). Therefore, legume-based cropping
systems are an example of a natural resource management practice which can reduce the use of
synthetic fertilizers (Pislariu, 2012). These plants maintain soil nitrogen (N) fertility through symbiotic
association with N,-fixing soil bacteria called rhizobia (Pierre et al., 2014). This symbiotic interaction
between rhizobia and legumes leads to the formation of facultative root organs called nodules where
atmospheric N, is fixed and exported to other parts of the plant as a usable form (ammonia) (Gourion
et al., 2015). In return, rhizobia are provided with energy carbon by the host plant for various cellular
activities. The whole process of nitrogen fixation requires eight electrons and at least sixteen ATP

molecules to fix one molecule of N, gas.

N,+8H*+8e > 2NHs+ Ha

The efficiency of this symbiosis may depend on rhizobial invasion into root cortices and their ability to
colonize. Initially, a rhizobium enters the root cortex through a signal exchange which involves the
interaction of rhizobial lipochitin oligosaccharide molecules called Nod factors and root flavonoids.
This signal interaction leads to the formation of nodule primordia (Quintana et al., 2013; Maunoury et
al., 2010). After invasion into infection threads, rhizobia undergo cellular differentiation, become
surrounded by a plant membrane and form organelle-like symbiosomes. At this stage, rhizobia are
known as bacteroids as they can start fixing N, (symbiotic nitrogen fixation). The symbiosome
membrane encloses the bacteria into individual cortical cells and the bacteroids are surrounded by

plant plasma membrane called periplasmic membrane (Lodwig et al., 2003).



1.1 Plant Immunity and rhizobial infection

In general, a plant defence response is elicited upon the initial stages of rhizobial infection and then
will be suppressed at later stages. The plant immune response towards the rhizobial infection is well
described for several legumes like Glycine max (L) Merr, Medicago and Phaseolus (Gourion et al.,
2015). A transcriptomic study in soybean demonstrated that plant defence-related genes are induced
strongly in roots after 12 hours of Bradyrhizobium japonicum infection, and the same genes are then
suppressed after24 hours of infection (Libault et al., 2010). Similar results were found in M. truncatula
where defence-related genes in roots were expressed 1 hour after inoculation with S. meliloti but then
suppressed as early as 6 hours after inoculation (Lohar et al., 2006). This might be due to inactive
bacterial MAMPs (microbe-associated molecular patterns) where plant immune responses rely on to
recognize rhizobial infection (Gourion et al., 2015). It has been demonstrated that exopolysaccharides
like the succinoglycan found in various rhizobia suppresses MTI (MAMP triggered immunity) by
chelating the cellular signalling molecule calcium (Jones et al., 2008; Aslam et al., 2008). In addition,
the bacterial type Ill or type IV secretion systems (T3SS/T4SS) found in many pathogenic bacteria,
including the rhizobia, can also help to suppress MTI through releasing nodulation outer proteins
(NOPs) (Deakin et al., 2009). Once this defence mechanism is established in roots upon the initial
infection of rhizobia, plants use reactive oxygen species (ROS) through H,0, production to
subsequently recruit more rhizobia. Jamet et el. (2007) described a mutant strain of Sinorhizobium
meliloti that is deficient in H,0, production which caused inefficient infection and reduced nodule
numbers in M. truncatula due to limited ROS production. This indicates that H,0; and ROS production

upon rhizobial infection is essential for optimal rhizobial invasions in roots.

There are two important hormones that have been identified in nodules that reduce rhizobial infection
and nodule numbers. The plant defence hormone salicylic acid (SA) was shown to affect rhizobial
infection and nodule numbers in both indeterminate nodule-forming M. truncatula and determinate
nodule-forming Lotus japonicus (Stacey et al. 2006). For controlling SA levels in nodules, Nod factors
(NFs) were identified as a key controlling factor. Martinez-Abarca et al. (1998) and Blilou et al. (1999)
demonstrated that Medicago sativa and pea plants inoculated with incompatible (Nod genes absent)
or Nod factor-deficient mutant strains of rhizobia resulted in an increased accumulation of SA in the
roots. In the meantime, non-nodulating pea mutant Pssym30 (defective in nod factor induction),
inoculated with a compatible rhizobia strain increased the root SA content. This indicates that control
of SA in the nodules is also dependent on the compatibility of the rhizobia which express NF’s. NF’s
are produced by the bacteria to initiate nodulation and promote development. This has been shown

by previous studies that NFs are not only expresses in the root cortex upon rhizobial infection, but the



genes also actively transcribe when the rhizobia enter the nitrogen fixation zone in order to maintain

the nodule organogenesis (Sugawara et al., 2014; Liang et al., 2013; Roux et al., 2014).

Ethylene is another defence-related hormone produced in plants during natural aging and stress-
induced early bacteroid senescence. However, an acdS gene (1-amino cyclopropane carboxylate
deaminase) which catalyses the degradation of ACC (an ethylene precursor) into ammonium and a-
ketobutyrate has been found in many rhizobia (Blaha et al., 2006). Through the activity of this enzyme,
ACC deaminase-containing bacteria can reduce ethylene biosynthesis in plants and increase
nodulation (Ma et al., 2003). Nascimento et al. (2012) described that rhizobial strains expressing the
ACC deaminase enzyme displayed an optimal symbiotic performance. This optimal performance is a

consequence of lowering the ethylene levels that typically inhibit the nodulation process.

1.2 Nitrogen fixation under N availability

For optimisation of N uptake and assimilation, plants use complex molecular networks such as
signalling molecules, transporters and sensors. Based on the availability of N in the soil rhizosphere,
this network can be fine-tuned according to the plant’s N demand. Plants have so-called Pl signal
transduction proteins that are involved in controlling N assimilation under low and high N availability.
Under low N conditions, the intracellular concentration of glutamine, which is known as a key signal
for nitrogen status, is reduced. Therefore, the uridylyl transferase or uridylyl-removing enzyme
modifies the trimeric protein of PIl and inhibits its interaction with target genes. As a result,
phosphorylation is activated and the expression of nitrate transporter genes is induced. Under
sufficient or high a nitrogen status, intracellular glutamine molecules cause de-uridylylation of the PII
proteins thereby changing the Pll receptor interaction (D’Apuzzo et al., 2015; Dixon & Kahn, 2004). N
transporters (NRT’s) are the major molecules involved in N sensing and acquisition (Xuan et al., 2017).
Plants have at least 4 major NRT families with distinct functions. In rice, a high affinity transporter of
nitrate, OsNRT2, is highly expressed in most types of root cells but it is weakly expressed in shoots.
This transporter is induced by nitrate but repressed by ammonium (Feng et al., 2011). Members of
the nitrate/peptide transporter family (NPF/NRT1) are low affinity transporters that are unresponsive
to N supply but are highly expressed in root, shoot, leaf blade and sheath. In legumes, once the
rhizobia are established in the nitrogen fixation zone after differentiation into nitrogen fixing
bacteroids, nitrogenase activity starts to convert the atmospheric nitrogen to ammonia. Thisammonia
will later be converted into amino acids and loaded into the xylem. This symbiotic nitrogen fixation
process is regulated systemically depending on a plant’s N demand (Marino et al., 2007). Response of

the nitrate transporters in nodulating legumes was studied recently and it was shown that primary



transporter genes are expressed in nodules when N is supplied (Straub et al., 2014). The increased
expression of these transporter genes altered nodule activity by downregulating the 9 leghaemoglobin
(Ib) genes which are essential for buffering the concentration of oxygen in nodules to assist with
rhizobial respiration. On the other hand, nitrogen-fixing bacterium are also known to be involved in
controlling nitrogen fixation through NIF (nitrogen fixing genes) gene regulation. In many bacteria
including rhizobium, nifA is involved as a positive regulator of N fixation and uptake. However, under
high N status, a bacteroid encounters an increase in intracellular glutamine concentration and thus
activates the nifL gene (a negative fixation regulatory gene). It has been shown in soybean by several
studies that high N availability can reduce nitrogenase activity, nodule numbers, nodule density and
biomass as a result of the action of the rhizobial nifL gene (Harper & Gibson 1984; Streeter, 1985;
Streeter, 1988; Walch-Liu et al., 2006). Goh et al. (2016) suggested that rhizobia can induce root

architectural changes to control the N uptake from soil and internal N levels.

1.3 Nitrogen fixation under drought

Among the various categories of environmental stresses, drought is a major abiotic stress which
affects symbiotic nitrogen fixation (SNF) by inhibiting the nitrogenase complex. Drought stress induces
structural changes to the oxygen diffusion barrier, which lowers the symbiosome O, concentration
and consequently bacteroid respiration. In most legumes, Ureides are the exported N compounds and
drought-induced reduction of ureides catabolic compounds such as allantoate, allantoin results in
accumulation of ureids in the nodule (King & Purcell, 2005). It has been demonstrated that reduction
of nitrogenase activity is a result of the accumulation of ureides which decrease nodule permeability
to oxygen (p0Oz) (Serraj et al., 1999). The sensitivity of N, fixation to drought among legume species
results in the export of ureides from the nodule. Nodules in species like soybean and cowpea have the
highest levels of ureide export under drought. This indicates that increased accumulation of ureides
in plant xylem sap would enhance sensitivity to drought. Such accumulation can affect nitrogenase
activity through N feedback regulation. By contrast, it has also been shown that legumes with low
accumulation of ureides were discovered to be relatively drought tolerant (Serraj, 2003). For bacteroid
respiration and activity, considerable nodule carbon influx is required and the plant provides carbon
in the form of photosynthates. Sucrose is the major carbon source that bacteroids require to fuel the
fixation of N (Fig. 1). Once sucrose is transported into the nodule cortex, it is being cleaved to fructose
and UDP-glucose by the enzyme sucrose synthase to feed bacteroids with carbohydrates (Gordon et
al., 1997). It has been shown in many legume nodule function studies that drought stress may cause

a reduction in sucrose synthase activity, which results in a reduction of carbohydrate availability and



subsequent inhibition of nitrogenase activity (Gonzalez et al., 1995; Gordon et al., 1997; Galvez et al.,

2005; Arrese-lgor et al., 1999).

/Im‘ected cell

Diffusion barrier
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Fig. 1. Schematic pathway of energy carbon source and bacteroid respiration in nodule under drought
stress. A, modification of the redox balance; B, alteration of the bacteroid nutrition; C, alteration of O,

homeostasis (Figure copied from Dupont et al., 2012).

However, different observations were noted in chickpea by Esfahani et al. (2014). The rapid decrease
of nitrogenase activity immediately after water withholding affected neither sucrose synthase, a
synthesiser of sucrose to provide carbon, nor malate dehydrogenase, a provider of malate for
bacteriods. This suggests that nitrogenase activity does not correlate with sucrose content, sucrose
synthase or malate dehydrogenase levels but instead bacteroid respiration. This result in chickpea was
found to be similar in M. truncatula and M. sativa but not in Phaseolus vulagaris, Pisum sativum or G.
max. Drought stress can also affect bacteroid protein levels and the bacteroid metabolism that
attributes the symbiotic nitrogen fixation in M. truncatula though oxidative damage as described by
Larrainzar et al. (2009). Reduction of CO; metabolism, and malate and succinate upon early drought
stress would also cause a decline in respiratory capacity of bacteroids (Talbi et al., 2012). Effect of this
early drought was also resulted in the increased accumulation of amino acids and organic acids in
chickpea. There are two reasons behind this increase in accumulation. First, the accumulation of
amino acids through a nitrogen feedback mechanism increases the transport of amino acids from
phloem to nodules (Esfahani et al., 2014). Second, organic acids, such as malate and succinate,
shutdown malate and succinate dehydrogenase activities. This N feedback mechanism is most
common in the legumes through which nitrogen fixation is affected under drought stress. By contrast,

Gil-Quintana et al. (2013) recently reported that local amino acid accumulation may occur prior to any



measurable decline in nitrogen fixation rates, thus the role of N feedback mechanisms are

downplayed.

1.4 Effect of drought on symbiosis and the growth of SNF-dependent plants

Under drought stress, plants perform various functions primarily to keep hydration levels under
control and maximize their survival. A plant’s dependence on water is an important factor in
maintaining plant growth, metabolic activities and photosynthesis. This includes leaf water potential,
transpiration and stomatal conductance (Mansfield & Davies, 1981; Brodribb & Holbrook, 2003;
Lawlor & Tezara, 2009). This scenario is common for most plants. Stomatal conductance, which
controls the photosynthesis and transpiration of plants, is a major factor affecting plant adaptation to
drought. Regulation of stomatal opening and the restriction of leaf expansion and growth of young
leaves are among key plant strategies for improved drought adaptation (Lawlor & Cornic, 2002). The
secondary responses of a plant to drought stress are the metabolic changes and reprogramming of
the expression of various genes (Ozturk et al., 2002; Zhu, 2002; Oono et al., 2003; Benjamin & Nielsen
2006). Drought causes the decline in CO, assimilation, affects photochemical and biochemical
reactions and decreases plant biomass and seed yield (Chaves et al., 2002). Ramos et al. (1999)
reported that drought can decrease nitrogen fixation up to 70-80% and plant biomass up to 35-45%.
N is an essential component of proteins, including the enzyme ribulose-bisphosphate-carboxylase-
oxygenase (RuBisCo), an enzyme which catalyzes the incorporation of CO, into an organic molecule.
Drought stress would cause the reduction of photosynthesis by various factors like chlorophyll
degradation, the decline of RuBisco activity and protein degradation. These outcomes would suggest
that the reduction of nitrogen fixation in SNF-dependent legumes would negatively affect chlorophyll
content and RuBisco activity by limiting the N supply. This hypothesis has been proved in M. truncatula
when a reduction of nitrogenase activity resulted in a reduced photosynthesis rate and plant growth
after 6 days of water withholding (Baena-Gonzalez et al., 2007).

Drought is a major limiting stress factor for legume growth and yield and it has become the most
important threat to soybean (Daryanto et al., 2015; Kunert et al., 2016), chickpea (Yadav et al. 2006;
Toker et al. 2006), bean plant (Barrios et al.,2005) and lentil (Alami-Milani et al.,2013) cultivation and
yields worldwide. Hence, it is important to select and breed drought tolerant cultivars to minimize
future impacts of drought. It has been shown that drought affects the yield of major legume crops
such as chickpea (Ha et al., 2014), soybean (Quintana et al., 2013) and mungbean (Ranawake et al.,
2011), and also causes biomass reduction in forage legumes such as white clover (Luscher et al., 2014
) and alfalfa (Moghaddam et al., 2015) due to decline of N; fixation. Researchers have made an effort

to develop suitable cultivars for increasing the growth and yield of major food legumes such as
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soybean (Ku et al., 2013), chickpea (Talebi et al., 2013), peas and beans (Grzesiak et al., 1997). As
drought stress severely affects the N fixation process by degrading bacteroid proteins and minimizing
nitrogenase activity, it is important for SNF-dependent plants to regulate the N fixation and nodule
senescence processes. Moghaddam et al. (2015) reported that stabilized biological N fixation under
drought increased the total biomass and shoot dry matter in M. sativa. This finding was further
confirmed by Sulieman et al. (2015) who reported that a drought tolerant cultivar, DT2008, which
could produce higher nodule numbers, showed a 67% increase in shoot dry weight and a 42% increase
of root dry weight as compared to another drought tolerant cultivar, W82, which had lower nodule
numbers. This evidence clearly suggests that the biological significance of SNF on plant growth in a
water-scarce environment can be achieved by developing suitable rhizobium-legume partners.
However, there is still a lack of clarity about the correlation between SNF and plant growth adaptation

to drought stress.

A recent study has shown that although drought affects plant growth, a plant may still use complex
molecular networks to overcome the drought stress and damage. Such complex molecular networks,
including ABA, ethylene and metabolic regulatory networks, are primary tools that plants activates
upon drought conditions (Luo et al., 2016). A transcriptomic study by Van de Velde (2006) suggested
that nodules express some stress related genes, such as APETALA/ETHYLENE RESPONSE FACTOR
(AP2/ERF), the DEAD-box RNA helicase gene and other key genes, for jasmonic acid production (JA)
during the initiation of different developmental stages of nodules. However, there is no clear evidence
about role or involvement of SNF in plant drought tolerance. Thus, understanding the role and
involvement of SNF in legume crop productivity in water-scarce environments would enable breeders

to develop more drought tolerant cultivars.

In addition to the effect of drought on plant growth and survival, drought stress also affects the
population of rhizobia in soil under water deficit condition (Barthelemy-Delaux et al., 2014). Low soil-
moisture conditions affect rhizobial movement towards plant root hairs (Yanni et al., 2016). It has
been shown by some studies that the drought effect on rhizobia depends on the bacteria’s ability to
tolerate drought. Multiple attempts have been made to isolate drought-tolerant rhizobia to minimize
the negative effects of drought on the symbiosis (Mohammad et al., 1991; Rehman & Nautiyal, 2002;
Naveed et al., 2017). While a suitable rhizosphere environment is essential for a successful legume-
Rhizobium interaction, the rate of symbiosis inhibition may depend on the severity of the stress and
the plant growth and developmental phase. For example, it was shown in soybean that mild drought
stress reduced only the number of root nodules, while moderate and severe stress reduced both the

number and size of the nodules (Zahran, 1999).



1.5 Biological nitrogen fixation for plant growth

SNF is a plant-associated nitrogen fixation process, which is being carried out in legumes by rhizobium.
In addition, free-living bacteria can also fix N by living in the plant root rhizosphere region. Examples
of such bacteria are Azospirillum, Azotobacter and Bacillus (Steenhoudt & Vanderleyden, 2000;
Kizilkaya, 2009). These two processes together are called biological N, fixation (BNF). Some field
experiments proved that BNF can provide 50-70 Tg of N annually in agriculture systems (Herridge et
al. 2008). Through BNF, some grass species were reported to achieve sufficient N for maintaining plant
growth (Boddey & Victoria. 1986; Morais et al., 2012). Recently Pankievicz et al. (2015) showed that
N acquisition of plants via BNF can support more robust plant growth than control plants that were
inoculated with a non-nitrogen fixing bacteria Their study was focused on the contribution of BNF to
the growth promotion of Setaria viridis, a model C4 grass which forms an associative interaction with
N-fixing Azospirillum brasilense. Plants inoculated with N-fixing A. brasilense under N-limited
conditions showed a 24% shoot dry weight, a 28% root length and a 38% lateral root number increase
higher than the control plant inoculated with a non-N fixing bacteria Moreover, inoculated plants
produced a higher seed vyield. Fixed N was found to be used by plants for RuBisco synthesis and
photosynthesis. It was also shown that an increase in CO, fixation correlates with increased BNF in
inoculated plants. This study strongly emphasized that under an N-limited soil environment, efficient
BNF would certainly enhance N assimilation and support plant growth through CO; fixation, sugar
accumulation and photosynthesis. N is essential for RuBisco, chlorophyll and nucleic acid synthesis
(Karim et al., 2016). Hence, crop management which can enhance SNF is proposed as a natural
resource management practice which can avoid the need of N fertilizer. Esfahani et al. (2014) reported
that Mesorhizobium cicer-inoculated chickpea, which had higher nodule numbers and nitrogen
fixation rates, also showed a significant increase of shoot and root dry weight, N fixing gene expression
(nifH, nifD and nifK), malate content and soluble proteins as compared to less nodulated plants.
Moreover, the selection of suitable nodulating rhizobia as well as the development of a microbial
consortium for the host plant which would involve co-inoculating plants with plant growth
rhizobacteria (PGPR) such as Bacillus subtilis, Paenibacillus polymyxa, Azospirillum brasilense and
Azotobacter vinelandii, would provide the plant with multiple mechanisms to support plant growth.
The availability of metabolites for plant growth and development would also be achieved with this
two-pronged strategy (Larrainzar et al., 2009; Annapurna et al., 2013). These studies suggest that
enhancing the nodulation and N fixation efficiency in legumes may help for sustainable plant growth

production under changing climatic conditions.



1.6 Rhizobia for stress amelioration

Rhizobia that protect a host plant from environmental stresses are called PGPR. Rhizobia can produce
antioxidants, osmolytes, and stress proteins for plant growth promotion. It has been reported that
some rhizobia can survive under drought stress up to -1.5 and -3.5 MPa soil water potential
(Elboutahiri et al. 2010; Abolhasani et al., 2010). Many studies reports that rhizobia can protect
legume and non-legume plants and promote their growth under environmental stresses by producing
compounds such as, sugars, the stress enzyme ACC deaminase, exopolysaccharides (EPS), low
molecular weight organic compounds (trehalose), phosphate solubilisation, siderophores and
phytohormones. Ensifer meliloti was found to induce metabolic activities such as proline synthesis for
stress adaptation in Cicer arietinum and M. sativa (Mhadhbi et al. 2011; Lopez-Gémez et al., 2014).
Using a microbial ecological perspectives, selection and inoculation of potential PGPR’s for stress
amelioration has become a strategic approach in sustainable agricultural production (Tilak, 2005;

Souza et al., 2015).

1.7 Nodule physiology of M. truncatula

Based on the mode of growth and development, nodules are classified as indeterminate or
determinate (Fig. ll). Determinate nodules are spherical in shape and are initiated from the
meristematic cells in the outer root cortex. Cell division is not sustained after 10-12 days after the
rhizobial infection. There is a radial gradient of development (development zone) where senescence
begins and develops towards the infection zone. Examples of legume genera with this type of nodule
development are Glycine (soybean), Phaseolus (common bean), and Vigna (mung bean).
Indeterminate nodules have an active apical meristem that produces new cells for growth over the
life of the nodule. They are elongated due to the addition of new cells at the end of the nodule and
distal from the meristem. Hence, these nodules have a cylindrical shape with five distinct zones (Fig.
I1). Zone |, made up of meristematic cells where no microsymbionts persist; zone Il, known as the
infection zone, where rhizobial infection occurs; zone Ill, a nitrogen fixation zone where bacteria are
housed in the symbiosome and actively fix atmospheric N; zone IV, a senescence zone which appears
only after the nodule starts developing and can be seen clearly as the plant ages; and finally zone V
which is very close to the root and contains free-living bacteria and do not show any structural features
of the symbiosome. Examples of genera with indeterminate nodules are Pisum (pea), Medicago sativa
(alfalfa), M. truncatula (barrel medic), Trifolium (clover), and Vicia (vetch). In indeterminate nodules,
senescence-associated signals are transferred from the root and endodermis and senescence begins

from zone IV (Muller et al., 2001; Timmers et al., 2000; Mao et al., 2013).
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Rhizobia in the root cortex can adapt to the endosymbiotic life cycle of plant cells and start gaining
usable N from the environment. In certain legume-rhizobial symbioses, bacteroids become non-
cultivable polyploids and undergo cellular differentiation rather than multiplication (Kondorosi et al.,
2013; Mergaert et al., 2006). Similar results were reported in the symbiosis between the legume M.
truncatula and the bacterium S. meliloti where bacteroid differentiation was provoked by nodule
cysteine rich peptides (NCR) which are specifically expressed in rhizobium-infected symbiotic cells
(Farkas et al., 2014; Van de Velde et al., 2010). In M. truncatula, more than 500 nodule-specific
cysteine rich coding peptides have been identified as participating in the symbiotic interaction (Durgo
et al., 2015). Among them, NCR247 is known to arrest bacterial cell division and promote cell
elongation. Farkas et al. (2014) noted that S. meliloti-inoculated M. truncatula, which has a functional
NCR247, produced elongated pink N-fixing nodules like wild-type strains. Rhizobia usually multiply in
the non-dividing youngest cells below the meristem (non-N, fixing rhizobial cells) and only
differentiate in the nitrogen fixation zone to become N; fixing bacteroids. Therefore, this suggests that
bacteroid differentiation could help to increase N-fixing activity rather than only multiplication.
However, drought stress may induce a wide range of protease activities which cause the degradation
of functional bacteroid proteins and a consequent reduction nitrogenase activity (Pierre et al., 2014,
Pladys & Vance, 1993). Moreover, drought stress may also induce ROS levels which in turn affect the
N fixation by causing oxidative damage to bacteroids (Clement et al., 2008). A visual diagnosis of
senescence can be made by observing nodule colour changes (pink to green or brown), which indicates
the degradation of haemoglobins (Roponen, 1970), and when the senescence is more advanced,
symbiosome membrane disintegration (Timmers et al., 2000). Benefits of N fixation during pod filling
has been shown in many legumes to help improve seed protein levels and is suggested by several
researchers that extending the nodule activity and delaying the senescence could play an essential
role in increasing the crop productivity and yield (Merbach & Schilling, 1980; Bethlenfalvay & Phillips,
1977; Van de Velde et al., 2006).
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Fig. Il. Structural physiology of determinant (a) and indeterminant nodules (b) (Figure copied from

Puppo et al., 2005)

1.8 Nodule senescence: stress-induced natural aging and the factors involved

Decline of Ib content and the subsequent reduction of nitrogenase activity in the nodule is called
nodule senescence (Pfeiffer et al., 1983). Nodule senescence includes symptoms such as loss of
turgidity and colour changes in the fixation zone from pink to brown. M. truncatula is a model legume
plant for nodule-rhizobium symbiosis studies. The plant can efficiently interact with E. meliloti and fix
nitrogen from the atmosphere in quantities that have economic significance in the cultivation of
forage or pasture legumes as well as environmental value in non-managed ecosystems (Gubry-Rangin
et al., 2013). It has been shown that M. truncatula nodule senescence starts between approximately
65 to 85 days after sowing (Mhadhbi et al., 2011). For many leguminous crops, nodule senescence
coincides with pod filling (Lawn & Brun, 1974; Bethlenfalvay & Phillips, 1977). However, age-related
molecular changes might occur before the visible nodule senescence is observed. These changes

include the induction of proteolytic activity and degradation of nodule proteins (Guerra et al., 2010).

As discussed above, N fixation can only be efficient under low N availability in the soil. If the plants are
supplied with nitrite or ammonium fertilizers, they don’t undergo rapid and efficient nodulation.
Hence the soil should have a low N status before inoculating crops with rhizobia. Under low N
availability, signals for nodule initiation are induced upon rhizobial inoculation. It has been shown that

if plants are supplied (especially at pod filling) with adequate amounts of N through SNF, additional
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nodule initiation does not occur while active nodules cease N fixation and begin to senesce (Puppo et
al., 2005). However, it has also been reported that nodules may still fix N> to a limited extent during
seed maturation which results in an increase in seed protein content (Merbach & Schilling. 1980). The
major consequence of nodule senescence is a wide range of uncontrolled proteolytically-mediated
degradation reactions affecting larger-sized proteins such as N fixation proteins (nif) and symbiosome
membrane proteins (Pladys & Vance. 1993; Berrabah et al., 2014). Besides lb degradation, N, feedback
regulation and the liberation of free iron (Fe?*) would also cause rapid senescence and programmed

cell death (PCD) in bacteroids by increasing ROS levels (Lampl et al., 2013).

1.9 Response and function of protease activity in various plant growth activities during

natural and stress-induced nodule aging

During the natural nodule aging process, large scale protein remobilization occurs through
aproteolytic process. Among other proteases, cysteine, serine and aspartic proteases are involved
predominantly in the removal of misfolded or degraded proteins in the nodule and remobilization of
nutrients (Malik et al., 1981; Drake et al., 1996; Cercos et al., 1999; Puppo et al., 2005). After protein
degradation, the released amino acids can be used for de novo protein synthesis (Fig. Ill). It has been
previously reported (Groten et al., 2006) that there are two major proteases involved in nodule
senescence: i) cysteine proteases and ii) serine proteases (Trypsin-like/Subtilisin-like). Wyk et al.
(2014) reported that 14 weeks after the rhizobial inoculation of soybean, almost 80% of the cysteine
protease gene family exhibited greatly enhanced expression compared to the expression levels in the
early stages of nodule development. A possible consequence of proteolysis associated with nodule
senescence is enhanced plant survival through nutrient remobilization. However, uncontrolled
proteolytic activity is deleterious for nodules and plants as it may prematurely affect the N fixation
and nodulation process by degrading key N fixing enzymes and co-factors. This scenario of early
nodule senescence in M. truncatula being linked to overexpression of papain and legumain-like
proteases was demonstrated by Pierre et al., (2014). The identified genes which code papain and
legumain proteases are MtCP6 (cysteine protease) and MtVPE (vacuolar processing enzyme)
respectively (Pierre et al., 2014). Through transcript profiling analysis in M. truncatula, these two
genes were also found to be rapidly induced at the onset of developmental nodule senescence. MtVPE
was shown to be also induced during the early stages of nodule development. Toluidine blue stained
M. truncatula nodules where cysteine protease and papain protease genes were knocked down
exhibited a small senescence zone and elongated nitrogen fixation zone. Similar results were observed

in the transcriptomic analysis of soybean nodule developmental stages where the MtVPE genes (of
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which there are 6) were found to be highly expressed in 14-week-old senescing nodules but were not
expressed in the early stages of senescence (Wyk et al., 2014). In an experiment with M. truncatula
papain and legumain protease knock-out lines, only small senescence zones and elongated nitrogen
fixation zones were observed. As a result, longer nodule lengths and a higher nitrogenase activity were
observed in M. truncatula (Pierre et al., 2014). This study indicates that these proteases are involved
in controlling nodule senescence. The involvement of these two proteases in inducing nodule
senescence was further demonstrated in M. truncatula where overexpression of MtVPE and MtCP6
genes in zone lll (Mergaert et al., 2003) resulted in an elongated senescence zone and caused early
nodule senescence. As a result, the cumulative N fixation was reduced and nodule lengths were
shortener in the overexpression lines (Fricker & Meyer, 2001; Li et al., 2008). The symbiosome is
known as a form of a lytic compartment because of the presence of nuclease, vacuole phosphatase
and protease activities in the peribacteroid membrane (PBS). Pierre et al. (2013) reported that PBS is
acidic at the interface of the N,-fixing and senescence zones where the optimum environment is
provided for papain and legumain protease activity. Because of the direct delivery of proteases into
the PBS, symbiosome degradation begins immediately and leads to the disruption of the symbiotic

interaction between M. truncatula and S. meliloti.

The negative effects of uncontrolled proteolytic activity were also previously reported in Astragalus
sinicus where a nodule-specific cysteine protease, AsSNOD 32, was silenced in an RNAj background. As
a result, a shortened senescence zone was observed in nodules 45 and 60 days post inoculation. The
RNAj AsNOD 32 plants showed a visible phenotypic difference including greener, healthier leaves than
control plants. Interestingly, in situ microscopic analysis proved that greater bacteroid nucleoid
fragmentation was detected in the symbiosome of wild type (WT) plant nodules as compared to the
RNAJ plants. This is due to the cysteine protease activity (Li et al., 2008). In addition to cysteine
proteases, serine proteases (SP) are also one of the largest groups of proteolytic enzymes which
possesses a serine residue at their active site. It has been reported that trypsin and subtilisin-like
serine proteases are strongly expressed during the early stages of nodule development in Lotus

japonicus (Takeda et al., 2012; Kusumawati et al., 2013).
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Fig. lll. Network of protein transformations under stress. Stress causes proteolytic degradation which
leads to greater amino acid release which is followed by de novo protein synthesis. Proteins can also
be aggregated either by misfolding or denaturation under stress conditions (Copied from Kidric et al.,

2014).

Djordjevic et al., (2011) reported that CLE (CLAVATA3/ESR-related) peptides are specifically cleaved
by serine proteases and an active form of CLE peptide is liberated in the nodules of most legume
species. In soybean, overexpression of CLV3/ESR-related (CLE) pre-propeptide encoding genes,
GmNIC1 (nitrate-induced and acting locally) and GmRIC1 (Bradyrhizobium-induced and acting
systemically), suppresses soybean nodulation (Reid et al., 2013). M. truncatula knock-down lines of
CLE genes also were found to result in an increase in nodule numbers as compared to the control

plants (Mortier et al., 2012).

1.10 Protease inhibitors as a proteolytic controlling mechanism in senescence

Protease inhibitors are small proteins which prevents protease activity by binding with the active site
of a protease. There are two types of inhibition by which protease inhibitors inhibit enzyme activities:
i) competitive inhibition where an inhibitor binds to the active site and prevents the enzyme-substrate
interaction ii) non-competitive inhibition where the inhibitor binds to an allosteric site altering the
active site making it inaccessible to the substrate. Protease inhibitors (PI’s) undergo complex
interactions with proteases thereby inhibiting the proteolytic activity. Pls also serve as storage
proteins in plant storage organs. These Pls are divided into 4 major classes: cysteine (cystatins), serine

(serpins and trypsin), and aspartic and metalloprotease inhibitors. Of these, the most abundant are

14


http://en.wikipedia.org/wiki/Enzyme_inhibitor
http://en.wikipedia.org/wiki/Competitive_inhibition
http://en.wikipedia.org/wiki/Non-competitive_inhibition
http://en.wikipedia.org/wiki/Allosteric_site

serine and cysteine inhibitors in the leaves, roots and nodules of most plants. As discussed above,
uncontrolled proteolysis occurs as the plants age or are subjected to stress. Concurrently to
proteolytic activity, protease inhibitors were also found to be expressed in most plant organs and play
an endogenous response to environmental stresses and pathogenic attack (Huang et al., 2001).
Sharma et al. (2015) demonstrated the differential expression of protease inhibitors in 5 different
plant tissues of C. arietinum. This study reported that among all protease inhibitors, those
predominantly expressed in most of the vegetative organs and aerial parts of the plant were the serine

(Kunitz Pls and serpins) and cysteine Pls.

It has been reported that Kunitz Pls are expressed to protect plants from oxidative damage under
salinity, alkalinity, heat and drought stresses (Gosti et al., 1995; Kang et al., 2002). Another serine P,
trypsin Pl, was suggested to be a factor in multiple stress tolerances in tobacco. Srinivasan et al. (2009)
reported that transgenic tobacco carrying an NtPI (trypsin PI) gene conferred tolerance to NadCl,
alkalinity, drought and insect pest stresses by controlling the elevation of proteolytic activity in leaves.
These transgenic plants showed enhanced seed germination, chlorophyll content, root-shoot ratio
and root length when compared to the control plants. This indicates that protease inhibitors are

essential players in controlling proteolytic mediated cell death and senescence.

1.11 Attributes of plant serpins

Serine protease inhibitors are ubiquitous in plants and have a rigid bait loop that can form covalent
and irreversible complexes with proteases. The mode of action of serpins is the inactivation of
endoproteases whose mechanism depends on the formation of acyl enzyme intermediates such as
cysteine and serine proteases. The mechanism by which serpins inactivate the target proteases is
comprised of 3 steps: i) the protease recognizes the reactive centre loop (RCL) at the serpin and forms
an irreversible Michalis complex;, ii) the protease cleaves in the reactive centre at the peptide bond
of P1 and P1’ residues forming an acyl intermediate between the active site Ser/Cys of the protease
and the carbonyl carbon of P1; and iii) the RCL inserts a new antiparallel stand into B sheet A, rotating
the protease ~70 A°to the bottom of the serpin. These three steps cause a deformity in the active site
of the protease, thus resulting in a decrease in the rate of the hydrolysis of the acyl-enzyme

intermediate (Huntington et al., 2000; Fluhr et al., 2012).
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1.12 Interaction of serpins with proteases and the involvement in programmed cell death
and homeostasis

Atserpinl was shown to interact with and inactivate the papain-like proteases responsive to
desiccation (RD1) and Atmetacaspases (AtMC9). Vercammen et al. (2006) reported that a suicide
inhibitor of AtMC9, which regulates the programmed cell death (PCD), might have been controlled by
the interaction of Atserpinl. Another important interaction of Atserpinl with the papain-like protease
RD1 was shown to control PCD in Arabidopsis leaves. Plant vacuoles are at the centre of the PCD
process and where RD1 localization was identified in Arabidopsis. Detached leaves from a line of wild
type Arabidopsis containing overexpressed AtserpinlHA (hemagglutinin epitope-tagged) and leaves
from mutant lines were inoculated individually with Sclerotinia sclerotiorum (a plant pathogen) and
Botrytis cinerea (a common necrotroph). The decay spot diameter and ROS levels of all leaves was
observed. Interestingly, the overexpressed Atserpinl and mutant RD1 lines showed much smaller
decay diameters than the wild type and atserpinl (lack in serpinl expression) mutant lines. Similarly,
the rapid decline of ROS levels was noted in lines with overexpressed Atserpinl and mutant RD1 genes
than the wild type and Atserpinl mutant lines. This study confirms that inhibition of papain-like RD1

proteases controls PCD through interaction with AtSerpinl (Vercammen et al., 2006).

1.13 Expression and localization of serpins in plants

Initial studies of serpins and their expression were carried out in vegetative and grain tissues of barley
by Roberts et al. (2003). They observed the expression of the Serpins BSZx, BSZ4 and BSZ7 in the
meristems and vascular tissues of roots and embryonic leaves Arabidopsis thaliana Atserpinl was
extensively studied for its expression and localization in the endoplasmic reticulum (ER), cytoplasm
and vacuoles. These results were further corroborated by subcellular fractionation which showed an
increased endogenous serpin content in the cytoplasm of overexpressed Atserpinl cells as compared
to the wild type. Serpin expression was found in all organs, particularly in the lateral root, root
elongation zone and root hair zone except in the pollen. Some Arabidopsis serpins, such as At2g26390
and At1g47710, were found to be significantly upregulated under salt and cold stress (Zimmerman et
al., 2004; Lampl et al., 2010). In M. truncatula, 28 serpin genes were identified through whole genome
sequencing. Based on the number of hits and expression index of recent microarray data (the M.
truncatula gene expression atlas) produced by the Nobel foundation

(http://mtgea.noble.org/v3/search result.php?s=201501), 8 out of 28 genes in the nodules and 24

out of 28 genes in the roots of M. truncatula are identified as highly expressed at 28 dpi (Unpublished
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data). However, expression of serpins in the nodules of legumes at later growth stages and under

drought stress are not well-studied.

1.14 Role of Ib in nodules and their stability during natural and stress-induced aging

Lb are N and oxygen carriers and are exclusively expressed in symbiotic legume root nodules. Lb are
considered to be an essential component in symbiotic nodules for buffering the free oxygen flux during
nitrogen fixation. Symbiotic Lb can scavenge O, and facilitate its diffusion to the N,-fixing microbial
symbionts in nodules. Specifically, Lb are synthesized at a 2-3 mM concentration and function to
maintain an O, free environment (20—40 nM concentration) in the cytosol of nodule cells (Appleby et
al., 1980; Becana & Klucas, 1992). Ott et al. (2005) reported that Lb are only essential for nitrogen
fixation and not for plant growth and development. The researchers developed LbRNAi lines of Lotus
japonicus and studied the phenotypic changes and nitrogen fixing activity. The LbRNAi/ lines have white
coloured non-nitrogen-fixing nodules and exhibit highly reduced growth compared with control
plants. Predictably, all the lines grown with N fertilizer were unaffected and showed similar growth
and development to that observed in the controls. It was also shown that Lb are crucial for ATP/ADP
production in the form of bacteroid nitrogenase and that they enhance the energy metabolism of
nodules by increasing the amount of oxygen for respiration (Ott et al., 2005). The degradation of Lbs
which occurs during nodule aging or drought-induced early aging would negatively affect the nodule
function by increasing ROS accumulation through the Fenton reaction. Degradation of Lbs could
potentially liberate large amounts of free iron which could then react with H,0, and increase ROS
levels in the cytosol (Becana et al., 1998). Under this scenario, the positive role of Lb in nitrogen
fixation during healthy nodule development may reverse to a negative impact due to the Lb action of

increasing ROS accumulation and oxidative damage under drought stress.

1.15 Attributes of nodule iron and its toxicity

Iron plays a significant role in SNF by acting as a co-factor of the nitrogenase enzyme (Brear et al.,
2013). This is one of the catalytic molecules of iron-sulfur clusters and heme- containing proteins.
Plants generally obtain Fe from the rhizosphere and reduce Fe3* to Fe?* through Fe(lll) chelate
reductase. The intracellular iron concentration should be maintained at levels adequate for cellular
metabolism, photosynthesis, respiration and nucleic acid synthesis. An excess of free iron is potentially
detrimental to cells because of its tendency to react with oxygen to produce harmful free hydroxyl

radicals through the Fenton reaction (Fig. IV). Under drought stress, more free Fe ions are liberated in
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the nodule from heme- containing proteins like Lbs. As discussed above, this Fe ions can react with
H,0, and increase the ROS accumulation and subsequent nodule senescence (Briat & Lobreaux. 1997;
Ravet et al., 2009). On the other hand, iron homeostasis in plants is achieved by the actions of
transport and storage mechanisms. The transport of iron is mediated by iron transporters in the
nodule. Rodriguez-Haas et al. (2013) reported that transported iron was released into the apoplast of
the infection zone (Fig. Il) from the vasculature. The final delivery of this iron into the symbiosome is
carried out by infected cells in order to synthesize ferroproteins. Plants can recover some of this iron

during the senescence stage for flowering and seed maturation.
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Fig. IV. Generation of reactive hydroxyl radicals through the Fenton reaction. Liberated free iron

reacts with H,0, and produces highly reactive hydroxyl radicals (Figure copied from Prousek, 2007).

1.16 Reactive oxygen species (ROS) in natural aging and stress-induced senescence

ROS is a by-product from the metabolism of oxygen-peroxidases which are involved in cell signalling
and the oxidative process. Superoxide anions and H,0, are generated through photosynthesis and
respiration in plants. Drought stress can cause enormously elevated levels of these superoxide anions
and H,0,, and thereby cause oxidative damage in the plant organs. ROS in plants also play a positive
role by acting as secondary messengers for the synthesis of plant hormones such as auxin, abscisic
acid (ABA) and ethylene (Noctor et al., 2002; Pei et al., 2000; Moeder et al., 2002). A certain amount
of ROS accumulation helps powerful cell signalling cascades underpinning the development of
embryonic axes, lateral root formation, leaf expansion and coleoptile growth (Joo et al., 2001;
Foreman et al., 2003). Foreman et al. (2003) proposed that root hairs are the first site for rhizobial
infection and ROS regulate root hair growth through the activation of calcium channels. Abscisic acid
(ABA) is synthesized more in root and leaf tissues when nodulating plants are under stress. In a

reduced water potential state, ABA is translocated to the leaves where it rapidly alters stomatal guard
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cells causing them to shrink. As the stomata close, transpiration is reduced and further water loss from
the leaves is prevented (Steuer et al., 1988). During natural nodule aging the synthesis of ROS through
the Fenton reaction may act as a signalling mechanism to regulate hormones involved in flowering
and seed development. However, under stress conditions early degradation of Lb would liberate
excess free iron that could potentially react with hydroxyl radicals and cause excessive ROS
accumulation in the symbiosome membrane and the bacteroids (Tang et al., 2017). Under such
conditions, nodules and associated bacteroids may be subjected to severe oxidative damage leading
to early senescence (Delaat et al., 2014). Puppo et al. (2005) proposed a model of regulation of
senescence-inducing signals involved in ROS accumulation and proteolytic mediated PCD. Free iron
accumulation and uncontrolled proteolytic activity are the two major negative factors that cause

oxidative damage to bacteroids in response to drought stress (Fig. V).

Fig. V. Possible role of senescence-induced regulation of iron homeostasis and protease - mediated
programmed cell death (PCD). Signals induced by plant-derived senescence affect N, fixation by
disturbing the symbiosome membrane. Under stress, senescence associated signals induce proteolytic
activity and cause catalytic iron release. This iron will further react with hydroxyl radicals and disrupt
the symbiosome membrane. The increased levels of ROS would also cause DNA fragmentation, which

culminates in PCD (Figure copied from Puppo et al., 2005).
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1.17 Ferritins and their involvement in iron scavenging

Ferritins are 24-mer iron scavenging proteins which can accommodate ~4000 iron atoms. Plant
ferritins are significantly regulated by excess iron. As discussed above, environmental stresses like
drought, salinity, and high temperatures can cause the liberation of free iron radicals (Fe?*) which
cause oxidative damage to bacteroids and trigger early nodule senescence. Therefore, ferritin is a
potential damage-limiting factor expressed by plants to scavenge the excess of free iron molecules.
Several transcriptomic studies of gene expression in the leaves of Arabidopsis have identified ferritin
encoding genes which are associated with senescence (Gaymard et al., 1996; Bhalerao et al., 2003;
Wollaston et al., 2003). Petit et al. (2001) reported that there are 4 different ferritin proteins
expressed in Arabidopsis, and their expression is stimulated by different factors. Atfer1, Atfer3 and
Atfer4 are induced by an excess of iron and Atfer2 is regulated by abscisic acid (ABA). In addition,
Atferl is also induced by H,0;in Arabidopsis. In legume nodules ferritins are reported to be localized

in the amyloplasts and plastids (Lucas et al., 1993).

Control of ferritin expression depends on iron concentrations in the cytosol. Under low iron
availability, repressors inhibit the transcription factors which are bound with iron-dependent
regulatory sequences (IDRS). This binding leads to the inhibition of the positive regulation of ferritin
transcription. Under high iron availability, ubiquitination and proteasome-dependent degradation of
the repressors occurs after a nitrous oxide (NO) burst originates in the plastids. Concurrently, PP,A
phosphatase activity causes the de-phosphorylation of repressors and consequently the de-repression
of ferritin gene expression. After transcripts are produced, ferritin precursor polypeptides are
synthesized through translation and transported to plastids where they undergo assembly to the 24-

mer ferritin protein (Fig. VI) (Briat et al., 2010).
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Fig. VI. Schematic regulation of ferritin in Arabidopsis depending on iron availability. Under low Fe
availability, repressors bind with iron dependent regulatory sequences (IDRS) and prevent
transcription. At high iron concentrations, nitrous oxide mediated cell bursts occur in the plastids and
subsequently the derepression of ferritin expression is affected by protein phosphatase (PP,A). (Figure

copied from Briat et al., 2010)

The interaction between iron homeostasis and oxidative stress was well described by Ravet et al.
(2009). The authors knocked out 3 ferritin genes expressed in the vegetative organs and reproductive
tissues of Arabidopsis and then characterized the mutant plants. An Atfer2 knock-down mutant was
also developed. As Atfer2 is known to be expressed only during seed germination, research with this
mutant demonstrated that ferritin2 protects the seed from free iron-mediated oxidative damage but
does not store the iron for plant development. Triple knock-down mutant (Atferl, Atfer3 and Atfer4),
35S::Atferl (overexpressing line with 35S promoter background) and wild type lines were grown for
50 days under normal water irrigation and 2mM FeEDDHA. In this experiment, the dry matter,
photosynthesis rate and quantum yield of photosystem Il were measured. None of the lines showed

any difference in dry matter until the 30 days after sowing, but the triple mutant exhibited a drastic
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reduction in biomass at later growth stages and, under iron irrigation as compared to the wild type
control. At 50 days after planting and before bolting, the mutant line showed a 65% reduction in dry
matter compared to the wild type. Interestingly, the leaf size was also significantly decreased in the
triple mutant line as compared to the wild type, but no changes in leaf numbers were observed in any
of the lines. These results indicate that in the absence of ferritin excess iron reduces the rosette
growth. This study also confirms that the absence of ferritin affects CO, fixation for photosynthesis
but doesn’t affect the photosynthetic electron transfer. Likewise, the absence of ferritin in the floral
stalk affected the flower phenotype by altering the iron transport. This resulted in a 70% decrease in

seed yield in the triple mutant line under iron irrigation.

In addition, several enzymes known to be involved in ROS regulation, including superoxide dismutase
(SOD), catalase (CAT), ascorbate peroxidase (APX) and glutathione reductase were measured in the
triple mutant under water and iron irrigation. All levels of all four enzymes were found to be
significantly increased in the ferritin-lacking triple mutants as compared to wild type plants. These
results indicate that in the absence of ferritin, an excess of free iron can increase the ROS
accumulation. In M. truncatula three ferritins (Fer1, Fer2 and Fer3) have been identified and shown to
be expressed until plants are 28 days of age in S. melilotiinoculated M. truncatula nodules according
to microarray data released by the Nobel Foundation (http://mtgea.noble.org/v3/). However,
involvement of ferritins in nodule activity and senescence under different environmental stresses has

not yet been studied.

1.18 Expression of serpin and ferritin in plants under drought

Serpin-Z2B is a drought-responsive protein reported in wheat by Jiang et al. (2012). Their studies into
serpin Z2B indicated that the accumulation of serpin in seeds is likely to be involved in the regulation
of defence activation and programmed cell death under drought. Experimental evidence suggests that
protease activity is relatively higher in stress sensitive plants than stress tolerant plants (Simova-
Stoilova et al., 2006). In order to prove the hypothesis that certain protease inhibitors are expressed
under drought in tolerant plants, Vaseva et al. (2014) studied protein expression analysis of serpins
and cystatins (cysteine protease inhibitors) in drought tolerant and susceptible verities of wheat. They
found that two serpins (Ser1 and Ser2) and two cystatins were expressed under drought stress in the
tolerant variety. This study suggests that drought stress may result in the upregulation of protease
inhibitors in drought tolerant plants in order to control proteolysis-mediated cell death. However,
further study is needed to investigate the potential role of serpins in controlling the proteolysis which

causes symbiosome damage in nodules and proteolytic mediated PCD.
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In the case of ferritins, Kang & Udvardi, (2012) reported that drought stress induces the expression of
ferritin more rapidly in alfalfa nodules. Moreover, ferritin mRNAs were found to be expressed at a 2-
fold higher level than other gene families in soybean nodules under drought stress (Yamaguchi et al.,
2010; Clement. 2008). A recent study by Delaat et al. (2014) examined levels of ferritin transcripts in
the leaf tissue of three common bean cultivars. The study found that three ferritin proteins (Pvferl,
Pvfer2 and Pvfer3) were actively transcribed in an intracellular environment of iron excess caused by
drought stress. However, temporal expression and involvement of ferritins in reducing iron toxicity in

nodules is yet to be demonstrated.

1.19 Medicago truncatula as a model plant for legume-rhizobium symbiosis

M. truncatula is used as a model plant for studying legume-rhizobial symbiosis, functional genomics,
proteomic studies and functional physiology because of its fast tissue regeneration capacity, ease of
transformation, reproductive self-compatibility and small diploid genome. Among many genotypes of
M. truncatula, Jemelong A17 is widely used for functional physiological studies while R108 is used for
transformations because of its fast tissue regeneration capacity. These two genotypes, however, differ
in their response to various environmental stresses (Wang et al., 2014; Branca et al., 2011; Ellwood et

al., 2006; Rodriguez-Celma et al., 2013).
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1.20 Concluding statement

Legumes are grown agriculturally both for human and stock feed and to aid sustainability in crop
rotations through their N-fixing ability. Legumes are classified into two broad types: i) grain legumes
for human and animal consumption, and for the production of oils for industrial use, e.g. beans, lentils,

lupins, peas, and peanuts; ii) forage legumes for livestock feed such as alfalfa and clover.

Legume plants are a well-known source of nitrogen supply to the symbiotic host through the action of
SNF. During the senescence of host tissues, the N from SNF may be transferred to soil and other crops.
Enhancement of the symbiotic potential in legumes is an essential strategy for sustainable agricultural
production. Moreover, the importance of nitrogen fixation in global environmental conditions has
been considered. Studies on improving the symbiotic performance of legumes are being focussed
currently by several researchers to improve the productivity of economically valuable crops such as
legumes and eliminate the use of synthetic nitrate fertilizers. It has been identified in agriculture
systems that legume-rhizobial symbiosis confronts two major issues: SNF suppression by leached N in
felid soil and drought stress, and drought-induced early nodule senescence. The addition of nitrate
fertilizer or an available leached field N can reduce the SNF process by affecting the resistance of O,
diffusion in nodules. In addition, drought stress, which is a major constraint for legume-rhizobial
symbiosis, can affect the SNF by increasing the amino acid and ureides loading in nodules. However,
this effect may vary from plant to plant depending upon the symbiotic response to external N and
drought stress. Recent studies reported that M. truncatula genetic backgrounds, Jemalong A17 and
R108, show differential variations to aluminum toxicity, salt stress, iron deficiency and drought stress
(Wang et al., 2014; Luo et al., 2016). Hence, it is speculated in this study that these genetic

backgrounds may also differentially respond to external N treatment on SNF suppression.

A reduction of SNF can also take place if a plant nodule precedes to senesce where nitrogen-fixing
bacteroids die. In legumes, nodule senescence is a developmental process which is programmed to
remobilize nutrients when a plant ages (Puppo et al., 2005). At this stage, nitrogen fixation may be
reduced but it will not completely cease until seed packaging begins as seed proteins require N. This
natural senescence process begins by the induction of senescence-related signals through signal
transduction. Under drought, symbiotic interaction between the legume host and the rhizobial
symbiont is constrained due to the early initiation of the breakdown of nodule proteins, degradation
of bacteroids and the consequent senescence process. In M. truncatula nodules, drought causes early
nodule senescence through the enhancement of uncontrolled proteolytic activity and iron-mediated
ROS accumulation (Delaat et al., 2014; Pierre et al., 2014). However, plant nodules were identified to
involve protease inhibitors like serpin and cystatins as a controlling factor to limit protease-mediated

cell death. Among the protease inhibitors, serpins are known to interact with papain and legumain
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proteases and would therefore be considered as an important factor in the control of protease-
mediated cellular damage. Lampl et al. (2013) reported that AtSerpini is involved in controlling the
proteolytic (papain RD1 protease and legumain like caspasel) mediated PCD and necrotrophic
mediated PCD induced by fungal pathogens. A transcriptomic study in wheat (Vensel et al., 2005)
revealed that serpins are induced at higher levels under drought as a defensive shield to protect
storage proteins from digestion. Localization of serpin was previously observed in the ER, protoplast
and cytoplasm (section 1.13). However, the expression of serpins in nodules and their involvement in
the nodule senescence process are not known. Iron mediated ROS damage in nodules could be the
result of Lb degradation under drought stress. As discussed above (Section 1.15), an excess of free
iron is always harmful for cellular activity since it produces deleterious ROS through the Fenton
reaction (Fig. IV) (Kang & Udvardi 2012). Iron scavenging by ferritin would only be an effective
controlling factor for excess iron-mediated ROS increase since plants do not have another alternative
source for capturing the free Fe ions liberated during drought stress. Ferritin is a protein which can
accommodate ~4000 iron atoms in its central cavity. Previous localization studies in Arabidopsis
reported that ferritin localizes to plastids and amyloplasts (Ravet et al., 2009) and captures free Fe

ions released in cells.

Considering the importance of SNF in legumes, improved knowledge of the physiological factors that
affect and determine the performance of the symbiosis would be extremely useful. This study begins
this investigation by elucidating the physiological and molecular responses of the M. truncatula- E.
meliloti symbiosis to external N fertilizer treatment and drought stress. Having known the functional
attributes of serpin and ferritins, this study also gives insight into investigating the mechanisms

involved in the drought-induced nodule senescence process.
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1.21 Hypotheses

Considering the context of this research, the two following hypothesises were formulated:

1. The M. truncatula genetic backgrounds, Jemelong A17 and R108, may differentially suppress SNF

in response to external N fertilizer treatment under well-watered and drought conditions.

Difference discovered between those two genotypes may reveal how SNF suppression is

regulated and the benefit of SNF.

2. M. truncatula may initiate nodule senescence in the early stages of growth limitation in adverse

conditions such as drought stress but regulate the process of senescence by involving serpin and

ferritin to maintain residual SNF for longer than in an uncontrolled senescence process and

increase the ecological fitness of the plant.

1.22 Research objectives

To test the first hypothesis, the following three objectives were developed:

1. Investigate the symbiotic characteristics of M. truncatula Jemelong A17 and R108 and the

impact of SNF on plant growth by comparing non-N fixing mutants under N limitated

conditions.

2. Determine the suppression of SNF by external N treatment in two different genotypes,

Jemelong A17 and R108, under well-watered and drought conditions.

3. Investigate and decipher the impact of SNF/N fertilizer on plant growth under drought

stress by evaluating drought tolerant genes.

To test the second hypothesis, the following 4 objectives were formulated:

1. Determine the changes in the physiological and nodule activities of SNF-dependent M.

truncatula in response to drought stress and the biological relevance of SNF on plant

growth.

2. Investigate the key features of drought-induced nodule senescence such as proteolytic

activity and excess iron levels.

3. Identify the expression of key serpin and ferritin genes in nodules in response to drought

stress and generate RNAi knock down lines to investigate the effects of the loss of

function.
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4. Knock down serpin and ferritin genes in nodule and investigate the effects on proteolytic
activities and changes in iron levels in order to make inferences about the regulation of

the nodule senescence process under drought.
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Chapter 2

Materials and methods

2.1 Plant growth and physiology protocols
2.1.1 Plant materials and growth

The seeds of M. truncatula wild type genotypes, Jemalong A17 and R108, used in this study were
kindly provided by Associate Professor Richard Macknight, School of Biomedical Sciences, University
of Otago. The mutant seeds used from Jemalong A17 dnf5-2 (defective in nitrogen fixation2, defective
in nodule organogenesis) and Jemalong Al17 dmil-3 (does not make infectionl, fails in bacteroid
invasion) were kindly provided by Dr Peter Kalo, Agricultural Biotechnology Centre, Hungary. For
germination, seeds were scarified by gently rubbing them between two pieces of sand paper (fine
quality) until small signs of abrasion appeared. Scarified seeds were incubated in the dark at 4°C on
0.8% soft agar for 3 days to overcome embryonic dormancy. The seeds were then left at 22°C in the
dark for another 24 hours until radicle development occurred. Germinated seedlings were sown in a
soil mix consisting of 50% vermiculite, 30% perlite and 20% sand. Plants were grown under 16 h light
(200 uM photons/m?/s')/ 8 h dark at 22°C and watered every other day with 1X nitrogen-free Jenson’s

seedling media (Jones et al., 2008; Appendix 1).

2.1.2 Measurement of growth kinetics of E. meliloti cells

A single colony of Ensifer meliloti (ICMP 19861- [Dangeard 1926] Young 2003) was inoculated in 100
ml Rhizobium-specific liquid medium yeast extract mannitol broth (YEMB) (Sigma Aldrich, Germany;
Appendix1) and grown at 25°C for 60 hours. One ml of culture was sampled every 10 hours, and the
optical cell density was measured spectrophotometrically at 565 nm. Serial dilutions using 1 ml of
culture was also performed as described by Sieuwerts et al. (2008). One ml of serially diluted samples
were spread on YEM agar plates and the number of colonies was counted after 16 hours of incubation
at 22°C. The number of colony forming units (CFU) were calculated per ml of bacterial samples based

on dilution factors as described by Sieuwerts et al. (2008).
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2.1.3 E. meliloti inoculation for nodule formation

E. meliloti cells were cultured for 16 h and showed an optical density of 0.5 at 565 nm without dilution.
The cells were harvested by centrifugation and resuspended in sterile water. Two days after M.
truncatula seedlings had been sown into pots, 1 ml of the harvested E. meliloti culture was injected in
the soil near the rhizospheric region of each plant using a sterile micropipette. For uninoculated
control, Jemalong A17 genotype was used for all the experiments. Uninoculated treatment pots were

instead inoculated with sterile distilled water.

2.1.4 Measurement of field capacity (FC)

Potting mix comprised of 50% vermiculite, 30% perlite and 20% sand was packed into pots constructed
from plastic piping (50 cm L x 13 cm W), fitted with a tubular plastic film liner and well saturated with
distilled water. After complete saturation the pots were kept overnight to drain excess water from the
potting mix. The next day, the potting mix from all the pots was emptied into trays which were placed
in a hot air draft herbage drying oven at 105°C for 2-3 days to dry completely. The mass of solids
before and after drying was measured to calculate the water holding capacity after saturation and

drainage overnight (FC) using the following formula as described by Samarah (2005):

Mass of solids at field capacity - Mass of oven dried solids

Field capacity = X 100
Mass of oven dried solids

2.1.5 Water treatments

This thesis has experiments that were conducted over two different time periods. The first group of
experiments were conducted for a duration of 32 days, and the second group had durations of 72
days. For the experiments that had a 72-day duration, two different soil moisture contents 95%, a
well-watered condition and 70%, a moderate drought stress (Yousfi et al., 2016) were maintained
beginning from 30 days post inoculation (dpi) with E. meliloti. For the well-watered treatments, pots
were watered every other day to bring the soil moisture content to 95% FC. For the drought
treatments, pots were left unwatered from 30 dpi until the soil moisture fell to 70% FC. Thereafter,
pots were weighed daily. Water was added to replace evapotranspiration and bring each pot back to
the desired % of FC. Both water regimes were maintained for another 42 days. Plants were uprooted

at different time points, washed with sterile distilled water and then used for further analysis. For the
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experiments that had a 32days duration, water was withheld completely at 20 dpi for 12 days to
impose the drought treatment. For the well-watered control treatment, plants at 20 dpi were well-

watered for the same 12 day period. A list of experiments used in this study are as follows:

Table 1. List of experiments with duration and sampling time points.

Experiments Duration Sampling time point for

various measurements

1 72 days 10, 15, 20, 25, 30, 35, 60 and
dpi.
2 72 days 14, 25 and 42 days after well-

watered (DAT+W) and drought
stressed treatments (DAT-W)

from at 30 dpi.

3 32 days 20, 26 and 32 dpi well-watered

and drought stressed plants

4 32 days 20, 26 and 32 dpi well-watered

and drought stressed plants

5 32 days 20, 26 and 32 dpi well-watered

and drought stressed plants

6 72 days 0, 7, 14, 25, 37, and 42 days
after drought stressed (DAD)
and control plants (well-

watered) from at 30 dpi

7 32 days 0, 6 and 12 days after drought
stressed (DAD) and control

plants (well-watered) from at

20 dpi

2.1.6 Physiological characterization

Leaf water potential was measured at each harvesting time point using a Wescor HR 33T Dew-point
microvolt meter (Wescor Inc, USA). During the dark period, 6 mm diameter leaf discs from fully

expanded leaves were cut from 4 plants of each treatment and kept in psychrometer chambers for
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60-90 min. Then ntv values (cooling coefficient) were measured in Dew-point mode as described in the
instrument instruction manual. The nv values of the leaf discs were converted to MPa by comparison
with calibration curves obtained using different filter paper discs soaked in NaCl solutions of known
concentrations. Using a CIRAS-2 photosynthesis system (PP systems, USA), CO, concentration,
transpiration rate, vapour pressure deficit, stomatal conductance and net photosynthesis rate were
measured for fully expanded leaves inserted into the measurement chamber of the instrument.
Conditions inside the chamber were set to 80% relative humidity, 1400 pmol m=2 st
photosynthetically active radiation (PAR), and 400 ppm CO; (Zegada-Lizarazu & Monti, 2012). The
relative water content of leaves was measured by first imbibing fully expanded trifoliate leaves from
each treatment by overnight (saturation) in water and then drying them at 65°C for 2 days. The weight
of the leaves was measured before and after saturation and again after drying. RWC of leaves was

calculated by the following formula:

Fresh weight - dry weight

RWC= X 100
Saturated weight - dry weight

After plant harvesting, nodule numbers were counted and shoot biomass was measured. For
acetylene reductase assay, 100 mg of fresh nodules were kept separately and the rest of the nodules,

root and leaf tissues were stored at —80°C.

2.1.7 Chlorophyll estimation

Ten mg of frozen leaf tissue were homogenized in 1.7 ml Eppendorf tubes with a pestle using liquid
nitrogen. To the powder 100 ul of 95% ethanol was added and the samples were stored in the dark
overnight at 4°C. Samples were subsequently centrifuged at 10,000 g for 10 min. Supernatant was
collected and optical density was measured at two different wavelengths, 665 and 649nm. From the
absorbance value, the amount of chlorophyll content in ug/mg of FW was calculated by using the

following formula as described by Ritchie (2006),

Chlorophyll a = 13.70xAbs665-5.76xAbs649
Chlorophyll b = 25.80xAbs649-7.60xAbs665
Total Chlorophyll = 6.1xAbs665+20.04xAbs649
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2.1.8 Nitrogenase activity measurement by acetylene reductase assay (ARA)

At each time point, the ARA method was followed to determine nitrogenase activity in nodules as
described by David_et al. (1980). For each sample, 100 mg of nodules were detached from the roots
and placed in a 6 ml tube. The tube was closed with an air tight rubber stopper. Acetylene (0.6 ml,
98% pure) was injected into Gas chromatography using a sterile syringe to reach a 10% final
concentration and the samples were incubated for 1 hour at 22°C. After incubation, 1 ml was injected
into a GS-8A Gas chromatograph (Shimadzu, Japan). All samples were run at attenuation 16 and the
total area of the ethylene peak (40 sec. retention time) was calculated. For the ethylene standards,
samples of 0.0038, 0.338, 3.386, 33.868, 338.68 and 3386.8 nM of ethylene gas were prepared in
sterile air-tight tubes of 6 ml volume. A 1 ml sample from each standard was injected into the gas
chromatograph, and the total ethylene peak area was measured. The peak area of ethylene from each

sample was converted to nM/uM of C,H4 produced/hr/g FW.

2.1.9 Experimental set up for N fertilizer treatments in Chapter 4

Seeds were germinated as described above and sown in prepared potting mix (2.1.1). Plants were
treated with unlabelled or >N labelled N fertilizer and inoculated with or without E. meliloti as

mentioned in the following table:

Table 2. Experimental setup for N fertilizer treatments in chapter 4.

Experiments | Treatments Rhizobium Watering N fertilization
(E.meliloti) (Potassium
inoculation nitrate)

Experiment3 | 1 + + -

2 - + -

Experiment4 | 1 + + + (**N isotope

labelled)

2 + - + (**N isotope
labelled)

3 - + + (**N isotope
labelled)
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4 - - + (*° isotope N

labelled)

Experiment5 | 1 - - +

Rhizobia culture was inoculated as mentioned above and nitrogen fertilizer was supplied in the form
of either 10 mM unlabelled potassium nitrate or *N labelled potassium nitrate (10 atom % *°N; Sigma
Aldrich, Germany) based on the above treatments. For the N fertilizer treatment, labelled fertilizer (as
a component in Janson’s solution) was prepared and supplied to plants from 3 days after sowing as
described by Hellmann et al. (2015). For each treatment, a minimum of 3 plants were kept in all
experiments to allow for biological replications. Nodules and plants were then harvested from all
treatments at 20, 26 and 32 dpi. As mentioned above, nitrogenase activity and physiological
measurements were carried out for each plant at all harvesting time points. In addition, the location

of nodules (distance from the root-shoot junction) and nodule dry mass were measured.

2.1.10 Total N and >N measurement

Plant shoot samples were dried at 40 to 60°C, ground to a <200 um particle size using a ball mill, and
N content was measured using a Dumas elemental analyser (Europa Scientific ANCA-SL, UK) interfaced
to an isotope ratio mass spectrometer (Europa Scientific 20-20 Stable Isotope Analyser, UK). This
measurement was performed at Waikato stable isotope unit, University of Waikato, New Zealand.
Atom percentage, delta >N and total N content of shoot were measured as described by Unkovich et
al. (2008). The relative contribution of N from nitrogen fixation was also calculated from the
percentage and amount of total N in shoots as described by Goh et al. (2016). The formulae used for

15N and total N content measurement were as follows:

ISN

— | (100 At%)
14N + ISN

At%15N=

where

Rsample - Rgta

S15N%o vs. [std] =
Rstd

(1000 6 %o)
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At%1N
At% 1IN

%Ndfix (nitrogen derived from fixation)

= 6N of reference plant- 8*°N of N fixing plant x 100/ 6*°N of reference plant- 6°N of N in air.
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2.2 Histology protocols

2.2.1 Histological analysis of nodule tissues

For light microscopy, nodules were fixed in a solution containing 50% ethanol, 5% acetic acid and
10% formalin. The samples were kept in a vacuum to allow the fixative solution to penetrate the

tissue by removing the air bubbles. The following washing steps were then performed prior to

embedding.
Steps Solution Time temperature
1 50% isopropanol 1 hour RT
2 70% isopropanol 1 hour RT
3 85% isopropanol 1 hour RT
4 95% isopropanol 1 hour RT
5 100% isopropanol 1 hour RT
6 100% isopropanol 1 hour RT
7 5:1 isopropanol: mineral oil 1 hour 50°C
8 2:1 isopropanol: mineral oil 1 hour 50°C
9 100%mineral oil 1 hour 50°C
10 50% mineral oil + 50% paraplast 1 hour 60°C
11 100% paraplast extra Overnight 60°C
12 100% paraplast extra 3 hours 60°C
13 100% paraplast extra 3 hours 60°C
14 100% paraplast extra 3 hours 60°C
15 100% paraplast extra 3 hours 60°C
16 100% paraplast extra 3 hours 60°C

The prepared nodule tissues were embedded using Leica EG1150 tissue embedder according to the

manufacturer’s instructions and as described by Cam et al. (2012).

» The nodule(s) from each plant were placed into a metal mould preheated to 60°C, and the
mould was filled with paraplast wax.

» A labelled plastic cassette was then placed on top of the mould to be a part of the wax cast.
After pouring each mould, the samples were placed on a cooling surface (-4°C) to let the wax

solidify quickly.
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Each nodule was sectioned on a Leica RM2235 microtome (Leica Microsystems, Germany) to
yield 5 um slices. For each tissue, 5 strip slices were taken to ensure that a full longitudinal
section was obtained.

Each strip was then gently placed on the surface of a 42°C deionised water bath and mounted
onto a labelled frosted glass microscope slide by raising the slide out of the water underneath
the strip of sections.

Slides were left on a 42°C warming tray until dry, at which point they were stored in
microscope slide boxes.

The slides were then washed in xylene to remove the wax, leaving the root nodule tissue in
place.

Slides were first submerged in a tub of “histoclear II” (xylene + terpenes) for 10 min.

After 10 min, the slides were then submerged in a separate tub of the same solution for 2 min,
and finally a third tub of the same solution for a further 2 min.

The washed slides were placed again on a 42°C warming tray to dry off excess solvent. Then
the slides were stained with toluidine blue as described by van de Velde et al. (2006) and
imaged using a Leica DM3 XL (Leica Microsystems, Germany) light microscopic system and
mounted with DPX (Merck, Germany).

Once all slides had cover slips mounted, and the DPX had dried, images of the tissue on each
slide were taken at Manawatu microscopic and imaging centre (MMIC) using Leica DFC320
microscope either at 4x Zeiss objective lens or 20x Zeiss objective lens, based on the size of

the tissue being observed.

36



2.3 Molecular biology protocols
2.3.1 Sequence retrieval and primer design

Using the M. truncatula genome database (MtGDB) (http://www.plantgdb.org/MtGDB/), MtCat,

MtRboh, MtAco, MtAcs, MtZep, MtNced, MtZip, MtPal, Mtics and MtP5cs3 genes were identified and
the full coding sequence was retrieved (Appendix 3). Primers were designed for each gene using IDT

(Integrated DNA Technologies) oligo designing tool (https://sg.idtdna.com/calc/analyzer) and

according to the requirements for Quantitative Real Time PCR like amplicon length of 80-200bp,
minimum secondary structure, and reduced ability to form self-dimer and 60°C+1 melting
temperature. The primer efficiency for each set was determined by using the LinReg PCR software

(Appendix 2; Ruijter et al., 2009).

2.3.2 RNA extraction

100 mg of frozen tissue from nodules, leaves and roots from the two different harvesting time points
were ground in a mortar using liquid nitrogen. The powder was then used for RNA extraction using
Quick-RNA™ MiniPrep-Zymoresearch kit (Zymo Research, USA). Manufacturer instructions were used

and are as follows:

» The tissue was ground in liquid nitrogen using a mortar and pestle.
» 800 pl of RNA lysis buffer was added to the tube and vortexed vigorously for 15 sec.
» Samples were centrifuged at 13,000 x g for 1 min at room temperature.

» The supernatant was collected and transferred to Spin-Away™ Filter in a collection tube and

centrifuged again at 10,000 x g for 1 min to remove genomic DNA.

» The sample was collected in the collection tube after centrifugation and was thoroughly mixed

with 1 volume of 100% ethanol by pipetting the solution up and down.

» This mixture was transferred to a Zymo-Spin™ IIICG column in a collection tube and

centrifuged at 10,000 x g for 1 min. This step was repeated until all of the mixture was filtered.
» 400 pL of RNA prep buffer was added to the column and centrifuged for 1 min at 10,000 x g.
» Then, 700 pL of RNA wash buffer was added to the column and centrifuged at 10,000 x g for

1 minute.
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» The column was placed in a DNAse and RNAse free 1.7 ml Eppendorf® tube and 50 uL of

DNAse/RNAse free water was adde.

» The column was centrifuged at 13,300 x g for 1 minute and RNA was eluted into the collection

tube.

The purity and quantity of RNA was measured spectrophotometrically at 206/280 nm using Nanodrop

(Thermo scientific, USA) according to the manufacturer’s instructions.

2.3.3 First strand cDNA synthesis

The protocol used for first strand cDNA using Transcriptor First Strand cDNA Synthesis Kit (Roche Life

Science, Germany) was as follows:

» After RNA extraction 2.5 pg of each RNA sample and 1 pl of Dnasel (1U) (Roche Life Science,
Germany) were combined and made into a 24.3 ul reaction volume and the tubes were
incubated for 30 min at 37°C.

» At the end of the incubation period, 1.6 pl of 125 mM EDTA was added to stop the reaction.
The samples were incubated again at 75°C for 10 min to inactivate the Dnasel.

» For first strand cDNA synthesis (Transcriptor First Strand cDNA Synthesis Kit - Roche Life

science, Germany), 1 ug of Dnasel treated RNA (10 pul) and 1 pl of oligod(T) were combined
and the total volume adjusted to 13 pl with sterile distilled water.

» Tubes were incubated at 65°C for 10 min in a thermal block cycler and the following
components were added immediately at the end of incubation: 4 ul of Reverse transcriptase
buffer, 0.5 pl of protector Rnase inhibitor, 2 pl of ANTP mix and 0.5 ul of Reverse transcriptase.

» Tubes were incubated at 55°C for 30 min in a thermal block cycler.

2.3.4 Quantitative Real-Time PCR

To make cDNA dilutions, nodule cDNA’s were diluted 20-fold using Rnase/Dnase free water. Three
biological replicates for each gene and 3 technical replicates for each sample were kept for qPCR
reactions. Mt 8 Tubulin and MtPDF 2 housekeeping gene primers were used (Kakar et al., 2008) and
were found to remain stably expressed throughout the different experimental treatments and
timepoints. Primers for the genes used in this study are listed in Appendix 2. The qPCR reaction was
performed in a LightCycler 480 Real-Time PCR system (Roche Life Science, Germany). The reaction

components and conditions were followed as per the manufacturers’ instructions.
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In an opaque 96-well plate the following components were added to each cell:

2 X LightCycler 480 SYBR Green | Master Mix 5ul
Forward primer (10 uM) 0.5 ul
Reverse primer (10 uM) 0.5 ul
cDNA 2.5 pl
Rnase/Dnase free water 1.5 ul
Total volume | 10 pl
Reaction conditions in the light cycler was as follows:
Steps Temperature time cycle
Initial denaturation 95°C 5 min 1
Amplification: Denaturation 95°C 10 sec
Annealing 60°C 10 sec 35
Extension 72°C 10 sec
Melting curve 95°C 5 Sec
65°C 1 min 1
97°C 4 min
Cooling 40°C 30 sec 1

After each run, data was exported as a “.txt” file and converted to MS Excel format using ‘Conversion-
LightCycler 480 to LinReg PCR’ software. The raw data from the excel sheet was further analysed to
get Cq values (quantitation cycle) and primer efficiency using LinReg PCR (version 2015.0). For all

samples, the geometric mean of 3 technical replicates was calculated. Relative expression of each

gene in response to drought and age was calculated using the following formula.:

R= (E Target) ACq Target (Control-sample)/ E Reference ACq Reference(Control-sample)

Where,

E = Primer efficiency

R = Relative expression

Reference = Geometric mean of housekeeping gene
Target = Geometric mean of target gene
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2.3.5 Ligation reaction

In a sterile Eppendorf® tube the following reaction was prepared using NEB T4 DNA ligase reaction

(NEB, UK) according to manufacturer’s instruction and incubated at 16°C for 1 hour:

Template DNA ~150 ng
Vector 50 ng
T4 DNA ligase 1l

T4 DNA Ligase Buffer (10X) 2 ul
Water To 20 ul

2.3.6 Competent cell preparation

Competent cells for E. coli DH5a and A. rhizogenes were prepared using the protocol of Sambrook &

Joseph, (2001):

» Freshly grown bacterial cells were inoculated in LB broth (Appendix 1) and grown overnight at

37°C with shaking (180 rpm).

» After cultured as above, bacterial cells were centrifuged at 3000 x g for 5 min at 4°C and the

pellet was re-suspended in 10 ml of ice-cold 60 mM CaCl..
» The cells were left on ice for 1 hour and washed twice with 60 mM CaCl2 as above.

» The cells were pelleted again at 3000 x g and re-suspended in 4 ml of 60 mM CaCl, along with
15% (v/v) glycerol. Aliquots of 100 pul of the solution containing suspended cells were used for

transformation.

2.3.7 Bacterial transformation

The prepared competent cells were then transformed using the protocol of Sambrook & Joseph,

(2001):

» ~50 ng of the ligated vector was mixed gently with 100 pl of competent cells and incubated
on ice for 1 hour.
» After 1 hour, tubes were heat-shocked at 42°C for 1.5 min and then immediately placed on

ice.
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» From each tube, 25 pul of cells were spread on LB solid media (see appendix) and cultured
overnight at 37°C.
» Single colonies were selected and colony PCR or plasmid extraction was conducted to verify

presence of the insert.

2.3.8 Colony PCR

A freshly developed single colony from the transformation plate was used to perform colony PCR as

follows (Sambrook & Joseph. 2001):

» The selected single colony was touched with a sterile toothpick and mixed in an Eppendorf
tube containing 10 pl of sterile MilliQ water.

» Tubes were incubated at 95°C for 5 min and the PCR reaction was initiated.

2.3.9 Reverse transcriptase PCR

In a sterile 0.2 ml Eppendorf tube, the following reaction mix was prepared and run in a thermal cycler

for template amplification:

Forward Primer (10 uM) 0.5 uL
Reverse Primer (10 uM) 0.5 uL
2 x PCR Master Mix (Promega) 10 plL
cDNA 1uL
PCR grade water 8 uL
Total Volume 20 uL

The reaction conditions in the thermal cycler were as follows,

Steps Temperature Time Cycle

Predenaturation 95°C 10 min

Denaturation 95°C 30 sec 1

Annealing 4°C less than the melting | 30 sec 30

temperature of primers

Extension 72°C Time is given as per the
amplicon length (1
min/per kb)

Final Extension 72°C 10 min
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2.3.10 Agarose gel electrophoresis and gel elution

>

In 100 ml of 1X TAE buffer, 1% of UltraPURETM agarose (Life Technologies, USA) was added
and melted in a microwave oven until the solution was transparent. For smaller fragments
(<200bp), a 2% (w/v) TBE (See appendix) gel was used to measure the optimal resolution.
Melted agarose gel was poured into the gel tray along with a comb and allowed to solidify for
30 min.

2 ul of the PCR product was then mixed with 1X loading dye [10 X SUDS (0.1 M EDTA, pH 8.0,
50% (v/v) Glycerol, 1% (w/v) SDS, 0.025% (w/v) bromophenol blue)] and loaded into wells
along with a 1 kb/100 bp DNA ladder (NEB, USA).

The gel was run for 1 hour at 100 V for 45 min. The gel was then stained with 0.1 ug ml?
ethidium bromide for 10 min. The fragments were visualised using a Gel Doc 2000 Gel

Documentation System from Bio-rad Laboratories, CA, USA.

For gel extraction, Zymoclean™ Gel DNA Recovery Kit (Zymo Research, USA) was used, and the

fragments were purified as follows:

>

The gel portions containing the fragments were sliced from the gel using a sterile blade and 3
volumes of ADB buffer was added.

Tubes were kept at 50°C for 10 min with continuous inverted mixing.

After the gel slices had dissolved completely in the buffer, the solution was transferred into a
Zymo-Spin™ Column in a collection tube.

Tubes were centrifuged at 10,000 rpm for 30 sec and the flow through was discarded.

To the column, 200 pl of DNA wash buffer was added and centrifuged again for 30 sec.

After decanting the flow through, 20-30 ul of sterile MilliQ water or elution buffer was added

and centrifuged for 30 sec to collect the purified DNA.

2.3.11 Restriction digestion reaction

For the digestion of DNA fragments used in the preparation of the template for ligation and

transformation, the following protocol was used according to NEB (UK) manufacturer’s instructions:

Restriction Enzyme 1 1 ul (10U)
Restriction Enzyme 2 (only for double digestion) | 1 ul (10U)
DNA 1lug

10X NEBuffer (NEB, UK) 5 pl (1X)
Total Reaction Volume 50 ul
Incubation Time 1 hour
Incubation Temperature 37°C
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2.3.12 Construction and transformation of RNAi knockdown Ser6, Fer2 and Fer3 constructs

The complete coding regions of the Ser6, Fer2 and Fer3 genes were used and customized to the target
region of 150-250 bp using IDT Custom Dicer-Substrate siRNA (DsiRNA) tool. Fragments from these 3
genes were synthesised from Genscript, USA by introducing restriction sites and then cloned in a
pUC19 vector as mentioned in Appendix 4. Single RNAi constructs for Ser6, Fer2 and Fer3, a double
RNAI construct for Fer2 and Fer3, and a triple construct for Ser6Fer2Fer3 were construed as described

below.

Triple gene knockdown construct

The insert was digested out with Spel and Bglll and the gel insert (A) was purified. This insert was
cloned into the Spel/Bglll site of pDAH2 to make Plasmid B. Plasmid B was then digested with
BamHI/Nhel and insert A was cloned to get Plasmid C, which is an inverted repeat of the three

sequences.
Double gene knockdown construct (MtFer2 and MtFer3)

An inverted repeat of MtFer2 and MtFer3 was made by digesting pUC19 with Avrll and Bglll, purifying
insert G and cloning into Spel/Bglil site of pDAH2. This plasmid was considered as plasmid H digested

with BamHI and Nhel to get insert G. Insert G was then cloned to get Plasmid I.
Single knock down

The MtSer6, MtFer2 and MtFer3 genes were amplified from nodule cDNA (Xbal at 5’ and BamHI at 3’
end). Each gene was digested individually with Xbal and BamHI. The inserts were then cloned into the
Spel/Bglll site of pDAH2 to get Plasmid S. Plasmid S was digested and the insert was cloned into
BamHI/Nhel site to get Plasmid T.

All constructs were then cloned in an RNAJ vector carrying a 35S promoter, pDAH2 (Davies et al., 2012).
pDAH2 plasmids carrying the RNAi constructs were cut with Not/ (NEB, UK) restriction enzyme and
fragments containing the RNAi modules were cloned into pGreen 0229 (Hellens et al., 2000). For the
control construct, an empty pDAH2 vector carrying only the 35S promoter (no insert) was cut with
Notl and the cassette was cloned in pGreen 0229. This vector was transformed into A. rhizogenes along

with the helper plasmid, pSoup (Tahir et al., 2012).
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2.3.13 Agrobacterium rhizogenes mediated root transformation

Vectors were transformed into M. truncatula R108 using Agrobacterium rhizogenes mediated root

transformation as described by Chabaud et al. (2006):

» An A. rhizogenes culture was grown over night and prepared in a TY/calcium medium
(Appendix 1). The culture was then spread on a TY/calcium agar plate with antibiotics and
grown for another 24 hours.

» After 30 hours of seed germination on 0.8% soft agar, root tips (3 mm) were excised from the
1 cm long seedlings using a sterile scalpel.

» After the formation of a bacterial layer on the agar plate, the seedlings were gently rubbed on
the bacterial layer and placed on a petri dish (approx. 4-6 cm from the top) containing agar
with modified Fahraeus medium (Appendix 1) with Kanamycin at 25 mg/I.

» Several incisions with a scalpel were made along the upper edge of the petri dish were made
to allow for adequate gas exchange and then the plates were sealed with parafilm.

» Petri dishes were kept at an angle of approximately 45°C for 2-3 days (to reduce the risk of
the seedlings falling) and then were vertically positioned for another 4-5 days in a 20°C growth

chamber (16/8 L/D period).

Three weeks after A. rhizogenes inoculation when the transgenic roots were sufficiently developed,
plants were transferred into pots containing the vermiculite, perlite and sand potting mix described
above, and grown with E. meliloti inoculation. DNA was isolated from 20-d-old transformed roots using
the CTAB method (Latif & Osman, 2017) and PCR was performed using NAN forward and NOS reverse
primers (Appendix 7.2) to confirm successful transformation events. All plants with roots that tested
positive were considered transformants and were transferred to a vermiculte/perlite/sand mixture

and were inoculated with E. meliloti as described in 2.1.3.
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2.4 Biochemical assays protocols
2.4.1 Protein and protease activity measurement

» Nodules (50 mg) were homogenized with 300 ul of extraction buffer (50 mM MOPS, 20 mM
KCL, 1 mM NazEDTA ,5 mM MgCly, 1.5 mg/ml DTT and 0.7 pl/ml B mercaptoethenol) using a
mortar and pestle.

» Homogenates were centrifuged at 15,000 x g for 15 min at 4°C. The supernatant from the
samples was collected and used for protein quantification and protease activity.

» In 100 pl of protein sample, 1 ml of 1x Bradford reagent (Bio-Rad) was added and incubated
at room temperature for 5 min.

» The optical density of each sample was then measured spectrophotometrically at 595 nm and
the concentration of protein (mg/g fresh weight) was calculated using bovine Serum albumin
as standard (Sigma Aldrich, Germany).

» To measure protease activity in 100 ul of the protein sample, 100 pl of FTC-Casein working
solution (1 pg) (Fluorescent protease assay kit, Thermo Fisher Scientific, USA) was added and
incubated at room temperature for 30 min (96 well black plate).

» Samples were then measured fluorimetrically at excitation and emission wavelengths of 485
and 538 nm, respectively.

» Protease activity was assessed was assessed using trypsin as a standard to measure
fluorescence of protease per min.

» Protease activity was determined by measuring the fluorescence emitted by the digestion of
fluorescent isothio-cyanate labelled casein substrate by protease enzymes present in the

sample.

2.4.2 Lb and iron content measurement
Fluorometric analysis of Lb content was performed as described by Larue and Child (1979).

» 100 mg of frozen nodule tissue was homogenised in 400 ul of extraction buffer containing
0.02% potassium ferricyanide and 0.1% sodium bicarbonate.

» Homogenates were centrifuged at 10,000 x g for 10 min and the supernatant (a red coloured
supernatant appears in nodule samples) was mixed with 2ml of saturated oxalic acid.

» Tubes were then heated for 30min at 120°C and measured fluorometrically at excitation

wavelength of 405nm and emission wavelength of 650nm.
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» Concentrations of Lb (uM/mg of nodule fresh weight) were calculated using bovine serum

albumin as a standard.

Iron content of the nodule tissues was quantified as described by Ravet et al. (2009).

100 mg of nodule tissues were dried completely overnight at 80° C and homogenized with a
mortar and pestle in 200 pl of 0.1 M phosphate buffer.

» From the homogenates 100 pl samples were taken in sterile tubes and 0.1 ml 98% H,504 and
70% HNO3z were added.

» Samples were completely digested by heating at 100°C for 3 hours, and then 50 pl of 60%
perchloric acid was added and dried completely at 100°C.

» The following were added to the sample ash: 0.5ml sterile water, 0.25 ml 1% thioglycolic acid,
1.5 ml saturated sodium acetate and 1.0 ml bathophenanthroline solution (200mg/250ml
isoamyl alcohol) and mixed well.

» Samples were centrifuged at 12,000 x g for 10 min. The red aqueous layer (~1.0 ml) was
collected and read spectrophotometrically at 535 nm.

» The quantity of iron in pg/g DW of nodule tissues was calculated using standard iron solution

(Sigma Aldirch, Germany).

2.4.3 Protease inhibitory assay

Protein samples were prepared as described above and used for measuring papain-like cysteine
legumain protease activity. Protease specific substrates, benzyloxycarbonyl-Arg-7-Amino-4-
Methylcoumarin (ZR-AMC) for papain-like cysteine activity, and AC-YVAD-PNA for legumain like
caspase activity, were used in this assay (Pereira & Song.,2008) (Sigma Aldrich, germany). A reaction
mix was prepared by mixing 100 mM sodium acetate buffer (pH 5.5), 1 mM EDTA, 1 mM dithiothreitol,
10 pg/ml of total protein and 50 pM of substrate. The reaction was incubated at 28°C for 20 min.
Samples were then measured fluorimentrically at 485nm excitation/538nm emission. Fluorescence
absorbance was measured by cleavage of substrate over 1min and values are expressed as A

(fluorescence) min~* (Pierre et al., 2013).
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2.5 Statistical analysis

The statistical analysis for plant physiological and qRT-PCR data were performed in Microsoft Office
Excel 2010, MiniTab® 16 statistical package and Sigmaplot version 14. Standard errors of means (SEM)
were calculated from a minimum of 3 independent biological replicates. Mean separations were
evaluated by the Student’s t-test, performed in Microsoft Excel using the standard formula and
significance levels of 5% (p< 0.05) and 0.1% (p<0.001). Experiments with multiple treatments were
statistically analysed by Two-way ANOVA with Post Hoc Tukey’s test using MiniTab® 16 statistical

package.
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Chapter 3

A serpin and two ferritins are induced by drought in M. truncatula nodules

3.1 Introduction

The efficacy of SNF varies depending upon the host, host-rhizobial specificity and the symbiotic
interaction. Each legume has its own specific rhizobial partner for symbiotic processes (Westhoek et
al., 2017). Therefore, identifying suitable host-rhizobial partners and determining the symbiotic
characteristics are important aspects in legume-rhizobial symbiosis and molecular studies. Nitrogen
fixing nodules undergo various developmental stages such as the initial rhizobial infection into the
root cortex, rhizobia multiplication and bacteroid differentiation, nodule development, nitrogen
fixation and senescence. Nodule senescence is either part of the natural ageing process of a plant or
it can be an induced process in a plant in response to biotic or abiotic stresses (Van de Velde et al.,
2006). Natural nodule senescence coincides with a wide range of proteolytic activities which are
essential to remove damaged or unfolded bacteroid and nodule proteins. However, this proteolytic
activity might be induced at high intensity by the plant in response to drought stress and as a result,
nodule senescence might be induced rapidly because of the degradation of functional nodule proteins.
This senescence process could therefore, lead to bacteroid degradation and nitrogenase activity
reduction (Pladys & Vance, 1993; Wyk et al., 2014). Pierre et al. (2014) described that increases of
papain and legumain protease activity causes early nodule senescence in M. truncatula. Furthermore,
uncontrolled proteolytic activity would also degrade leghaemoglobins and release toxic iron which in
turn causes oxidative damage to bacteroids through deleterious ROS production (Delaat et al., 2014).
However, plants have their own mechanisms to control proteolytic activity and excess iron- based ROS
toxicity such as protease inhibitors and iron scavengers. Serpins are highly abundant protease
inhibitors which are known to inhibit endoproteases such as cysteine and serine proteases (Fluhr et
al., 2012; Alvarez-Alfageme et al., 2011). It has been shown in Arabidopsis thaliana that a serpin,
Atserpinl, inhibits the activity of cysteine proteases and rescues the leaves from programmed cell
death. To control iron toxicity, ferritin has been proposed as a key controlling factor by several studies
(Gaymard et al., 1996; Bhalerao et al., 2003; Wollaston et al., 2003). Ravet et al. (2009) reported that
ferritin can accommodate approximately 4000 iron atoms in its central cavity to reduce toxic damage

in A. thaliana leaves.

This study investigates the characteristics of M. truncatula symbiotic interactions with E. meliloti and

hypothesizes that serpins and ferritins may be expressed in M. truncatula nodules during nodule
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senescence in response to stress conditions such as drought. | used herein the M. truncatula-specific
rhizobium E. meliloti and studied symbiotic performance and gene expression in M. truncatula

Jemalong A17 genotype.
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3.2 Results
3.2.1 Growth kinetics and optimum E. meliloti cell density

For optimal nodulation efficiency, 10% cells ml* of Rhizobium must be supplemented in the
rhizosphere region of legumes (Terpolilli et al., 2008; Simsek et al., 2007). This study hypothesizes that
E. meliloti will develop the optimum cell density during a particular growth period prior to its use as
an inoculum. To investigate this, a freshly prepared colony on YEMA medium (Appendix 1) was
inoculated in YEM broth and grown for 60 hours. One millilitre of broth culture was sampled every 10
hours and the density of active cells was measured by counting colony forming units (CFU) as
described in Chapter 2. Results showed that after 30 hours of incubation and at 0.5 optical density
(OD), CFU reached approximately 10% cells/ml. While a prolonged incubation time increased the
optical density, CFU counts decreased (Fig. 1b). This study showed the optimum density of E. meliloti

cells, approximately 102 cells/ml, was reached after 30 hours of incubation and at 0.5 OD.
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Fig. 1. Growth kinetics of E. meliloti in YEM medium. Cells were grown for 60 hours (green line) and
optical density was spectrometrically measured at 600 nm. CFU’s (blue line) were counted at each
indicated time point after serial dilution. Values are the means of three biological replicates and error

bars represent the standard errors of the means.
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3.2.2 Nodulation and nitrogenase assay in M. truncatula

Each legume species has a different nodulation pattern and nitrogenase activity based on its
interaction and compatibility with rhizobia. Post inoculation, nodule initiation has been observed to
starts at 3 days, developing nodules are seen between 10-18 days, and nitrogenase activity begins at
20 days (Heynes et al., 2004; Suzaki et al., 2015). This study hypothesizes that similar time-frames are
needed to establish a nitrogen-fixating symbiosis between M. truncatula Jemalong A17 and E. meliloti.
To examine the nodulation properties of M. truncatula, the rhizosphere of M. truncatula was
inoculated with E. meliloti cells under nitrogen free conditions (Experiment 1, Chapter 2). Nodules
were then counted throughout the period of plant growth. Visible nodules were seen at 15 dpi and
their numbers increased gradually to reach approximately 35 nodules/plant at 72 dpi. To determine
the nitrogenase activity in M. truncatula, the ARA method (Chapter 2) was performed during the
plants’ growth period. The result of the assay showed that increased nitrogenase activity coincided
with a higher number of nodules. Nitrogenase activity began at 20 dpi and increased until 60 dpi. At
later plant growth stages (e.g. 72 dpi) nitrogenase activity dropped rapidly (Fig. 2b). This study showed
that M. truncatula in association with E. meliloti performs efficient nitrogenase activity from 30 dpi to

60 dpi.

51



b Nitrogenase activity = —®—Nodule numbers
4500 a5
3 4000 40 §
% 3500 l 35 &
(%]
&0 3000 30 2
< =}
= 2500 25 3
I 2000 20 £
o ] | 5
« 1500 15
S 1 ! @
s 1000 10 -g
< 500 5 3

0 — 0
10 15 20 25 30 45 60 72
Days after inoculation

Fig. 2. Growth and symbiotic attributes of M. truncatula (a) 20 days old E. meliloti inoculated M. truncatula
plants grown under N limited conditions and (b) nodule nitrogenase activity and nodule count. Red circles
indicate the nodules. NFW denotes nodule fresh weight. Values are the means of three biological replicates

and error bars represent the standard error of the means.

3.2.3 Effects of E. meliloti inoculation on M. truncatula plant growth

SNF fixation is a requirement of SNF-dependent legume growth (Remans et al., 2008; Mus et al., 2016). This
study hypothesizes that nitrogen fixation in the M. truncatula - E. meliloti symbiosis affects plant growth when
grown in an N-free growth condition. To determine the effect of nitrogen fixation on M. truncatula growth,
plants were grown in N-free conditions for 72 days with and without E. meliloti inoculation (Experiment 1,
Chapter2). The photosynthetic rate, chlorophyll content and shoot biomass were measured. Results showed
that N-fixing M. truncatula exhibited a significantly higher photosynthetic rate (3 fold) as compared to the
uninoculated control. In the case of chlorophyll content, the results showed a 2 fold higher content than that
of the uninoculated control. Moreover, we observed that these changes were found to be correlated with

shoot biomass. As compared to the uninoculated control, the inoculated N- fixing plants showed a 5 fold higher
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shoot biomass (Fig. 3a). As a result of the reduction of SNF, the shoot biomass of uninoculated M. truncatula
was significantly reduced as compared to E. meliloti inoculated plants (Fig. 3b). Thus, SNF is required for

optimal growth of the SNF-dependent M. truncatula Jemalong A17 inoculated with E. meliloti.
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Fig. 3. Impact of SNF on plant growth. (a) Photosynthetic rate, chlorophyll content and shoot biomass of 72-
day-old E. meliloti inoculated and uninoculated M. truncatula and (b) visible plant growth. Values are the
means of three biological replicates and error bars represent the standard error of the means. Asterisks
indicate the significant difference between uninoculated and E. meliloti inoculated plants at p<0.05 according

to student’s t-test.
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3.2.4 Identification of serpin and ferritin genes in M. truncatula

To study the expression of serpin and ferritin genes in the nodules of M. truncatula, serpin and ferritin gene
sequences were first retrieved from the Medicago genome database (MGDB) (Chapter 2) based on the number
of matching sequences found on different chromosome loci. There were 28 serpin and 3 ferritin gene
sequences identified from the database. Using the locus tag provided for individual genes, sequences were
retrieved using the NCBI BLAST tool. The BLAST result of all these genes showed that 24 serpin and 3 ferritin
M. truncatula genes were found to have 100% similarity with the respective Medicago serpins and ferritins
from the database (with individual NCBI accession numbers), (Table 1, 2) whereas the remaining 4 serpin
genes, MtSer2, MtSer3, MtSer4 and MtSer7 (from different chromosome loci), showed no specific accession
numbers in NCBI database and 100% match with M. truncatula serpins. However, MtSer2, MtSer3, and MtSer4
showed partial similarity (79%, 82%, and 79% respectively) with MtSerl, a gene with 100% similarity to the
database/ annotated genes. Likewise, MtSer7 showed 81% similarity with MtSer6, another gene with 100%
similarity to the database. This indicates that these genes were not annotated in the database as serpins but

still partially matched other annotated serpins (Table 1).

Table 1. Chromosome locus tags and NCBI accession numbers of 28 serpin genes from M. truncatula. All the
serpins retrieved from the MGD database showed 100% similarity with their respective genes except MtSer2
(79% similarity with MtSer1), MtSer3 (82% similarity with MtSer1), MtSer4 (79% similarity with MtSer1) and
MtSer7 (81% similarity with MtSer6). Asterisks (*) indicate the genes which don’t have NCBI accession

numbers but partially match other serpin genes as indicated.

Gene ID Locus tag Accession number | Organism Similarity
MtSer1 MTR_3g018740 XM_003598595 Medicago truncatula 100%
*MtSer2 MTR_2g045980 XM_003598595 Medicago truncatula 79%
*MtSer3 MTR_8g027420 XM_003598595 Medicago truncatula 82%
*MtSerd MTR_2g046030 XM_003598595 Medicago truncatula 79%
MtSer5 MTR_3g101030 XM_003602927 Medicago truncatula 100%
MtSer6 MTR_3g101010 XM_003602925 Medicago truncatula 100%
*MtSer7 MTR_4g045707 XM_003602925 Medicago truncatula 81%
MtSer8 MTR_7g050810 XM_003622635 Medicago truncatula 100%
MtSer9 MTR_3g10120 XM_003602943 Medicago truncatula 100%
MtSer10 MTR_3g101180 XM_003602941 Medicago truncatula 100%
MtSer11 MTR_3g015760 XM_003598529 Medicago truncatula 100%
MtSer12 MTR_3g101190 XM_003602942 Medicago truncatula 100%
MtSer13 MTR_7g050830 XM_003622637 Medicago truncatula 100%
MtSer14 MTR_3g099970 XM_003602833 Medicago truncatula 100%
MtSer15 MTR_3g100990 XM_003602923 Medicago truncatula 100%
MtSer16 MTR_3g101110 XM_003602934 Medicago truncatula 100%
MtSer17 MTR_3g101050 XM_003602929 Medicago truncatula 100%
MtSer18 MTR_3g111160 XM_003603640 Medicago truncatula 100%
MtSer19 MTR_3g100520 XM_003602885 Medicago truncatula 100%
MtSer20 MTR_3g101130 XM_003602936 Medicago truncatula 100%
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MtSer21 MTR_7g050750 XM_003622631 Medicago truncatula 100%
MtSer22 MTR_3g111150 XM_003603639 Medicago truncatula 100%
MtSer23 MTR_3g048000 XM_003599803 Medicago truncatula 100%
MtSer24 MTR_3g015620 XM_003598519 Medicago truncatula 100%
MtSer25 MTR_3g101020 XM_003602926 Medicago truncatula 100%
MtSer26 MTR_4g093550 XM_003608337 Medicago truncatula 100%
MtSer27 MTR_3g101120 XM_003602935 Medicago truncatula 100%
MtSer28 MTR_6g046890 XM_003619290 Medicago truncatula 100%

Table 2. Chromosome locus tag and NCBI accession number of 3 ferritin genes from M. truncatula. All the

gene’s sequences were matched 100% similarity with M. truncatula ferritin genes with individual accession

number.
Gene ID Locus tag Accession number Organism Similarity
MtFerl MTR_7g069980 XM_003623311 Medicago truncatula 100%
MtFer2 MTR_5g083170 XM_003616637 Medicago truncatula 100%
MtFer3 MTR_4g014540 XM_003604515 Medicago truncatula 100%

3.2.5 Multiple sequence alignment and primer design

To determine the sequence-based diversity among the members of serpin and ferritin gene families in M.
truncatula, complete coding regions of all the genes were aligned using MEGA7 (Molecular Evolutionary
Genetics Analysis) and phylogenetic analysis was also performed. A phylogenetic tree showed that members
of the serpin such as MtSer5, MtSer2, MtSer11, MtSer8 and MtSer16 are closely related (>90% similarity) with
MtSer17, MtSer4, MtSer24, MtSer13 and MtSer27 respectively and other members of serpin and ferritin are
not similar to each other or closely related (Fig. 4). Furthermore, no specific groups could be delineated among
these gene families. To find any conserved regions among the serpin and ferritin families, all genes were
grouped using the MUSCLE (Multiple Sequence Comparison by Log- Expectation) tool. Based on this process,
28 serpin genes were separated into serpin group 1 -serpin group 7 (SG1-SG7) and 3 ferritin genes into ferritin
group 1 (FG1). This particular alignment and grouping of gene family members (based on conserved regions)
was completely different from the genetic diversity the of gene members (tree build based on complete coding
sequence) shown in the phylogenetic tree (Appendix 5, Fig. 4). In groups where two conserved regions were
identified (Appendix 5), forward and reverse primers were designed (Chapter 2). In groups where only one
conserved region was detected (Appendix 4 c, d, e, f and g) anchored oligo(dT) primers were used as a reverse

primer (Appendices 2 and 5).
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Fig. 4. Molecular phylogenetic analysis of the serpin and ferritin families. Evolutionary history of the families
was inferred by using the Maximum Likelihood method based on the Tamura-Nei model. Evolutionary analyses
were conducted in MEGA7 using the complete coding sequence of respective genes. Numbers indicate
bootstrap values. Colours indicate the groups that were created using the MUSCLE alignment tool based on

conserved regions found in coding sequences.
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3.2.6 Screening of serpin and ferritin genes in root, nodule and leaf tissues

As seen above, it was determined that M. truncatula has 28 serpins and 3 ferritins genes. Therefore,
this study hypothesized that certain serpin and ferritin genes are expressed in M. truncatula nodules.

To identify the serpin and ferritin genes which are expressed in the nodules, a reverse transcriptase

PCR approach was used to amplify the cDNA of the genes.

3.2.6.1 cDNA amplification of serpin and ferritin groups

M. truncatula plants were grown for 30 days with E. meliloti and treatment of 95% field capacity (FC)
of soil moisture content was maintained for another 42 days (days after treatment) (Experiment 2,
Chapter 2). To identify the expression of serpin and ferritin gene groups in the nodule, root and leaf
tissues of M. truncatula, reverse transcriptase PCR was used to amplify the groups (Fig. 4). At 14 and
25 days after treatment (DAT), plant nodules were harvested and reverse transcriptase PCR was
performed using the primers (Appendix 2). After 2 rounds of PCR amplification (60 cycles), S1, S2 and
ferritin groups gave positive amplification in the nodule, root and leaf tissues, whereas other serpin

groups did not show expression in any selected tissues except for the root tissue in serpin group 3 (S3)

(Fig. 5).
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Fig. 5. Reverse transcriptase PCR of 7 serpin groups (S1-S7) and the ferritin group (F1) in well-

watered nodules, roots and leaves of M. truncatula at different days after treatment (DAT). Water

treatment (Day 0) started at 30 dpi to keep the field capacity of soil at 95%. MtELF1 was used as a

positive control.
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3.2.6.2 cDNA amplification of individual genes

We observed that the SG1 and SG2 serpin groups and the FG1 ferritin group from the 14 and 25 DAT
nodules showed positive amplification. Therefore, to screen the individual genes in the nodules of the
SG1, SG2 and FG1 groups, specific primers were designed for all the genes (Appendix 2). As mentioned
above, 2 rounds of PCR were carried out for all genes in the plant nodules at 14 and 25 DAT. The PCR
products of all positively amplified genes were confirmed by sequencing followed by a BLAST (Basic
local alignment search tool) analysis. After the second PCR round (~after 60 cycles), among MtSerl,
MtSer5, MtSer2, MtSer3, MtSer6 and MtSer7 from the S1 group, MtSer6 was found to be expressed
at 14 and 25 DAT nodules while MtSer5 was expressed only at 14 DAT. From the S2 group, MtSer8,
MtSer9 and MtSer10 were found to be expressed only at 14 DAT. Among 3 ferritins (MtFer1, MtFer2
and MtFer3) MtFer2 and MtFer3 were found to be expressed at 14 and 25 DAT nodules while MtFer1
was expressed only at 14 DAT (Fig. 6). Taken together, these results showed that MtFerl, MtSer2,
MtSer5, MtSer6 and MtSer10 were expressed only at 14 DAT and MtSer6, MtFer2 and MtFer3 were

expressed at 25 DAT in the nodules.
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Fig. 6. Reverse transcriptase PCR of 9 serpin genes (MtSerl, MtSer5, MtSer2, MtSer3, MtSer6,

MtSer7, MtSer8, MtSer9 and MtSer10) and 3 ferritin genes (MtFerl, MtFer2 and MtFer3) in well-
watered nodules at 14 and 25 days after treatment (DAT). Water treatment (Day 0) was started at

30 dpi to keep the field capacity of soil at 95%. MtELF1 was used here as a positive control.
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3.2.7 Relative transcript abundance of serpin and ferritin genes in nodule under drought
stress

As 5 serpins (MtSer5, MtSer6, MtSer8, MtSer9 and MtSer10) and 3 ferritins (MtFerl, MtFer2 and
MtFer3) were confirmed as positively expressed genes in the nodules of M. truncatula through PCR
cDNA amplification (Fig. 3), the following study hypothesized that nodules might express serpin and/or
ferritin genes in response to drought stress. The serpin and ferritin genes identified above were then
selected to further investigate relative transcript abundance in nodules in response to drought stress
(70% FC) at 25 and 42 DAT. M. truncatula plants were grown for 30 days with E. meliloti and two
different soil moisture contents were maintained for another 42 days (Experiment 2, Chapter 2). Soil
moisture contents were maintained at 75% FC (DAT-W) for drought treatment and at 95% FC (DAT+W)
for well-watered control treatment (Chapter 2). Nodules from well-watered plants (95% FC) harvested
at 25 and 42 DAT+W were used as a control. To determine the transcript abundance changes of the
genes, the relative transcript abundance of each gene was studied using quantitative real time PCR as
mentioned in Chapter 2. We observed that MtSer5 expression was unchanged in the 25 and 42 DAT-
W nodules as compared to control nodules (Fig. 7a). Interestingly, MtSer6 was found to be expressed
18- and 25-fold higher at 25 and 42 DAT-W respectively as compared to the 25 DAT+W control nodules
(Fig. 7b). Other serpin genes such as MtSer8, MtSer9 and MtSer10 were expressed only in control plant
nodules but not in drought-stressed nodules (Fig. 7c,d,e). In the case of ferritins, a significant
difference of MtFerl expression was not seen in drought stressed nodules as compared to control
nodules (Fig. 7f). However, MtFer2 expression was found to be 2.5- and 3.5-fold higher in the nodules
at 25 and 42 DAT-W respectively as compared to the nodules in the control plants at 25 DAT+W (Fig.
7g). Interestingly, MtFer3 expression was seen to be 3.5- and 8-fold higher in the 25 and 42 DAT-W
nodules respectively as compared to control nodule at the same timepoints. It may be noted that
expression of MtFer3 in the control nodules was 2.5-fold significantly higher at 42 DAT+W than 25
DAT+W. Similarly, in drought stressed nodules, expression of MtFer3 was seen to increase to 7-fold
higher at 42 DAT-W as compared to 25 DAT-W (Fig. 7h). To further confirm the genes which are
expressed predominantly in nodules in response to drought, we performed a comparative expression
analysis based on relative expression. Results showed that among 5 serpin genes and 2 ferritin genes
chosen for analysis, only MtSer6 and MtFer3 showed a significant increase in expression in response
to drought stress (Fig. 8a,b). It may also be noted that expression of these genes in nodule increases
by days of plant growth. A heat map figure (Fig. 9) also confirms that among 28 serpin and 3 ferritin
genes present in M. truncatula, only MtSer6, MtFer2 and MtFer3 genes are being expressed in nodules

in response to drought stress.
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Fig. 7. Expression of serpin and ferritin genes in response to drought. Relative expression of MtSer5
(a), MtSer6 (b), MtSer8 (c), MtSer9 (d), MtSer10 (e), MtFer1 (f), MtFer2 (g) and MtFer3 (h) in in nodules
in response to drought. Relative transcript abundance (fold change) was determined by qRT-PCR and
was normalized to the control treatment using two internal reference control genes (6Tubulin and
MtPDF2). Same treatments were used multiple times for relative comparison with other treatments,
where necessary. Bars represent the standard errors of means different letters on each bar represents
the significant differences at p<0.05 according to ANOVA-Post Hoc Tukey’s test. Water levels in the
plant soil mixture was maintained at 95% (+W) for the control treatment and 70% (-W) for the drought

treatment. DAT is days after treatment.
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change) was determined by gRT-PCR and was normalized to control treatment using two internal
reference control genes (8Tubulin and MtPDF2). Bars represent the + standard errors of mean and
different letters on each bar represents the significant differences at p<0.05 according to ANOVA-Post

Hoc Tukey’s test.
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Fig. 9. Transcriptional changes of 5 serpin and 3 ferritin genes in nodule of M. truncatula under well-
watered and drought conditions. Water levels in the plant soil mixture was maintained at 95% (+W)
for control treatment and 70% (-W) for drought treatment. DAT is days after treatment. The scale at
the right denotes transcript abundance (fold change). The relative expression of all genes was

determined using qRT-PCR and data were normalized using two internal reference controls (BTubulin

and MtPDF2).
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3.3 Discussion

The nitrogen fixation capability of legume nodules is sensitive to drought stress as the nodules were
reported to be the first organ affected by drought (Marquez-Garcia et al., 2015). Under such a stress
condition, nodules may undergo early senescence to avoid a plant investing more carbon or to
remobilize protein rich nodule nutrients for plant growth recovery (Fenta et al., 2014; Guerra et al.,
2010). Major causes of early nodule senescence are both a wide range of proteolytic activity and
excess iron toxicity according to previous studies (Pierre et al., 2014; Delaat et al., 2014; Ravet et al.,
2014). However, it has been shown in Arabidopsis thaliana that serpin can inactivate the cysteine
proteases which cause cell damage, and ferritins can scavenge toxic irons which cause cellular
homeostasis and PCD in plants. Therefore, | speculated that M. truncatula nodule may involve serpin
and ferritin to control the proteolytic activity and excess iron release which causes early nodule
senescence. To begin answering this question, | aimed to identify the key serpin and ferritin genes in

the M. truncatula nodule expressed under drought stress.

This chapter began with characterizing the symbiosis of M. truncatula- E. meliloti under N free
condition. A study of symbiotic characteristics in the M. truncatula-E. meliloti association showed that
at 14 dpi the first root nodules become visible and the number of nodules increased to reach ~35 per
plant by 72 dpi. However, nitrogenase activity started at only 20 dpi and increased until 60 dpi. At the
late plant growth stage (72 dpi), a sudden drop of nitrogenase activity was seen but there was no drop
in nodule numbers (Fig. 2b). These results may be explained by the observation that that when a plant
ages it may reduce nitrogenase activity due to N redundancy (plant senses sufficient N) as described
by Soper et al. (2014). Nodules at this late stage may undergo senescence but not a complete
shutdown of nitrogenase activity as flowering and seed development still requires N (Van de Velde et
al., 2006). Nitrogen fixation in SNF-dependent plants is a major component for photosynthesis and
plant growth as the fixation provides aminoacids required for RuBisCO synthesis (Kirizii et al., 2007).
Results from this study also confirm that the SNF-dependent M. truncatula sustains its growth and
photosynthetic rate in part by active N fixation (Fig. 3a, b). Environmental stress is an important
limiting factor for nodule-rhizobia symbiosis in legumes which affects the nitrogen fixation by
increasing ureides accumulation in nodule and nodule aging by increasing the proteolytic activity and
iron toxicity (Marquez-Garcia et al., 2015; Van de Velde et al., 2006; Guerra et al., 2010). Under such
stress, senescence associated genes (SAGs), such as protein kinases and cysteine proteases, were
shown to be involved in stress-induced nodule senescence of M. truncatula (Guerra et al., 2010). In
addition, plants may also have many defence and environmental stress-responsive regulatory genes
in every organ, including nodules. Serpins and ferritins are gene families reported to be present in

different organs of A. thaliana, M. truncatula, and Zea mays such as leaf, root, seeds etc. (Rustgi et al.,
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2017; Vercammen et al., 2006; Bournier et al., 2013; El-Yahyaoui et al., 2004; Thoiron et al., 1997).
The present study showed that M. truncatula possess, 28 serpin genes and 3 ferritin genes and
expresses 5 serpins (MtSer5, MtSer6, MtSer8, MtSer9 and MtSer10) and 2 ferritins (MtFer2 and
MtFer3) genes in the nodule. As discussed above, induction of proteolytic activity and excess iron
release in nodule by a plant in response to drought stress are deleterious to nodule senescence. Plant
may however control these deleterious factors by regulating serpin and ferritin in order to reduce the
risk of early nodule senescence and consequent plant growth reduction. | identified that serpin MtSer6
and ferritins MtFer2 and MtFer3 are expressed in nodule in response to drought stress (Fig. 7b,g,h). In
particular, the expression of MtFer3 increased with age under drought stress (Fig. 8b). This data
suggests that the identified serpin MtSer6 and ferritins MtFer2 and MtFer3 might be involved in the

drought-induced nodule senescence process of M. truncatula.
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Chapter 4

M. truncatula Jemalong Al17 and R108 suppress SNF in different ways in

response to N fertilizer and drought

4.1 Introduction

In intensive agricultural systems, N fertilizers are still used in legume cultivation because plants can
uptake N directly from the soil at a lower carbon cost than fixing N through forming symbiotic
relationships. However, it is concerning that the use of N fertilizer creates serious negative
consequences such as decline of soil organic matter, fertility, eutrophication and global warming

(Minchin & Witty, 1997; Crews & Peoples, 2003).

Previous studies have shown that SNF in legumes is suppressed under N availability in the soil or during
drought stress (Goh et al., 2016; Pierre et al., 2014; Pladys & Vance, 1993). Nitrate supplements may
decrease the nodulation efficiency by reducing the root flavonoid synthesis, which acts as a primary
signalling molecule to induce nodulin genes for rhizobial infection (Waterer & Vessey, 1993; Bollman
& Vessey, 2006; Xia et al., 2017). To maintain a balanced energy carbon investment in order to avoid
excessive nodule formation and reduce the carbon investment in the presence of nitrate in soil, plants
control the symbiosis through autoregulation of nodulation (AON). In the presence of nitrate in the
soil, plant-induced CLAVATA-like root signal peptides activate a shoot acting leucine rich receptor-like
kinase which inhibits the nodulation (Okamoto et al., 2009). However, growth of nodules already
differentiated could not be prevented by AON (Saito et al., 2014). Legume plants under excess N
availability may then inhibit nitrogenase activity through N feedback regulation. N compounds such
as glutamine and asparagine are being loaded in the phloem sap, which then exports to roots and
nodules. Accumulation of these amino acids in nodules negatively affected nitrogenase activity,
present in nodules, by reducing nodule permeability to O, (Neo & Layzell, 1997; Bacanambo & Harper,

1997).

Water limiting growth conditions affect carbon fixation, which in turn can affect bacteroid respiration
and root nitrogenase activity because of carbon shortage and oxygen limitation (Serraj et al., 1999). It
has been shown that drought stress affects the activity of sucrose synthase, which is essential for
supplying a major carbon source, sucrose to bacteroids (Arrese-lgor et al., 1999). Moreover, drought
stress may reduce the nitrogenase activity by inducing early nodule senescence (Schiltz et al., 2004,
Distelfeld et al., 2014). Considering the importance of SNF in sustainable agriculture system, it is
necessary to determine how SNF is affected by external N availability and drought to improve crop

productivity, particularly in dry environments.
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To investigate the response of symbiosis to N fertilizer treatment, two M. truncatula wild type genetic
backgrounds, Jemalong A17 and R108 were used in this study. Wang et al. (2014) demonstrated that
M. truncatula genotypes, Jemalong A17 and R108, differ in response to aluminium toxicity, salt stress
and iron deficiency and show genomic variations. A recent study by Luo et al. (2016) described that
the two M. truncatula genotypes, Jemalong A17 and R108, differentially responded to drought stress
and N fertilizer treatments when not inoculated with rhizobia and therefore unable to perform SNF;

in particular, Jemalong A17 was seen to be more drought tolerant than R108.

In this chapter, | therefore hypothesized that symbiotic N-fixing M. truncatula Jemalong A17 and R108
may differentially suppress SNF in response to external N fertilizer treatment under well-watered and

water limiting growth conditions.
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4.2 Results

4.2.1 Symbiosis phenotype varies between M. truncatula Jemalong A17 and R108

SNF characteristics vary from plant to plant and | first evaluated the phenotype of symbiosis on
selected WT genotypes, Jemalong A17 and R108, and mutants Jemalong Al17 dnf5-2 and Jemalong
Al17 dmil-3 in a 32-days experiment. Plants were grown with and without (control) E. meliloti for 32
days and nodule phenotypes such as nodule biomass and nodule morphology were observed at 20,
26 and 32 days post inoculation (dpi). Nodule dry weight was seen significantly higher in the Jemalong
A17 and R108 plants as compared to the mutants (Fig. 1a). To examine the size and physiology of
nodules in mutants and WT genotypes, nodules were sectioned, stained with toluidine blue and
observed under the microscope. Microscopic images showed an absence of meristem development
in the dmil1-3 mutant, minor bacteroid differentiation or division in the dnf5-2 mutant. In contrast,
well-differentiated bacteroids were found in Jemalong A17 and R108 plants (Fig. 1b). Interestingly,
when the symbiotic phenotype differences between Jemalong A17 and R108 were observed, R108
nodules were visibly seen longer with a higher nodule biomass and contained more bacteriods than
Jemalong A17 nodules (Fig. 1a, b, Appendix 6.1). In particular, R108 showed a 30-40% higher nodule
biomass than Jemalong A17 (Fig. 1b). Thus, symbiotic phenotypes exist between the Jemalong A17
and R108 WT genotypes.

4.2.2 Symbiotic nitrogen fixation confers growth benefits to Jemalong A17 and R108 plants

As the symbiotic phenotypes were different between the genotypes Jemalong A17 and R108, |
hypothesized that SNF and the effect on plant growth would also vary in both genotypes. WT plants,
Jemalong A17 and R108, and mutant plants, Jemalong Al17 dnf5-2 and Jemalong A17 dmil-3, were
grown with and without (control) E. meliloti for 32 days and physiological and growth measurements
were performed at 20, 26 and 32 days post inoculation (dpi). | first tested the nodule nitrogenase
activity and found that there was zero activity in uninoculated plants, very low activity in mutants and
high activity in the WT plants. Specifically, the dmi1-3, dnf5-2, Jemalong A17 and R108 plants produced
0, 200, 2900 and 3500 nM of ethylene/hour/g of nodule fresh weight respectively at 32 dpi (Fig. 1c.).
| then investigated the chlorophyll content and photosynthetic rate in all plants. Results showed that
chlorophyll content and photosynthetic rates were significantly lower in the leaves of uninoculated
wild types and the two mutants as compared to E. meliloti-inoculated WT Jemalong A17 and R108
plants (Appendix 6.2a,b). Furthermore this was found coincided with significantly higher shoot

biomass and plant growth in E. meliloti -inoculated WT plants than that of mutants (Fig. 2a,b). It was
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also found that R108 root nodules contained significantly higher nitrogenase activity as compared to
Jemalong A17 nodules (Fig. 1c, 2a,b). In addition, R108 shoots showed a nearly 50% higher shoot
biomass than Jemalong A17 at 32 dpi (Fig. 2a). This study showed that the effect of symbiosis on plant

growth was well pronounced in WT plants and, R108 exhibited a better growth than Jemalong A17.
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Fig. 1. Symbiotic attributes of WT M. truncatula plants and non-N fixing mutants. Nitrogenase

activity (a), nodule morphology (b) and nodule dry weight (c) of plants grown under N-free medium
for 32 days. Values are the mean of three biological replicates. Error bars represent the standard errors
of mean and different letters on each bar represents the significant differences at p<0.05 according
to ANOVA-Post Hoc Tukey’s test. ND is not detectable and the scale bar in the nodule images indicates

200um length. Uninoculated control is a WT Jemalong A17.
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Fig. 2. Impact of SNF on plant growth. Shoot dry weight (a) and 32-day old M. truncatula WT
genotypes (Jemalong A17 and R108) and non-N fixing mutants (dnf5-2 and dmi1-3) grown under N-
deficient medium (b) (Pot 1, uninoculated; pot 2, dnf5-2; pot 3, dmil-3; pot 4, Jemalong Al7; pot 5,
R108). Values are the mean of three biological replicates. Error bars represent the standard errors of
mean and different letters on each bar represents the significant differences at p<0.05 according to

ANOVA-Post Hoc Tukey’s test. Uninoculated control is WT Jemalong A17.
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4.2.3 Nitrogen fertilizer supresses the N uptake from SNF in Jemalong A17 but not R108

As seen above, SNF is important for plant growth of Jemalong A17 and R108 genotypes as it is a
primary source of N under N limited conditions. According to the previous reports, addition of high
nitrate (10mM) during legume growth reduces SNF completely (Liu et al., 2006; Goh et al., 2016). This
study therefore hypothesizes that N fertilizer treatment would result in reduction of N uptake from
SNF in Jemalong A17 and R108 plants under well-watered conditions. To determine the amount of N
partitioned in the shoot from N fertilizer and nodules, plants were treated with heavy isotope labelled
5N fertilizer at 10mM concentration. In biological materials, *N is most abundant and **N is rare
(99.6337% and 0.3663% of atmospheric N, respectively). By measuring the ratio of **N (derived from
SNF) over >N (derived from N fertilizer), the relative contribution of SNF in plants can be calculated
(He et al., 2009; Chapter 2). From the data of this study we found that, N derivation from N, fixation
process was completely suppressed at all tested time points in E. meliloti-inoculated Jemalong A17
plant as compared to untreated E. meliloti-inoculated plants (Fig. 3a, Appendix 6.3a). In contrast, the
percentage of N derived from N, fixation process in the *°N treated E. meliloti R108 plants was seen
to increase to 10.23% and 23.18% at 26dpi and 32dpi respectively as compared at 20 dpi (0%) while
untreated E. meliloti R108 showed complete N derivation from SNF (Fig. 3b, Appendix 6.3b). The data
showed that under well-watered conditions, N derivation from N, fixation process was completely

suppressed in Jemalong A17 by external N fertilizer treatment but not in R108.
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Fig. 3. Effect of external N fertilizer treatment on N uptake from SNF. Percentage of total N and Ndfix
(N derived from fixation) per shoot biomass of 1°N treated and E. meliloti inoculated Jemalong A17 (a)
and R108 plants (b). Plants were inoculated at 0 days post-inoculation (dpi) and measurements were
taken at 20, 26 and 32 dpi. Values are the mean of three biological replicates. Error bars represent the
standard errors of mean and asterisks indicate the significant differences from 20dpi at p<0.01

according to student’s t- test.
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4.2.4 E. meliloti inoculation suppresses the N uptake from N fertilizer in R108 but not

Jemalong A17

N uptake from SNF was seen suppressed in Jemalong A17 and not in R108 upon N fertilizer treatment.
| therefore hypothesized that *°N fertilized Jemalong A17 plant may not supress the N uptake from N
fertilizer to balance the N level in shoot as it completely inhibits the N uptake from SNF. In contrast,
since genotype R108 did not fully suppress SNF, it is expected that N uptake from fertilizer is
suppressed in the presence of the two N sources. N uptake from N fertilizer was determined by
measuring the °N percentage in shoot of >N treated and E. meliloti inoculated or uninoculated
Jemalong A17 and R108 plants (Fig. 4). This data showed that the >N percentage in E. meliloti-
inoculated and uninoculated Jemalong A17 plants, grown under well-watered conditions, did not drop
at any point during the time-course (Fig.4a). While uninoculated R108 plants did not show a reduction
of >N uptake, E. meliloti-inoculated R108 plants showed significant reduction of °N levels by 13% and
25% at 26 dpi and 32 dpi treatments, respectively as compared to levels at 20 dpi (Fig. 4b). Taken
together, this study showed that in Jemalong A17 N uptake from N fertilizer was not suppressed, while

in E. meliloti-inoculated R108 plants, the uptake of fertilizer was suppressed.
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Fig. 4. Effect of E. meliloti inoculation on °N uptake in shoots of external N fertilizer treated M.
truncatula. Percentage of >N from well-watered E. meliloti inoculated (+R) at 0 dpi and uninoculated
(-R) M. truncatula genotypes Jemalong A17 (a) and R108 (b) grown with **N labelled N fertilizer.
Percentage >N was measured 20, 26 and 32 dpi. Values are the mean of three biological replicates.
Error bars represent the standard errors of mean and asterisks indicate the significant differences at

p<0.001 according to students t-test. dpi, days post-inoculation.
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4.2.5 Jemalong A17 and R108 plants balance the N level by controlling N uptake

The M. truncatula Jemalong A17 and R108 genotypes suppressed the N uptake from N fertilizer and
SNF in different ways. This study hypothesizes that both the Jemalong A17 and R108 genotypes,
however can balance the N uptake, such that the total N uptake is not affected by the availability of
two N sources. To determine the level of total N in both plants, the N percentage as a fraction of dry
weight was measured in Jemalong A17 and R108 plants inoculated with E. meliloti and treated with
5N fertilizer. Result for Jemalong A17 plants showed that the total N percentage in the E. meliloti
inoculated and N fertilizer treated plants was maintained at levels similar to that of the uninoculated
and °N fertilizer treated plants (Fig. 5a). In regards of R108 plants, significantly higher N percentage
was found at 26dpi in E. meliloti-inoculated and *°N fertilized plant as compared to uninoculated and
5N fertilizer treated plants, but a similar N level was seen at 32dpi as that of uninoculated and *N
fertilizer treated plants (Fig. 5b). The results specify that both Jemalong A17 and R108 can balance the

N level despite of two different N sources.
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Fig. 5. Effect of external N fertilizer treatment and E. meliloti inoculation on total N level. Percentage
of total N and Ndfix in shoots of °N treated and E. meliloti inoculated (+R) and uninoculated (-R)
Jemalong A17 (a) and R108 plants (b). Inoculation took place at 0 days post-inoculation (dpi) and
measurements were taken at 20, 26 and 32 dpi. Values are the mean of three biological replicates.
Error bars represent the standard errors of mean and different letters (upper cases indicate between

Ndfix values; lower cases between total N values) on each bar represents the significant differences

at p<0.05 according to ANOVA-Post Hoc Tukey’s test.
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4.2.6 Jemalong Al17 and R108 differ in nodule activity in response to external N fertilizer

treatment

N fertilizer can suppress SNF by reducing nodule numbers and nitrogenase activity (Ohyama et al.,
2011). Data from this study shows that N contribution from SNF in R108 was not completely
suppressed in response to external N fertilizer treatment under well-watered conditions. Therefore, |
hypothesized that nitrogenase activity, nodule and bacteroid numbers are less suppressed in R108
than Jemalong A17 under external N fertilizer treatment. Jemalong A17 and R108 plants were grown
under well-watered conditions for 32 days with E. meliloti and with or without an external N fertilizer.
Nodule numbers were first counted in both the plants to investigate the effects of N fertilization on
nodulation. Results showed that nodule numbers in R108 plants treated with external N was not
significantly different from non-treated R108 plants, while Jemalong A17 plants treated with external
N fertilizer showed significantly less nodules at 26 and 32 dpi as compared to non-treated plants (Table
1a). Similarly, nitrogenase activity was not affected by external N fertilizer treatments in R108, while
the Jemalong A17 plants showed significantly less nitrogenase activity upon N fertilizer treatment as
compared to non-treated plants (Table 1b). As bacteroid numbers in nodules also influence
nitrogenase activity as described by Barraza et al. (2012), | measured the number of mature bacteroids
microscopically from similar sized nodules of N fertilizer treated and untreated Jemalong A17 and
R108 plants. The data showed that in response to N fertilizer treatment, Jemalong A17 nodules
contained significantly lower bacteroid numbers at 32 dpi as compared to nodules of untreated plants.
In contrast, bacteroid numbers R108 nodules did not depend on the presence of N fertilizer (Appendix
6.4). The overall data herein specifies that nodule numbers, nitrogenase activity and bacteroid
numbers in response to N fertilizer treatment were not suppressed in R108 while these characteristics

were suppressed in Jemalong A17.

4.2.7 R108 alters the nodule plasticity in response to external N fertilizer treatment

During the course of the experiments, it was noted that nodule positioning differed between Jemalong
A17 and R108 treated with N fertilizer. Therefore, | hypothesized that nodule spacing may correlate
with SNF suppression. To investigate the position of nodules in the root systems, external N fertilizer
treated and untreated E. meliloti-inoculated plants were uprooted and the distance of the nodules
from root collar was measured at 32 dpi. Results showed that in the absence of external N in untreated
E. meliloti inoculated Jemalong A17 and R108 plants, the distance and position of the nodules from
root collar were similar in both genotypes. Interestingly, in response to N fertilizer treatments, the

location of R108 nodules were altered as compared to N fertilizer treated Jemalong A17 and non-

79



treated R108 plants. Points of nodulation in N fertilizer-treated R108 plants were observed close to
root collars, and the nodules were clustered (Fig. 6a,b). In the case of Jemalong A17 plants, there was
no change in nodule localization in the external N fertilizer treated plants as compared to untreated
plants (Fig. 6b, Appendix 6.5). This study highlights that nodule clustering correlates with a reduced

suppression of SNF.

Table. 1. Effect of external N fertilizer treatment in nodule activity. Nodule numbers (a), nitrogenase
activity (b) and of Jemalong A17 and R108 plants measured at 20, 26 and 32 dpi grown with or without
N fertilizer. Treatments are watered (+W) and N fertilizer treated (+/-N). Values are the mean of three
biological replicates. Means followed by the same letter were not significantly different at p<0.05

according to ANOVA-Post Hoc Tukey’s test. + represent the standard error of mean.
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Fig. 6. Effect of external N fertilizer treatment on nodule localization in roots of M. truncatula R108.
Root image containing nodules (a) and distance of nodules from root collar (b) at 32 dpi. Distance of
20 nodules from the root collars of three plants were measured. Plants were grown with (+N) or
without (-N) N fertilizer. Error bars represent the standard errors of mean and asterisk indicates the

significant differences at p<0.05 according to students t-test.
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4.2.8 N uptake from N fertilizer is suppressed in both Jemalong A17 and R108, when grown

in water limiting conditions

N uptake from N fertilizer was seen suppressed only in R108 and not in Jemalong A17 when grown
under well-watered condition. Under water limiting conditions, reduced soil moisture may have
significant impact on N uptake from N fertilizer as water is essential for nutrient movement in soil (He
and Dijkstra, 2014). | hypothesized that N uptake from N fertilizer may become limited in both
Jemalong A17 and R108. To determine the level of N uptake from N fertilizer, °N percentage was
measured in shoots of E. meliloti-inoculated plants grown under drought stress. The result showed
that under drought stress, the N uptake from N fertilizer was reduced by 26% and 35% at 26 and 32
dpi, respectively in Jemalong A17 as compared to 20 dpi (Fig. 7a). R108 plants showed further
reduction (37% at 26 dpi and 45% at 32 dpi) as compared to 20 dpi (Fig. 7b). The data highlight that
both genetic backgrounds reduce the N uptake from fertilizer when grown under water limiting

conditions.
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Fig. 7. Effect of drought stress on uptake of *N in shoots of external N fertilizer treated M.
truncatula. Percentage of °N out of total N from drought stressed E. meliloti inoculated (+R) at O dpi
and uninoculated (-R) M. truncatula genotypes Jemalong A17 (a) and R108 (b) grown under *N
labelled N fertilization. Plant were well-watered until 20 dpi and were subsequently watered normally
(W) or water was with-holded (D). Values are the mean of three biological replicates. Error bars
represent the standard errors of mean and asterisks indicate the significant differences between two

treatments at p<0.01 according to student’s t-test.
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4.2.9 Jemalong A17 and R108 acquired substantial N from SNF under drought stress

M. truncatula Jemalong A17 and R108 plants show differential drought response (Luo et al., 2016).
According to previous reports, drought stress and the addition of N during legume growth reduces the
process of SNF and limits the N export from nodules (Liu et al., 2006; Goh et al., 2016; Kunert et al.,
2016). Data from above study showed that N uptake from N fertilizer is limited in both the genetic
backgrounds under drought stress. | hypothesized that to maintain a sufficient N level for plant
growth, Jemalong A17 and R108 plants may not have suppressed the N uptake from SNF in response
to drought stress and N fertilization. To detect the amount of N partitioned in shoots from N fertilizer
and/or nodules, the relative 1N and >N contribution in total shoot N was determined from E. meliloti-
inoculated Jemalong A17 and R108 plants treated with >N labelled N fertilizer. As a control, well-
watered, uninoculated plants were treated with N fertilizer. Interestingly, in both Jemalong A17 and
R108, the percentage of relative N derived from SNF increased over time to 40 and 48% in the case of
Jemalong A17 and R108, respectively (Fig. 8a,b, Appendix 6.3a,b). As a result of continued N uptake
from SNF, level of shoot N in Jemalong A17 and R108 plants under drought stress was maintained to
the same level as well-watered plants (Fig. 8a,b). This data shows that suppression of N uptake from
SNF by N fertilizer is reduced in both Jemalong A17 and R108 that are grown under water limiting

conditions, likely to maintain shoot N levels.
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Fig. 8. Effect of drought stress and external N fertilizer treatment on N uptake from SNF and total

shoot N level. Percentage of total N and Ndfix in shoots of *°N treated and E. meliloti inoculated

Jemalong A17 (a) and R108 plants (b). D, droughted; W, watered; +R, + E. meliloti inoculation; -R, -E.
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according to ANOVA-Post Hoc Tukey’s test.
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4.2.10 Jemalong A17 and R108 plants sustain nodule activity and active bacteroids under N

fertilization and drought treatment

As the N input from SNF in both Jemalong A17 and R108 was not suppressed under drought stress, |
hypothesize herein that these plants might have sustained the nodule activity under drought stress.
Therefore, | measured several parameters of nodule activity such as, nodule senescence, nodule
numbers, bacteroid numbers and nitrogenase activity. External N fertilizer-treated and E. meliloti-
inoculated plants were grown until 20 dpi, after which water was withheld for a subset of plants to
induce drought stress, while control plants continued to receive water. Nodules harvested at 32 dpi
were first observed under the microscope after sectioning and staining with toluidine blue to
determine the extent of nodule senescence. Microscopic results show that some nodule senescence
was induced in drought-treated WT Jemalong A17 and R108 plants, as compared to well-watered
plants. Both Jemalong A17 and R108 plants showed highly packed matured bacteroids in 70-80% of
nodule tissue area (Fig. 9a). | then measured the effect of drought on nodulation and bacteroids, by
counting the nodule and healthy bacteroids numbers (counted microscopically from similar sized
nodules) at 20, 26 and 32 dpi in plants. Results showed that the number of nodules was maintained
consistently without a significant increase or decrease (Appendix 6.6). Concomitantly, the number of
bacteroids per nodule were significantly increased at 26 and 32 dpi in both Jemalong A17 and R108
plants as compared to nodules sampled at 20 dpi (Appendix 6.7). Then to investigate the effects of
drought stress on nodule nitrogenase activity, ARA analysis was performed in roots of Jemalong A17
and R108 plants. The result showed that the activity was maintained at a constant level without
significant decrease over the measurement period (Table 2), as compared to that of well-watered
plants. This study specifies that both Jemalong A17 and R108 plants maintain active bacteroids and N,
fixation and that nodule senescence is limited to a small area under drought stress, despite of external

N fertilizer treatment.
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Fig. 9. Effect of drought stress on nodule morphology. Nodule physiology of 32 days-old post E. meliloti-inoculated plants grown under drought stress.
Drought treatment in N fertilizer treated plants began at 20 dpi and plants were grown for another 12 days. Scale bar indicates 200uM. Senescence (S) and
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Table 2. Effect of drought stress and N fertilization on nodule nitrogenase activity. At 20 dpi, plants continued to receive water (W) or water was withheld
(D) for the following 12 days and an ARA analysis was performed at 20, 26 and 32 dpi. Values are the mean of three biological replicates and * represent the

standard errors of mean. Mean values followed by the same letter belong to the same group and are not significantly different to each other according to

ANOVA-Post Hoc Tukey’s test.

Jemalong W+N Jemalong A17 D+N R108 W+N R108 D+N

20 1620+12¢ 2200+50.8¢ 3131+23¢¢ 3050+12.4°
26 2586+254¢ 2210+71.3¢ 3338+200%° 3250451.9°
32 22061344 2175+42.1¢ 3370+70% 3200+120.3°
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4.2.11 SNF sustains plant growth better than N fertilizer under drought stress

Previous studies show that drought stress negatively affects the symbiotic process and nitrogenase
enzyme activity in legumes (Marino et al., 2007). In contrast, | observed that both of the M. truncatula
genotypes, Jemalong A17 and R108, sustained SNF but decreased the N uptake from fertilizer. |
therefore hypothesize herein that SNF can maintain plant growth better than N fertilizer under
drought. To determine the difference between the effect of E. meliloti inoculation (OmM KNOs) and
external 10mM KNOs N fertilizer treatment (Uninoculated) on plant growth under drought stress, the
Jemalong A17 and R108 plants were first grown for 20 days under well-watered conditions. Water was
then withheld in group of pots at 20 dpi for 12 days to impose drought stress and continued watering
in group of pots for well-watered control treatment. The observed field capacity of soil mixture used
here was 95%, 74% and 51% at 20, 26 and 32 dpi respectively (Appendix 6.8). To determine the effect
of drought on the plant water relations, stomatal conductance and the transpiration rate were
measured in both drought stressed and well-watered E. meliloti-inoculated plants. The results showed
that the transpiration rate and stomatal conductance were reduced significantly in the drought
stressed plants at 26 and 32 dpi as compared to the well-watered plant (Appendix 6.9, 6.10).
Subsequently, the effects of SNF and N fertilization on leaf photosynthetic rates was measured in
plants grown under water limiting conditions. Results showed that as compared to N fertilizer-treated
plants, both E. meliloti-inoculated Jemalong A17 and R108 plants had significantly higher
photosynthetic rates (Appendix 6.11): N fertilizer-treated Jemalong A17 plants showed a 47% and 50%
reduction in photosynthesis rates as compared to E. meliloti-inoculated plants at 26 and 32 dpi
respectively, while N fertilizer treated R108 plant showed 23% and 42% reduction in photosynthesis
rates as compared to E. meliloti-inoculated plants at 26 and 32 dpi respectively. Furthermore, to
investigate and compare between the effect of E. meliloti inoculation and N fertilization on plant
growth under drought stress, shoot dry weight was measured. Results showed that as compared to N
fertilization, E. meliloti inoculation (SNF) significantly increased plant shoot biomass. N fertilizer-
treated Jemalong Al7 plants showed a 32% and 34% growth reduction as compared to E. meliloti-
inoculated plants at 26 and 32 dpi, respectively. Similarly, N fertilizer treated R108 plants showed a
33% and 57% growth reduction as compared to E. meliloti-inoculated plants at 26 and 32dpi,
respectively (Fig. 10a,b, Appendix 6.12, 6.13, 6.14). In addition, comparative data of nodule biomass
and shoot biomass exhibited that nodule biomass increase coincided with a shoot biomass increase in
Jemalong A17 and R108 during the 12-day drought period (Appendix 6.15). This study shows that SNF
sustains plant growth better than N fertilization of Jemalong A17 and R108 plant grown under water

limiting conditions.
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Fig. 10. Effect of E. meliloti inoculation and N fertilization on plant growth under drought stress.
Shoot dry weight of E. melilotiinoculated (+R) and N fertilizer treated (+N) Jemalong A17 (a) and R108
(b) wild type plants grown under drought stress. Plant were well-watered until 20dpi and water was
with-holded (D) until 32dpi. Values are the mean of three biological replicates. Error bars represent
the standard errors of mean and asterisks indicate the significant differences between two treatments

at p<0.01 (**) and p<0.001 (***), according to student’s t-test.
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4.2.12 E. meliloti-inoculated plants induce expression of abscisic acid-related genes and

reduce expression of stress-associated genes in M. truncatula leaves

As shown above, SNF contributed more to total N assimilation in E. meliloti-inoculated and drought-
treated R108 than in Jemalong A17 plants. Therefore, the R108 plant was chosen to further investigate
drought-induced transcriptional changes of stress-associated genes. As seen above, E. meliloti
inoculation resulted in plant growth maintenance when grown under water limiting conditions. |
therefore speculate that E. meliloti inoculation may affect the expression of stress-related genes in M.
truncatula R108 plants in response to drought stress. Plants were grown for 20 days after inoculation
with E. meliloti or were not inoculated but treated with N fertilizer. Water was subsequently withheld
at 20 dpi for 12 days to impose drought stress as mentioned in Chapter 2. To determine drought-
induced changes in gene expression of stress-related genes in E. meliloti-inoculated and fertilizer-
treated plants, gene expression analysis was performed from leaf tissue using qRT-PCR. For this study,
| measured the transcriptional abundance changes of gene(s) involved in ethylene biosynthesis (MtAcs
and MtAco), Reactive Oxygen Species (ROS) levels (MtCat and MtRboh), ABA biosynthesis (MtZep and
MtNced), ABA signalling (MtZip), salicylic acid-biosynthesis (MtPal and Mtics) and proline biosynthesis
(MtP5cs3). From the results of this study | found that genes MtAcs and MtAco, which can provide a
measure for biosynthesis of the stress hormone ethylene (Zhao et al., 2014), showed significantly less
expression (8-10 fold) in E. meliloti inoculated plants than in uninoculated plants (Fig. 11c,d) at 32 dpi.
MtCat and MtRboh genes encode proteins involved in regulating levels of ROS and are used as a
measure for cellular redox status as a stress indicator in A. thaliana (Jimenez-Quesada et al., 2016;
Barry et al., 2000). Expression of these genes was significantly less (2-2.5 fold) in E. meliloti-inoculated
plants as compared to uninoculated plants at 32 dpi (Fig. 11a,b). Then, | found At 32 dpi, that SNF
plants showed 2-2.5 fold higher MtZep and MtNced expression (genes involved in ABA biosynthesis;
Luchi et al., 2001; Shi-Shuai Luo et al., 2016) as compared to uninoculated N fertilizer-treated plants
(Fig. 12a,b). The ABA signalling gene MtZip, which was shown to be a transcription factor for ABA
responsive genes (Belamkar et al., 2014), showed a 7-fold increase in expression in E. meliloti
inoculated plants as compared to in uninoculated N fertilizer-treated plants at 26 and 32 dpi (Fig. 12c).
In contrast, there was no significant difference in the expression of genes encoding enzymes involved
in the biosynthesis of salicylic acid (MtPal and Mtics) between E. meliloti-inoculated and N fertilizer
treated plants (Appendix 6.16a,b). In addition, expression of a gene encoding pyrroline-5-carboxylate
synthetase (MtP5cs3), involved in proline biosynthesis, increased over time, but expression did not
differ significantly between E. meliloti-inoculated and N fertilizer-treated plants at 32 dpi (Appendix

6.16¢). This study specifies that upon growth under water-limiting conditions, E. meliloti inoculation
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increased the expression of ABA-related genes and reduced the expression of ethylene and ROS

related genes.
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Fig. 11. Transcriptional changes of genes involved in ROS and ethylene synthesis under drought stress. Plants were inoculated with E. meliloti (+E. meliloti)
or were not inoculated (-E. meliloti). After 20 days (20 dpi), water was withheld and gene expression of the indicated genes was measured at the indicated
days-post-inoculation (dpi). The transcript level for each gene is shown relative to housekeeping genes, MtEIf2 and MtTub2, and normalized to the 20dpi
time-point as described in chapter 2. Values are the mean of three biological replicates. Error bars represent the standard errors of mean and asterisks indicate

a significant difference between E. meliloti inoculated and uninoculated plants at p<0.05 (*), p<0.01 (**) and p<0.001 (***) according to student’s t-test.
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Fig. 12. Transcriptional changes of genes involved in ABA biosynthesis and the post-ABA
regulating pathway under drought stress. Plants were inoculated with E. meliloti (+E.
meliloti) or were not inoculated (-E. meliloti). After 20 days (20 dpi), water was withheld and
gene expression of the indicated genes was measured at the indicated days-post-inoculation
(dpi). The transcript level for each gene is shown relative to housekeeping genes, MtElf2 and
MtTub2, and normalized to the 20dpi time-point as described in chapter 2. Values are the
mean of three biological replicates. Error bars represent the standard errors of mean and
asterisks indicate a significant difference between E. meliloti inoculated and uninoculated

plants at p<0.05 (*) and p<0.01 (**) according to student’s t-test.
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4.3 Discussion

Jemalong A17 and R108 balance the internal N level by differentially controlling N uptake from two

N sources

N is a constituent of proteins, nucleic acids and other indispensable organic compounds that are
required for photosynthetic activity, increasing seed quality and enhancing crop yield under optimal
and suboptimal conditions (Nobuyasu et al., 2003; Roekel & Purcell, 2014; Evans & Terashima, 1987,
Poorter & Evans 1998; Makino et al, 1997). SNF in legume and non-legume plants offer important
benefits for use in sustainable agricultural production and reducing the reliance on N-fertilizers. The
detection of the limiting factors that could be managed or modified to increase the symbiotic benefits
in grain and forage legumes is a major research goal. The work presented here studies how different
M. truncatula genotypes performs their symbiosis with E. meliloti under external N fertilizer treatment

and drought stress.

In the beginning of this study, | found that only WT plants in association with E. meliloti exhibited
sufficient plant growth while uninoculated and non-N; fixing plants resulted in severe plant growth
reduction (Fig.2a,b). Moreover, it has been found that phenotypes of symbiosis such as nitrogenase
activity, nodule size and nodule biomass varied in WT Jemalong A17 and R108 plants. R108 produced
a relatively higher nodule biomass and nodule nitrogenase activity than Jemalong A17 and mutants.

This furthermore coincided with more plant growth in R108 plants (Fig. 1a,c, 2a,b).

In addition to symbiotic N; fixation, legumes also access other forms of inorganic nitrogen from soil
when available, such as nitrate and ammonium. | therefore next investigated the relative contribution
of SNF in M. truncatula, under conditions where another available source of N, KNOs, was available.
The results of this study emphasize that despite of N fertilization in addition to E. meliloti inoculation,
both Jemalong A17 and R108 maintain the N level equally as that of plants grown under either E.
melilotiinoculation or N fertilization. InJemalong A17, total N level in shoot was balanced by the plant
through uptaking N only from fertilizer and inhibiting the N uptake from the N, fixation process
completely (Fig. 3a, 4a, 5a). A study by Goh et al. (2016) supports N uptake level in Jemalong A17 seen
in this study that under a low N fertilizer treatment (0.1mM), SNF contributed >70% for shoot N levels,
but this decreased drastically up to 0% under a high N fertilizer (10mM) supply. The suppression of N
uptake from N; fixation process under N fertilizer treatment could possibly be due to the reduction of
nodule activity (Table 1a,b, Appendix 6.4). It has been well demonstrated that SNF can be suppressed
if N fertilizer is externally added or available in the soil (Gentili et al., 2006; Herrmann et al., 2014).
External N fertilizer treatment reduces nodule activity and as such limits the high-energy cost required

for N fixation. External N fertilizer may also lead to an impaired balance of C and N metabolism and
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phloem-mediated amino acid loading in nodules, which results in reduced nodulation and nitrogenase
activity (Dixon & Kahn, 2004; Liu et al., 2005; Streeter, 1988). Liese et al. (2017) also described that an
external N supply alters the nodule transcriptome and reduces nitrogenase activity simultaneously.
Furthermore, treating legumes with nitrate increases oxygen diffusion resistance in their nodules,
which consequently results in reduced nitrogenase activity (Denison & Harter, 1995). These previous
studies correlate with the data from this study and suggest that the reduction of nitrogenase activity
in Jemalong A17 caused by external N fertilizer treatment (Table 1a) could possibly be due to amino
acid feedback regulation, changes in nodule oxygen diffusion or alterations to the regulators required
for N, fixation (Rosov et al., 2001; Neo & Layzell, 1997; Bacanambo & Harper, 1997). In contrast to
Jemalong A17, R108 plant suppressed the N uptake from N fertilizer, while N uptake from the N,
fixation process did occur. Nevertheless, in both Jemalong A17 and R108, total N uptake from both N

sources was balanced to maintain a similar total N level (Fig. 3b, 4b, 5b).

When the host senses a sufficient amount of N internally due to access to inorganic N present in the
soil, it undergoes a process called Autoregulation Of Nodulation (AON) to avoid excess carbon energy
consumption by the symbiosis (Okamoto et al., 2009). AON limits nodule formation and disruption of
this process may lead to excess nodule formation (Saha & Dasgupta, 2015). The present study showed
that R108 nodules cluster in response to N fertilization without reducing its numbers. From the results
of this study | postulate that in response to N fertilizer treatment, R108 plant may have disrupted the
AON and consequently developed the nodules as a cluster and close to root collar. As a result, R108
plant may have reduced the SNF suppression and continued uptaking N from the N; fixation process
(Fig. 6a,b, Table 1a,b, Appendix 6.4). In principle, uptake of N will be converted to amino acids, loaded
into the xylem and exported to shoots. After a certain level of N export to shoots, plants sense the
internal N level and control the nitrate uptake from soil and/or nitrogenase activity through phloem-
loaded amino acids to balance the internal N level. Therefore, N uptake in roots depends on N levels
in shoots as described by Crawford & Glass (1998). Here | speculate that in the case of R108 plants,
the phloem-loaded amino acids from the shoot might not have accumulated in or around the nodule,
resulting in uninterrupted nitrogenase activity. It has been reported in soybean that amino acids from
the phloem sap downregulate nitrate uptake after a plant senses a high internal N status (Muller &
Touraine, 1992). These reports and the result of reduced N uptake from fertilizer seen in nitrogen
fixing R108 plants together suggest that R108 plant does not inhibit the SNF (by an unknown
mechanism) but limits the N uptake from N fertilizer to control the internal N level (Fig. 4b, 5b).
However, further study is required to decipher and determine the regulatory mechanism involved in

controlling the AON and N fixation under N treatment. Taken together, the results of SNF contribution
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in Jemalong A17 and R108, specifies that SNF contributes substantially to total N supply as detected

in R108, despite of availability of another form of fixed Nitrogen.
M. truncatula symbiosis with E. meliloti increased the drought resistance of the host

In addition to externally available N in soil, symbiosis also confronts major environmental stresses
such as drought. This study was then focused to determine which source of N (SNF, through E. meliloti
association or N fertilizer) benefits the plant when grown under drought stress. The total N level in
drought-stressed Jemalong 17 and R108 treated with E. meliloti and N fertilizer, was found similar as
that of plants treated with N fertilizer alone (Fig. 7a,b, 8a,b). Under drought stress Jemalong A17 and
R0O18 plant increased the N uptake to 39% and 48% respectively from N, fixation process (Ndfix) (Fig.
5a,b). The increase in Ndfix, coincided with a reduced N uptake from N fertilizer. The increase of N
uptake from N fixation process in both genotypes could be due to reduced inhibition of nodule activity
under drought stress (Table. 2). This reduced inhibition of nodule activity was further found coincided
with controlled nodule senescence in N; fixing Jemalong A17 and R108 genotypes. Almost 70-75% of
nodule tissues hosted differentiated and matured bacteroids in both wild type genotypes (Fig. 9). A
reduction of nitrate uptake from N fertilizer in drought-stressed host plants is in general agreement
with previous studies suggesting that drought affects the mobility of nitrates to roots. The reduced
mobility of nitrates to roots then inhibits N uptake from the soil (Buljovcic & Engels., 2001; Tobar et
al., 1994; He & Dijkstra., 2014). Therefore, the above findings indicate that reduced suppression of
SNF in Jemalong A17 and R108 under N availability and drought stress could be due to reduced soil
moisture content, which resulted in reduction of N uptake from N fertilizer. Furthermore, this suggests
that under drought stress, SNF becomes a competent N producer in both Jemalong A17 and R108 in

comparison with N fertilizer.

It was found that both Jemalong A17 and R108 grown under drought stress, showed drought
resistance when inoculated with E. meliloti, as compared to uninoculated plants (Fig. 6a,b). The gene
expression analysis of this study proved that in response to the drought treatment, inoculated plants
modulated the expression of stress-associated genes. Nitrogen fixing plants incited the Zeathanxin
epoxidase (MtZep) and 9- cis-epoxycarotenoid dioxygenase gene (MtNced) genes involves in ABA
biosynthesis in leaves (Fig. 12a,b). Previous reports suggested that the loss of function of MtZep in
mutant plants causes a strong reduction in the levels of the hormone ABA (Xiong & Zhu, 2003).
Moreover, overexpression of the orthologous Zep genes in A. thaliana and Nicotiana tabacum
enhanced the ABA production and consequently increased drought and salt tolerance (Nambara &
Marion-Poll, 2005; Yue et al., 2011). Similarly, Zhang et al. (2014) illustrated that during mild and

severe drought stress, M. truncatula expresses another ABA biosynthesis gene, Nced, which coincides
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with increased endogenous ABA levels (Yue et al., 2011). Interestingly, an ABA-signalling gene Zip,
which acts as a transcription factor for inducing abscisic acid-regulated genes (Kang et al., 2002;
Yoshida et al., 2015; Belamkar et al., 2014) and was shown involved in stress tolerance, was also found
to be expressed significantly higher in symbiotic N, fixing plants (Fig. 12c). This indicates that SNF
incites a higher level of expression of ABA biosynthesis and signalling genes upon drought stress. Most
interestingly, SNF plants downregulated the expression of ROS and ethylene stress-related genes, as
compared to N fertilizer-treated plants under drought conditions (Fig. 11a,b,c,d). This downregulation
could be due to an increased positive regulation of ABA-related genes, which are known to mitigate
drought stress (Yue et al., 2011; Belamkar et al., 2014). This suggest that SNF better prepares the host
plant to drought stress, such that it can respond faster or more strongly to the imposed drought stress.
Such preparation is reminiscent to ‘priming’ which is a faster and stronger induction of basal
mechanism that the plant incites to survive and increase the tolerance under stress condition (Jakab
et al., 2005; Conrath et al., 2006; Borges et al., 2014). The priming-like effect thus may have enabled
the host plant to strongly induce ABA regulatory genes, resulting in drought tolerance and reduced
stress-induced damage. However, further extensive study is required to understand the SNF-induced
molecular changes in response to drought stress. Luo et al., (2016) described that Jemalong Al17 is
more tolerant to drought stress than R108 under uninoculated, but N fertilized, conditions. This study
brings an important finding that the maximized benefit of SNF and induction of ABA responsive genes
by E. meliloti inoculation seen in R108 results in increased plant growth and drought resistance as
compared to Jemalong Al17 (Fig. 7a,b, 9b, Table 2, Fig. 10a, Appendix 6.12, 6.13, 6.14). The plant
growth promoting rhizobacteria reported in many crops were found to be involved in plant growth
promotion and confer stress tolerance to plants (Chen et al., 2013; Vurukonda et al., 2016; Lodeiro et
al., 1999). This study therefore emphasizes that SNF, in addition to being important for fixing
atmospheric nitrogen, also appears to function as a plant growth supporter in M. truncatula under

drought stress.
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4.4 Conclusion

In legumes, improving SNF would be an ideal strategy for sustainable crop production. Determining
the contribution and benefit of SNF in the host under N available conditions and drought stress brings
an important tool to identify top-performing legume- symbiotic partners and to develop legume crops
with increased yield and a reduced N fertilizer dependency. Our study determined that under well-
watered conditions, N fertilized R108 plants used SNF for N uptake, when inoculated with E. meliloti,
and reduced N fertilizer uptake to balance total N uptake. Under drought stress, both Jemalong A17
and R108 plants derived assimilated N from SNF while they significantly reduced the N uptake from N
fertilizer. SNF in association with E. meliloti not only benefitted the host by increasing the N supply
but also primed the host plant to better tolerate drought stress by controlling the expression of
drought-associated genes. However, it remains to be shown precisely how the metabolic and
transcriptional changes are regulated in a potent N; fixing plant under different levels of N availability
and drought stress. Given that many studies show a need to focus on increasing N use efficiency in
plants to eliminate synthetic fertilizer use and improve crop productivity (Zhang et al., 2015: Galloway
et al., 2003; Steffen et al., 2015), the observed increase of N uptake from SNF and the observed growth
adaptation to drought in N-fixing plants in this study is of important agronomic significance for
sustainable legume production. This study, therefore, may help with the selection and development
of host-legume genetic background traits which reduce SNF suppression and N fertilizer use through

breeding strategies.
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Chapter 5

Drought-induced senescence of Medicago truncatula nodules involves serpin

and ferritin to control proteolytic activity and iron levels

5.1 Introduction

Legumes include staple and forage crops and fix atmospheric N, through symbiotic association with
rhizobia. The association can fix ~100-300kg/ha of N in one crop season and enriches the soil with
substantial N for the benefit to non-legumes, reducing the need of N fertilizer (Smil, 1999; Fox et al.,
2007; Miransari et al., 2013). The actual N; fixation amount depends on the efficiency of infection,
symbiotic partners and nodule growth and development (Sulieman & Tran, 2014; Mus et al., 2016).
The model legume Medicago truncatula develops indeterminant nodules which possess a permanent
nodule meristem and elongate to become cylindrically shaped (Franssen et al., 2015). These nodules
comprise four different zones: (l) the meristematic zone which ensures the indeterminate growth of
the nodule, (Il) the infection zone where the M. truncatula-specific symbiotic rhizobacterium Ensifer
meliloti infects the host cell, (Ill) the fixation zone where bacteroid differentiation and active N fixation
takes place and (IV) the senescence zone where the bacteroids degrade as a result of aging or

environmental stress (Matamoros et al., 1999; Dupont et al., 2012).

The process of nodule senescence involves the elevation of proteolytic activity which can function in
removal of misfolded or modified proteins and remobilizing nutrients (Pladys & Vance, 1993).
However, if the activity is unlimited or uncontrolled, it may affect the symbiosome membrane proteins
and key regulators which are involved in N; fixation (Vierstra, 1996; Salvesen et al., 2015). In soybean
and M. truncatula nodules, expression of cysteine protease genes was induced during different
developmental stages. Particularly, legumain (vacuolar processing) and papain proteases (MtCP6)
were identified in M. truncatula and found to be involved in degrading bacteroids in the senescence
zone (Pierre et al., 2014). Under drought stress, protease activity may further increase as a result of
H,0, production and vacuolar protein accumulation (Kinoshita et al., 1999; Solomon et al., 1999;
Vandenabeele et al., 2003). However, plants may regulate the release of protease inhibitors (PI's) to
control the activity of proteases to balance proteolysis-dependent cellular damage (Hartl et al., 2011;
Mosolov & Valueva, 2005). Serine protease inhibitors (serpins) are ubiquitous in plants and have a
rigid bait loop that can form covalent, irreversible complexes with endoproteases, such as cysteine

and serine proteases through the mechanism of Acyl enzyme intermediates formation (Huntington et
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al., 2000; Fluhr et al., 2011). Serpins play roles in stress responses and Srinivasan et al. (2009) found
serpins that inhibit stress-induced proteolysis of tobacco leaves. In Arabidopsis thaliana, Atserpinl
was found to interact and inactivate the papain-like protease ‘Responsive to Dessication’ (RD1) and
Atmetacaspases (AtMC9) that caused programmed cell death (PCD) and tissue decay (Vercammen et

al, 2006; Lampl et al., 2013).

The plant responds to drought stress with a rapid closure of stomata to avoid further loss of water
through transpiration (Cornic, 1994; Lawlor, 1995). As a consequence, the diffusion of CO; into the
leaf will be restricted. The decrease in net photosynthetic rate under drought stress is explained by a
lowered internal CO, concentration that results in a limitation of photosynthesis at the acceptor site
of ribulose-1,5-bisphospate carboxylase/oxygenase (Rubisco) (Cornic et al., 1992) and by the direct
inhibition of Rubisco (Haupt-Herting and Fock, 2000). During drought-induced nodule senescence,
legheamoglobins (Ib) degrade resulting in the release of free iron. Excess iron can react with H,0; to
produce more deleterious ROS through the Fenton reaction (Puppo et al., 2005; Becana et al., 1998;
Delaat et al., 2014). Plants therefore express the iron scavenger ferritin when high iron availability
(Briat et al., 2010). Ferritin multimere complexes can accommodate several thousands of free iron
atoms in its central cavity and as such control ROS-induced damage (Harrison & Arosio, 1996; Theil et
al., 2006). Ferritins are also proposed to regulate iron homeostasis to control oxidative damage and
to aid in the synthesis of iron-containing proteins during various developmental programmes
(Lobreaux & Briat, 1991; Theil et al., 1993; Briat & Lobreaux, 1997; Ravet et al., 2009). Thus, ferritins

not only function as iron scavengers, but also provide an iron reservoir for various cellular activities.

This study hypothesizes that nodule senescence is tightly regulated in order to limit detrimental
effects of this process to plant survival. We show that drought-induced nodule senescence occurs
prior to plant growth limitation and this involves the elevation of proteolytic activity and free iron
levels. Nodule senescence is limited by means of serpin and ferritins expression to control excess

proteolytic activity and iron levels.
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5.2 Results
5.2.1 Prolonged drought stress affects the growth of M. truncatula

Water limitation induces various responses to plants and we first measured physiological and growth
responses of M. truncatula Jemalong A17 to drought stress in 72 days experiment (Experiment 6,
Chapter 2). M. truncatula was grown on a vermiculite: perlite: sand mix and inoculated with E. meliloti
2 days after sowing. Then, at 30 dpi, water was withheld to keep the soil moisture content to 70% field
capacity (FC) for drought treated plants (Day O of the drought treatment), while control plants were
kept at soil moisture content of 95% FC. Drought-induced physiological changes and growth were
subsequently measured for 42 days. To investigate the effect of the drought treatment on leaf water
status, RWC and LWP were measured in leaves of control and drought stressed plants. As compared
to control plant leaves, a significant difference in RWC and LWP of leaves from drought stressed plants
was first observed at 7 DAD and showed lower than those of well-watered control leaves (Fig. 1a,b).
We also observed that transpiration rate of drought stressed plants was significantly reduced as
compared to control plants at 7 DAD but reduction of stomatal conductance was seen only at 25 DAD
(Fig. 2a,b). Similarly, chlorophyll content and photosynthetic rate of drought-stressed plants was
significantly reduced at 25 DAD as compared to control plants (Fig. 2c, 3a). Nevertheless, shoot
biomass of drought-stressed plants was reduced significantly only at 37 DAD as compared to control
plant (Fig. 3b). Thus, drought treatment affected leaf water status within 7 DAD but the effect on plant

growth was seen only at 25 DAD.
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Fig. 1. Drought-induced changes of leaf-water content in M. truncatula. (a) Leaf-water potential and
(b) leaf relative leaf-water content (RWC) were measured at each time point and at two different soil
moisture contents as indicated. Values are the mean of 3 biological replicates. Error bars represent
the standard errors of mean and asterisks indicate a significant difference between 95% FC and 70%

FC (field capacity) treatment at p<0.05 (*) and p<0.01 (**), according to student’s t-test.
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Fig. 2. Effect of drought on M. truncatula leaves. (a) Transpiration rate, (b) stomatal conductance and
(c) chlorophyll content were measured from the plants at two different soil moisture contents as
indicated and at each time point of harvesting. LFW denotes leaf fresh weight. Values are the mean
of 3 biological replicates. Error bars represent the standard errors of mean and asterisks indicate a

significant difference between 95% FC and 70% FC (field capacity) treatment at p<0.05 (*) and p<0.01

(**), according to student’s t-test.
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Fig. 3. Effect of drought stress on M. truncatula growth and nodule nitrogenase activity. (a) Leaf
photosynthetic rate (b) shoot dry weight, (c)nodule nitrogenase activity by acetylene reductase assay
(ARA) and (d) nodule numbers. Parameters were measured at each time point of harvesting and at
two different soil moisture contents as indicated. NFW denotes nodule fresh weight. Values are the
mean of 3 biological replicates. Error bars represent the standard errors of mean and asterisks indicate
a significant difference between 95% FC and 70% FC (field capacity) treatments at p<0.05 (*) and
p<0.01 (**), according to student’s t-test (a-c) or chi square test (d): *, P< 0.05; ** P< 0.01; ***, p<

0.001; ns, not significant.

5.2.2 Prolonged drought stress disrupts the nodule activity of M. truncatula

As the drought stress had a negative effect on plant growth only at 25 days, we hypothesized that it
would also take that amount of time to affect the nodule activity and nodulation. We first observed
the discoloration of nodules at the senescence zone and found that drought stressed nodules started
to loose pink colour at 14 DAD as compared to no change in colour of control nodules. This was further
manifested as an increased senescence zone as the drought period extended. At the end of 42 DAD,
the whole nodule tissue appeared discoloured as compared to control nodules (Fig. 4). To study the
effect of drought on N fixation rate, nitrogenase enzyme activity was measured based on its acetylene
reduction capacity from the nodules of plants grown under 95% (control) and 70% FC as mentioned
in Chapter 2. The loss of pink colour at 14 DAD in nodules of plants grown at 70% FC coincided with
lower nodule nitrogenase activity as compared to control nodules. Nevertheless, activity steadily
increased until 25 DAD and dropped subsequently (Fig. 3c). Concurrently, a significant effect of
drought stress on nodulation was seen only at 25 DAD. The number of nodules on drought stressed
plants was ~15-20 per plant throughout the experiment while control plants showed 37 nodules per
plant at 42 days (Fig. 3d). This study showed that drought stress affected the senescence and the

nitrogenase activity at 14 DAD.
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Days after 95% FC 70% FC
treatment

Fig. 4. Change of M. truncatula nodule colour under drought stress. Nodule images of M. truncatula
grown under at two different soil moisture contents as indicated were captured at each time point of
harvesting. Time points are at days after treatment. Arrow (white) indicates the sign of initiation of

senescence and circle indicates the extend of the loss of pink colour.

5.2.3 Drought induced nodule senescence involves the elevation of proteolytic activity and

iron content

We observed that changes of nitrogenase activity correlated with drought-induced nodule

senescence. As a key feature of nodule senescence involves the elevation of proteolytic activity and
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excess iron increase (Pladys & Vance, 1993; Pierre et al., 2014), we hypothesized that drought induced
nodule senescence exhibits increased proteolytic activity and excess iron at 14 DAD. We measured
the protease activity in the nodule and found that drought stressed plant nodules showed a significant
increase at 25 days as compared to well-watered control plant nodules (Fig. 5a). Moreover, this was
found to correlate with nodule protein content. At 37 and 42 DAD, protein content of drought-stressed
plant nodules reduced by 37% and 55% respectively as compared to nodules of well-watered plants
(Fig. 5b). As increased proteolytic activity may cause |b degradation, Ib and iron content were also
measured in the nodules of all plants and the observed proteolytic activity changes were found to
coincide with lb degradation. At 25 DAD, Ib content was significantly reduced in the drought stressed
plant nodules as compared to nodules of control plants (Fig. 5c). A significant difference in iron
content, however, was only observed at 42 DAD (Fig. 5d). Thus, drought stress promoted the
proteolytic activity at 25 DAD and this coincided with reduced protein and Ib content. However, excess

iron increase was observed only at 42 DAD.
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Fig. 5. Drought-induced changes in M. truncatula nodules. (a) total protease activity, (b) protein
content, (c) leghaemoglobin content and (d) iron content. Assays were performed at each time point
of harvesting and at two different soil moisture contents as indicated. NFW denotes nodule fresh
weight. Values are the mean of 3 biological replicates. Error bars represent the standard errors of
mean and asterisks indicate a significant difference between 95% FC and 70% FC (field capacity)

treatment at p<0.05 (*) and p<0.01 (**), according to student’s t-test.
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5.2.4 Nodule expresses MtSer6, MtFer2 and MtFer3 genes during early drought stress

We observed that drought-induced senescence and a decrease in SNF occurred at 14 DAD, but
elevation in proteolytic activity and increase in iron occurred at 25 and 42 DAD respectively. Therefore,
we speculate that nodule senescence may involve a mechanism to fine-tune the proteolytic activity
and limit excess iron levels. It has been reported that serpin can covalently bind and inhibit the activity
of highly abundant proteases that causes nodule senescence and that ferritins can act as iron
scavengers during early drought stress (Lampl et al., 2013; Vorster et al., 2013; Pierre et al., 2014; Wyk
et al., 2014). We envisaged that nodules might express serpin and ferritin genes under drought stress.
Hence, we aimed to identify serpin and ferritin genes in M. truncatula and detect their expression in
the nodule under drought stress. In total, 28 serpin and 4 ferritin genes were identified from the M.
truncatula genome database and their complete coding sequence was retrieved to design primers
(Table 1). Using reverse transcriptase PCR and primers (Appendix 2), we measured the expression of
these genes in the nodules of well-watered plants at 14 and 25 days. Out of 28 serpin genes, MtSer5,
MtSer6, MtSer8, MtSer9 and MtSer10 were found to be expressed at 14 days and only MtSer6 was
found to be expressed at 25 days (Fig. 6). Similarly, when we tested ferritin genes, MtFer2 and MtFer3
were found to be expressed at 14 and 25 days while MtFerl was expressed only at 14 days. The
expression of the nodule-expressed genes was subsequently measured in nodules of drought-treated
plants and only expression of those genes which were expressed in 25 days well-watered control

nodules (MtSer6, MtFer2 and MtFer3) were found to be induced by drought stress at 14 DAD (Fig. 7).
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Gene ID Locus tag Accession number Organism
Serpin family | MtSerl MTR_3g018740 XM_003598595 M.truncatula
MtSer2 MTR_2g045980" XM_003598595 M.truncatula
MtSer3 MTR_8g027420" XM_003598595 M.truncatula
MtSerd MTR_2g046030" XM_003598595 M.truncatula
MtSer5 MTR_3g101030 XM_003602927 M.truncatula
MtSer6 MTR_3g101010 XM_003602925 M.truncatula
MtSer7 MTR_4g045707" XM_003602925 M.truncatula
MtSer8 MTR_7g050810 XM_003622635 M.truncatula
MtSer9 MTR_3g10120 XM_003602943 M.truncatula
MtSer10 MTR_3g101180 XM_003602941 M.truncatula
MtSer11 MTR_3g015760 XM_003598529 M.truncatula
MtSer12 MTR_3g101190 XM_003602942 M.truncatula
MtSer13 MTR_7g050830 XM_003622637 M.truncatula
MtSer14 MTR_3g099970 XM_003602833 M.truncatula
MtSer15 MTR_3g100990 XM_003602923 M.truncatula
MtSer16 MTR_3g101110 XM_003602934 M.truncatula
MtSer17 MTR_3g101050 XM_003602929 M.truncatula
MtSer18 MTR_3g111160 XM_003603640 M.truncatula
MtSer19 MTR_3g100520 XM_003602885 M.truncatula
MtSer20 MTR_3g101130 XM_003602936 M.truncatula
MtSer21 MTR_7g050750 XM_003622631 M.truncatula
MtSer22 MTR_3g111150 XM_003603639 M.truncatula
MtSer23 MTR_3g048000 XM_003599803 M.truncatula
MtSer24 MTR_3g015620 XM_003598519 M.truncatula
MtSer25 MTR_3g101020 XM_003602926 M.truncatula
MtSer26 MTR_4g093550 XM_003608337 M.truncatula
MtSer27 MTR_3g101120 XM_003602935 M.truncatula
MtSer28 MTR_6g046890 XM_003619290 M.truncatula
Ferritin family | MtFer1 MTR_7g069980 XM _003623311 M.truncatula
MtFer2 MTR_5g083170 XM_003616637 M.truncatula
MtFer3 MTR_4g014540 XM_003604515 M.truncatula

Table 1. Chromosome locus tag and accession number of 28 serpin and 3 ferritin genes retrieved
from Medicago genome database (MGDB). Using the locus tag given for individual gene in MGDB,
complete coding sequences were retrieved from NCBI BLAST tool. Locus tags with asterisk indicate the

genes which didn’t show 100% similarity but partially matches with the genes of given accession

number. This table is reproduced from Table 1 and 2 of Chapter 3.
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Fig. 7. Response of to drought stress of serpin and ferritin genes in the nodule of M. truncatula.
Nodules were harvested from plants grown at 70% FC for 0, 7 and 14 days. The relative transcript
abundance (fold change) was determined by qRT-PCR. Data were normalized to control treatment
using two internal reference control genes (BTubulin and MtPDF2). Values are the mean of 3 biological

replicates. Error bars represent the standard errors of mean and asterisks indicate a significant

difference from day 0 at p<0.05 (*), according to student’s t-test.
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5.2.5 Down-regulated expression of MtSer6, MtFer2 and MtFer3 in RNAi knockdown lines

As shown above, protease activity was increased only at 25 DAD and free iron increased only at 42
DAD. Therefore, we postulated that MtSer6 is expressed to limit proteolytic activity and MtFer2 and
MtFer3 to limit free iron levels. To test this, we used a reverse genetic approach and developed single
(RNAiMtSer6, RNAiMtFer2 and RNAiMtFer3), double (RNAiMtFer2Fer3) and triple
(RNAiMtSer6Fer2Fer3) knockdown (KD) constructs to analyse the function of these genes during
drought stress. All the constructs were transformed into the M. truncatula R108 genotype through A.
rhizogenes mediated root transformation as this host has been widely used for its fast in vitro
regeneration capacity (Hoffmann et al., 1997, Wang et al., 2014). As a control, an empty vector
construct was transformed as mentioned in Chapter 2. After transformation, seedlings were
transferred and grown with E. meliloti in N-free medium for 20 days and then water was withheld
completely for another 12 days to impose drought stress (Experiment 7, Chapter 2). After withholding
water for 12 days, the FC of the medium was reduced to 51% (Fig. 8a). At this time point (12 DAD), 5
plants were chosen from each RNAi line (single, double, triple and control) and a reverse transcriptase
PCR was conducted to check the expression level of the respective target genes. The RNAI transgenic
lines where expression of targeted genes were not detected in the nodules (Fig. 8b), were chosen
further to confirm the level of expression using quantitative real-time PCR. For each line, at least 3
independent lines were selected along with control lines (Fig. 8b). Quantitative RT-PCR data showed
that nodules transformed with the control RNAi construct showed 6 to 10-fold higher expression of
the tested genes at 12 days of drought as compared to day 0. In contrast, in single, double and triple
RNAI KD nodules, no drought-induced increase of expression of the targeted genes was found (Fig. 9).
Thus the RNAi KD effectively suppressed the drought-induced increase of expression of targeted

genes.
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Fig. 8. Effect of RNAi KD on expression of targeted genes in M. truncatula nodules grown under

drought stress. (a) Field capacity of vermiculite: perlite: sand mix medium used for growing RNAI
transgenic plants and (b) reverse transcriptase PCR of MtSer6, MtFer2 and MtFer3 genes in RNAI
transgenic and control nodules harvested at 12 DAD. M1-MS5 indicate independent transgenic plants
transformed with the indicated RNAi construct. C1, C2 and C3 indicate independent transgenic plants
transformed with an empty vector construct. Red rectangles indicate the RNAI plant lines in which
expression of the targeted genes was not detected and those lines were used for further experiments.
Error bars represent the standard errors of mean and asterisks indicate a significant difference from

day 0 at p<0.05 (*), according to student’s t-test.
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Fig. 9. Effect of RNAi knockdown of MtSer6, MtFer2 and MtFer3 expression in M. truncatula nodules

under drought. Relative transcript abundance changes of the indicated genes in single, double and

triple RNAI transgenic nodules of the plants were determined using gRT-PCR. Data were normalized

to the control treatment using two internal reference control genes (8Tubulin and MtPDF2). The

relative transcript level of each gene was determined from RNAi and control nodules at day 0 (blue

bar) and day 12 (green bar) of the drought treatment. Values are the mean of 3 biological replicates.

Error bars represent the standard errors of mean and asterisks indicate a significant difference

between 12 days old RNAi and control plant nodules carrying an empty vector at p<0.05 (*) and p<0.01

(**), according to student’s t-test.
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5.2.6 Knockdown of MtSer6 in RNAiMtSer6 nodules results in increased papain-like

cysteine protease activity, iron levels and MtFer3 expression

As reported previously, serpin might be involved in controlling cysteine proteolytic activity (RD1)
(Vercammen et al., 2006; Srinivasan et al., 2009). Therefore, we hypothesized that loss of expression
of MtSer6 in drought stressed RNAI transgenic nodules, would result in increased proteolytic activity
and concomitant total protein and |b degradation. Therefore, papain like cysteine and legumain like
caspase-1- protease activities were measured in 12 days-old drought stressed RNAiMtSer6 nodules.
KD of MtSer6 in RNAiMtSer6 nodules provoked papain like cysteine protease activity significantly as
compared to control nodules. However, no significant changes of legumain like caspase-1- protease
activity was found (Fig. 10a). Moreover, increased papain like cysteine protease activity correlated
with nodule protein and |Ib degradation at 12 DAD (Fig. 10b,c). In addition, we speculated that
degradation of Ib may liberate iron and increase the excess iron level as described by Puppo et al.
(2005) and we measured the iron content of 12 days old drought stressed RNAiMtSer6 nodules. Figure
10(d) shows that degradation of Ib coincided with a significant increase of nodule iron content.
Furthermore, as increase of iron content might regulate the expression of ferritins in plants as
reported by Briat et al. (2010), we measured the transcript abundance of MtFer2 and MtFer3 genes
using qRT-PCR. The results showed that RNAiMtSer6 nodules had a two-fold increase in MtFer3
expression, while MtFer2 expression was not affected (Fig. 11). Thus, loss of MtSer6 expression

increases papain like cysteine protease activity and concomitant nodule protein and lb degradation.

5.2.7 Knockdown of ferritins result in excess iron increase and nodule protein and Ib

degradation

Ferritins function in free iron scavenging and we next hypothesised that KD of MtFer2 and MtFer3
expression would result in excess iron increase and that consequent increase in oxidative stress will
induce protein and Ib degradation. We measured the iron content in RNAiFer2 and RNAiFer3 single
KD nodules at 12 DAD and found that reduced expression of either ferritin resulted in significant iron
level increases (Fig. 10d). Furthermore, this coincided with increased nodule protein and Ib
degradation (Fig. 10b,c). In particular, RNAiFer3 nodules showed significantly higher excess iron and
Ib degradation as compared to RNAiFer2 nodules. However, loss of expression of both ferritin genes
in double RNAiMtFer2Fer3 KD nodules did not further increase iron levels and Ib degradation as
compared to single RNAiMtFer3 nodules (Fig. 10c,d). To investigate whether KD of MtFer2 or MtFer3
genes resulted in expression changes of the other ferritin or MtSer6, we performed qRT-PCR to

measure the relative transcript abundance changes. Interestingly, we observed higher MtFer3
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expression in single RNAiMtFer2 KD nodules. Furthermore, neither MtFer2 nor MtFer3 KD affected
expression of MtSer6 (Fig. 11). Similarly, we didn’t observe significant changes of papain like cysteine
protease and legumain like caspase-1- protease activities in ferritin KD nodules (Fig. 10a). This study
shows that loss of ferritin expression resulted in excess iron increase and nodule protein and |b
degradation. In particular, loss of MtFer3 in RNAi nodule was seen to have a greater effect on iron

increase and Ib degradation than MtFer2.

5.2.8 Reduced expression of MtSer6, MtFer2 and MtFer3 in triple RNAi nodules exhibits

further nodule protein and Ib degradation

The KD expression of both serpin MtSer6 and ferritins MtFer2 and MtFer3 resulted in increased protein
degradation and iron increase. We hypothesized that serpin and ferritins affect protein degradation in
independent ways and therefore that loss of all three genes in triple RNAiMtSer6Fer2Fer3 KD nodules
would further increase degradation of nodule proteins and iron levels under drought stress. Thus, we
measured the protein content, Ib level, proteolytic activity and iron content in nodules of triple KD
lines RNAiMtSer6Fer2Fer3. We observed that KD of MtFer2 and MtFer3 in addition to MtSer6 did not
further increase the proteolytic activity as compared to KD of MtSer6 alone, but it did result in
significantly less nodule protein content (Fig. 10a,b). Triple KD nodules furthermore showed
significantly less Ib content than only RNAiMtSer6 nodules but not as compared to RNAiFer2Fer3
nodules (Fig. 10c). However, the iron level in triple KD nodules was not significantly different from
MtSer6 and ferritin KD nodules (Fig. 10d). This study showed that triple KD of MtSer6, MtFer2 and
MtFer3 in nodule resulted in increase of degradation of nodule protein and |b further without further

increasing proteolytic activity and iron levels.
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Fig. 10. Effect of reduced MtSer6, MtFer2 and MtFer3 expression on nodules. (a) Cysteine like papain
and caspase-1 like legumain activity, (b) nodule protein content (c) Ib content, and (d) iron content in
nodules of drought-stressed RNAi KD plants. Assays were performed from nodules of control and RNAi
plants harvested after 12 days of drought treatment. NFW denotes nodule fresh weight. Values are
the mean of 3 biological replicates and error bars represent the standard errors of mean. Asterisks
indicate a significant difference between control (empty vector) and RNAi KD lines and between two

RNAi plants (as indicted by line) at p<0.05 (*) and p<0.01 (**), according to student’s t-test.
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5.2.9 Knockdown of Mtser6 and ferritins causes early nodule senescence and reduced plant

growth

The KD of MtSer3, MtFer2 and MtFer3 expression resulted in increased nodule protein and Ib
degradation. Therefore, we expected that drought-stressed RNAi transgenic nodules would show
precocious senescence, and reduced nitrogenase activity and that this would negatively affect plant
growth. To examine senescence, we sectioned the nodules and observed the bacteroids in RNAI lines
harvested at 12 DAD (Fig. 12). Indeed, KD of MtSer6 in RNAI transgenic nodules resulted in a larger
senescent zone, in which symbiosome membrane degradation was visible. Similarly, KD of both
ferritins in single or double KD RNAi nodules showed larger senescent zones. Surprisingly, KD of all
three genes in triple RNAi nodules exhibited complete degradation of bacteroids and a senescent zone
that almost completely encompassed the nodule. In contrast, WT plant nodules and control nodules
carrying an empty RNAi vector showed no signs of bacteroid degradation or a senescent zone (Fig. 12,
13). Determination of nitrogenase activity of all RNAi nodules furthermore showed that nodule
senescence coincided with 30-95% reduced nitrogenase activity (Fig. 14a). Next, the effect of the KD’s
on plant growth was determined and significantly less photosynthetic rate and shoot biomass (~40-
50%) was found in all RNAi KD plants as compared to empty vector control plants (Fig. 14b,c). In
particular, triple KD plants had the largest senescent zone, and the lowest nitrogenase activity and this
coincided with an 80% reduction in photosynthetic rate as compared to control plants (Fig. 14b). Thus,

KD of MtSer6, MtFer2 and MtFer3 resulted in early nodule senescence and reduced plant growth.
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Fig. 11. Ectopic effects of RNAi KD on Mtser6, MtFer2 and MtFer3 expression. Relative transcript
abundance of MtSer6, MtFer2 and MtFer3 genes in different RNAI transgenic nodules of the plants at
12 DAD was determined by qRT-PCR. Data were normalized to control treatment using two internal
reference control genes (8Tubulin and MtPDF2). The transcript level of each gene was determined
from RNAi and control nodules at 0 DAD (blue bar) and 12 DAD (green bar). Values are the mean of 3
biological replicates. Error bars represent the standard errors of mean and asterisks indicate a
significant difference between 12 days old RNAi and control plant nodules carrying an empty vector

at p<0.05 (*), according to student’s t-test.
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Control RNAi MtSer6 RNAi MtFer2 RNAi MtFer3

Fig. 12. Impact of reduced MtSer6, MtFer2 and MtFer3 expression on nodule senescence of drought-stressed M. truncatula. The RNAI, control (empty
vector) and WT nodules were harvested from plants at 12 days of drought treatment. Nodules were sectioned as describe in Chapter 2 and light microscopic
images taken after toluidine blue staining. Images are representative of 3 biological replicates and 3 independent nodules from each replicate. N; fixation (llI)

and senescence zones (IV) are indicated. Length of the scale bar is Imm.
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WT Control RNAi MtSer6

Fig. 13. Effect of reduced MtSer6, MtFer2 and MtFer3 expression on M. truncatula nodule bacteroids
at the senescence zone. Nodules of WT, empty vector control and RNAi KD plants at 12 DAD were
prepared as described in Chapter 2. Images were taken (20X) from the senescence Zone IV. Arrows
indicate active (black), degrading (yellow) and completely senescent (red) bacteroids. IC; inner cortex,

OC; outer cortex (Guerra et al., 2010; Brear et al., 2013). Length of the scale bar is 200pum.
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Fig. 14. Effect of reduced MtSer6, MtFer2 and MtFer3 expression on M. truncatula nodule
nitrogenase activity and plant growth. (a) Acetylene reductase assay (ARA), (b) Leaf photosynthetic
rate and (c) shoot biomass were measured from the control (empty vector) and RNAI plants at 12 days
of drought treatment. NFW denotes nodule fresh weight. Values are the mean of least 3 biological
replicates. Values are the mean of 3 to 5 biological replicates and error bars represent the standard
errors of the mean. Asterisks indicate a significant difference between control and RNAi lines at p<0.05

(*) and p<0.01 (**), according to student’s t-test.
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5.3 Discussion

Plants respond to drought stress to reduce the risk of drought-induced damage. Reduction of leaf
water loss involves primary responses such as adjustment of LWP, stomatal conductance and
transpiration rate (Baena-Gonzalez et al., 2007; Grzesiak et al., 2006; Stanton & Mickelbart, 2014).
Our results for drought-treated M. truncatula plants were in general agreement with those authors,
and early responses comprised more negative LWP and reduced RWC, while stomatal conductance
and transpiration rate was reduced at a later stage (Fig. 1a,b, 2a,b). Several reports in different legume
species show that drought stress affects the symbiotic process through inhibiting rhizobial infection,
nodule development and nitrogenase activity, due to lack of water transport from rhizosphere (Ramos
et al., 2003; Marino et al., 2007; Esfahani et al., 2014; Kunert et al., 2016). However, the response of
the SNF-dependent plants and their associative symbiotic relationship to drought stress is poorly
understood. This study is aimed at specifying the response of N-fixing M. truncatula to drought stress

and deciphering the roles of serpins and ferritins therein.

Following imposition of a 42-day drought-stress treatment, we observed that nitrogenase activity was
affected within 14 DAD and this coincided with the initiation of nodule senescence. However, negative
effects of drought stress on plant shoot biomass was seen only at 37 DAD (Fig. 3b,d, 4). This shows
that drought-stressed M. truncatula limits nodule function prior to plant growth. These results are
consistent with previous studies in legumes suggesting that nodules are the first organs being affected
by drought stress (Purcell et al., 2000; Streeter, 2003; Ladrera et al., 2007). Drought stress affects the
process of N, fixation by various factors such as limiting the carbon supply through suppressing CO,
fixation, increasing the ureids accumulation in the nodule and transporting aminoacids (majorly
glutamate and aspartate) from leaves to nodules (King & Purcell, 2005; Ladrera et al., 2007; Marquez-
Garcia et al., 2015). Since N, fixation is crucial for accomplishing the N demand set by SNF-dependent
plants (Vitousek et al., 2013), drought stressed legumes may experience severe N-deficiency in
addition to the water stress. Indeed, we found that reduced nodule function coincided with symptoms
of N deficiency such as decreased photosynthesis and chlorophyll levels after 25 DAD, before an effect
on plant biomass was seen (Fig. 2c, 3a). Furthermore, RNAI lines, in which drought-induced nodule
function was further reduced because of knocked down serpin or ferritin expression, exhibited even
lower photosynthetic rate and shoot biomass, likely due to the limited N supply (Fig. 14a,b,c). These
results suggest that nodule senescence during drought stress is likely an effective survival strategy
while nodule senescence per se is detrimental to plant survival. Although senescence is programmed
for nutrient remobilization (Schiltz et al. 2004; Distelfeld et al., 2014), the question then remains why

nodule senescence is induced first and at such an early stage of drought stress.
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To begin answering this question, we first investigated mechanisms of nodule senescence. Pierre et
al. (2014) found that an increase in proteolytic activity is a key feature of nodule senescence and we
showed that proteolytic activity of M. truncatula nodules increased from 25 DAD. In addition, total
nodule protein content and Ib content in particular decreased (Fig. 5a,b,c,d). These results are in
agreement with previous reports suggesting that elevation of proteolytic activity during nodule
senescence results in nodule protein and lb degradation (Pladys & Vance, 1993; Chungopast et al.,
2014). It seems logical to propose that the nutrients obtained from the protein degradation are
recycled and used as a N source to sustain plant growth. Indeed, several reports hypothesized that
nutrient remobilization during environmental stress by early induction of senescence in older tissues
may help to sustain plant growth (Fischer, 2007; Distelfeld et al., 2014; Chen et al., 2015; Maillard et
al., 2015; Diaz-Mendoza et al., 2016). It was also reported in M. truncatula and Glycine max that
nodules affected by drought stress succumb to early senescence and as such influence nutrient
remobilization (Van de Velde et al., 2006; Ladrera et al., 2007). Thus, senescence of protein-rich
nodules may extend the useful lifespan of nodules in times where reduced water and carbon supply
(Atkins et al., 1984; Marquez-Garcia et al., 2015; Yuan et al., 2017), limit the nodules’ ability to fix

gaseous N.

However, in order for senescence to benefit plant growth it needs to be controlled as enhanced
drought stress-induced senescence in the RNAi KD plants coincided with lower plant biomass. Since
increased senescence also coincided with lower nitrogenase activity and Ib contents, functional SNF
was likely affected as well. It has been shown previously also that increase of nodule senescence
decreases the N fixation and plant growth (Evans et al., 1999; Ramos et al., 1999; Voisin et al., 2003;
Marino et al., 2007; Li et al., 2008). Thus a controlled progression of nodule senescence may allow the
plant to maximise the positive effects of both nutrient recovery by senescence and remaining nutrient
biosynthesis by SNF that is still sustainable, given the water and carbon availability. Here, we
demonstrate the presence of two mechanisms that help assure a controlled senescence. First of all,
expression of M. truncatula MtSer6 (serpin6) seems to control or fine-tune nodule protease activity
during drought-stress: Expression of this gene is induced in nodules of drought-stressed plants and KD
of this induction causes higher papain like cysteine protease activity, lower protein levels, increased
nodule senescence and reduced plant growth (Fig. 10a,b, 7, 8c). This is consistent with previous
studies in Arabidopsis leaves showing that a serpin controlled the activity of papain-like cysteine
protease that caused ROS damage and PCD (Vercammen et al. 2006; Lampl et al., 2013) and another
in M. truncatula that elevation of papain-like cysteine protease activity causes degradation of
bacteroids and induction of nodule senescence (Pierre et al., 2014). The increased papain-like cysteine

protease activity coincided with lower |b levels and increased iron levels, suggesting that this activity
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is directly involved in lb degradation (Fig. 10a,c,d). While Ib are an N-rich nutrient source, they also
harbouriron, which at elevated concentrations can induce ROS damage (Ravet et al., 2009). Therefore,
we proposed that iron levels also needed to be controlled and here we show that expression of the
ferritin encoding genes, MtFer2 and more importantly MtFer3, is a second mechanism to assure
controlled drought-induced nodule senescence. Expression of these genes is upregulated in response
to drought stress while their RNAi KD resulted in increased iron and decreased nodule protein and Ib
levels (Fig. 10b,c,d). The effect of ferritins KD on protein levels is likely a result of iron-induced toxicity

and ROS damage to bacteroids (Fig. 12, 13; Ravet et al., 2009; Delaat et al., 2014).

The two mechanisms are likely to function largely independently of each other. Although, KD of
MtSer6 had a positive feedback regulation on MtFer3 expression, it also resulted in excess iron
increase (Fig. 10c, 11). Because MtFer3 expression in the nodule is induced by high iron content (Briat
et al., 2010), the feedback regulation is likely a secondary result of the increased iron levels, rather
than a direct result of the increased papain-like cysteine protease levels. Conversely way around, KD
of ferritins did not affect MtSer6 expression or protease activities, but it did result in lower nodule
protein levels (Fig. 10a,b 11), indicating that this was a result of oxidative damage to nodule proteins.
Furthermore, KD of both Serpin6 and the two ferritins resulted in much lower nitrogenase activity and
more senescence than when knocked down separately, suggesting they have an additive effect on
nodule function. Thus the combined data suggests that under drought stress, M. truncatula responds
with the early senescence of nodules that is tightly controlled by the expression of MtSer6 to regulate

papain-like cysteine protease activity and ferritins to limit excess iron levels.

5.4 Conclusion

We showed that M. truncatula initiates nodule senescence as one of the early responses to drought
stress and well before plant growth is affected. However, the senescence needs to be tightly regulated
and increased senescence is detrimental to plant growth. The nodule achieves this in part by
controlling the expression of protease inhibitor serpin6 and ferritins Fer2 and Fer3. We propose that
this strategy allows the plant to maximise survival by continuing to benefit from remaining symbiotic
N, fixation in a water-limiting environment for as long as possible and in the meantime also benefit

from nutrients recovered during nodule senescence.
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Chapter 6

Summary and conclusion

The symbiotic relationship in legumes is an important biological process that feeds the plant with N
through the process called symbiotic nitrogen fixation (SNF). In sustainable agriculture system, this
SNF has an important agronomical significance and can reduce the need of synthetic N fertilizer use.
A large body of research has deciphered the crucial role of SNF in legumes and several researchers
suggested that enhancing the SNF process through developing a suitable host-rhizobial partner would
be an ideal strategy to reach sustainable legume production (Jensen & Hauggaard-Nielsen, 2003;
Kneip et al., 2007; Mus et al., 2016). Legume plants may respond internally to changes in N availability
in the rhizosphere as well as periods of drought stress. Elucidating the SNF process in response to N
availability and nodule senescence regulation under drought conditions is essential to predict efficient
symbiotic partners for use in sustainable agricultural systems. The theme of this thesis is centred on
the M. truncatula SNF process under two different environmental conditions, N availability and

drought stress, and the mechanisms involved in the drought-induced nodule senescence process.

In chapter 3, | assessed the symbiotic characteristics of M. truncatula Jemalong A17, a WT genetic
background, in association with E. meliloti and identified the key serpin and ferritin genes expressed
in nodule which are speculated to be involved in the drought-induced nodule senescence process. In
chapter 4 | showed variation in the symbiotic efficiency of Jemalong A17 and another WT genetic
background, R108, and in particular, R108 exhibited higher nitrogenase activity, bacteroid numbers
and plant growth than Jemalong A17. To explain the variations | found, | began by determining the
SNF process in both the genotypes in response to external N treatment. In contrast to the reports
which elucidated that external N suppresses nodulation and N fixation (Saito et al., 2014; Ohyama et
al., 2008; Reed et al., 2011; Walch-Liu et al., 2005), | found that R108 plants show only limited SNF
suppression in response to external N treatment. Moreover, | show that R108 plants alter the nodules’
location to cluster close the root collar in response to external N treatment. It was shown in M.
truncatula, M. sativa and T. subterraneum by Goh et al. (2016) that internal N availability alters the
root and nodule lengths and mass ratio depending upon the ability to fix N. This report is in favour of
our argument and suggests that N treatment in the N-fixing R108 plant can change the nodule
plasticity to increase or maintain the N input from the N fixation process. Interestingly, under drought
stress both the Jemalong A17 and the R108 plants showed no SNF suppression and an increased N
derivation from the fixation process to 38.99% and 48.35% respectively. Conversely, these plants have
limited the N uptake from fertilizer under drought stress (Fig. I). As the Jemalong A17 and R108 plants

prefer to uptake N from nodules rather than N fertilizer under drought stress, | focused on defining
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the importance of SNF and N fertilization on plant growth maintenance under drought. This result
highlighted that the benefit of SNF on plant growth recovery was well pronounced in both Jemalong
Al17 and R108 as compared to plants fertilized with N fertilizer alone. Luo et al. (2016) described that
as compared to Jemalong Al17, the R108 plant showed more drought tolerance under N-fertilized
conditions. In contrast, this study shows that R108 plants exhibited significantly higher nodule and
plant growth than Jemalong A17 under drought stress. It could be argued that E. meliloti inoculation
and efficient SNF has an impact on plant growth maintenance under drought. | therefore chose R108
for further study to analyse the transcriptional changes of genes involved in stress and drought
tolerance. Results showed that the N-fixing R108 plant expressed significantly higher transcripts of
abscisic acid-related genes, such as MtNced, MtZep and MtZip, than the N-fertilized plant. Conversely,
R108 plants exhibited significantly less expression of ethylene-responsive genes, MtAcs and MtAco,
and ROS-responsive genes, MtCat and MtRbohB. This indicated that E. meliloti inoculation primed the
host to cope with drought stress by inducing ABA-related gene expression and continued uptake of N

from symbiosis.
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Fig. 1. Proposed model of the response of two M. truncatula genotypes to external N fertilizer

treatment and drought. During well-watered growth conditions, plant growth is supported by N
uptake from N fertilizer present in the soil (Nds) in both Jemalong A17 and R108 genotypes. However,
Nds suppresses N uptake from SNF (Ndfix) in Jemalong A17, but not in R108. In R108, Nds stimulates
nodule clustering around the root collar, which is suggested to stimulate Ndfix and therefore also plant
growth. In response to drought, Nds is suppressed in both genotypes, resulting in increased Ndfix in

Jemalong A17 and R108 genotypes.
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Drought stress is a major threat for both legume growth and SNF as limited moisture in the rhizosphere
may limit the rhizobial infection, nodule development and plant growth. To cope with or adapt to
drought stress, plants may induce early senescence in old tissues to remobilize the nutrients for
growth recovery (Gregersen, 2011; Thomas, 2013; Maillard et al., 2015). Two reasons for early
induction of nodule senescence in legumes could be; i) In order to reduce the investment of more
carbon cost for bacteroid respiration and N, fixation under stress condition and ii) nodules have rich
protein sources (Perlick et al., 1997; Kevei et al., 2002) such as, leghaemoglobins; amino acid rich
proteins; and nodulins and enzymes for N, carbon and sulfur metabolisms which can be remobilized
by a plant in order to recover the plant growth (Witty &Minchin, 2005). However, a legume plant may
experience severe N deficiency and stress if drought-induced nodule senescence continues without
controlled regulation. As SNF was sustained and nodules did not senesce during 12 days of drought
(Chapter 4), | hypothesized in chapter 5 that drought-induced nodule senescence in M. truncatula is
tightly regulated to maximize the benefit of nutrient recovery from the degrading nodules. The initial
study in this chapter was performed to confirm the effect of drought stress on plant growth and N,
fixation. Results showed that nodule senescence was induced prior to plant growth reduction in M.
truncatula. Nodule senescence furthermore coincided with the elevation of proteolytic activity,
degradation of nodule proteins including Lb and reduction in nitrogenase activity. This result was
consistent with the previous study which suggested that the elevation of proteolytic activity causes
bacteroid damage and nodule senescence in Glycine max and M. truncatula (Vorster et al., 2013; Wyk
et al., 2014; Quain et al., 2015; Pierre et al., 2014). As a result of nodule protein and Lb degradation,
M. truncatula nodules accumulate free iron ions, which are known to cause H,0,-mediated oxidative
damage in cell organelles (Delaat et al., 2014; Ravet et al., 2009). For the purposes of identifying the
mechanisms that ensure the controlled nodule senescence to minimize the SNF and plant growth
reduction in drought-stressed M. truncatula nodules, | investigated the function of genes encoding an
identified serpin (Mtser6) and two ferritins (MtFer2, and MtFer3; Chapter 3). Serpins interact and
inhibit cysteine and papain proteases (Roberts et al., 2003; Lampl et al., 2013) and ferritins (Chapter
3) are known as iron scavengers (Delaat et al., 2014). Results show that these genes regulate M.
truncatula nodule senescence under drought stress (Fig. Il). A reverse genetic study revealed that
MtSer6 controls the elevation of papain-like cysteine protease activity which causes nodule protein
and Lb degradation. The study also showed that ferritins can reduce the excess iron levels in nodules
which cause iron toxicity. Knock-down of Serpin6 and ferritins in M. truncatula showed bacteroid
degradation and early nodule senescence at 12 days of drought. A qRT-PCR test to investigate the
feedback regulation of these genes by knock-down effect suggests that these two mechanisms

function independently under drought stress. As a consequence of these two independent
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mechanisms, loss of gene expression in nodules in which both ser6 and ferritins are knocked down,

nodules exhibited further nodule protein degradation and severe senescence.

Drought % \‘ \‘

Degradation of Heme
containing proteins
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Protease
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Fig. Il. Proposed model for the regulation of drought-induced nodule senescence in M. truncatula.
This process involves Serpin MtSer6 to control the increase of proteolytic activity which could
potentially degrade Lb and cause early nodule senescence. Similarly, under drought stress M.
truncatula provokes ferritins MtFer2 and MtFer3 to scavenge excess free iron ions (released from Lb
degradation) that causes H,0,-mediated ROS damage to bacteroids in nodules. These two

mechanisms are functionally independent in controlling nodule senescence.

Taken together, the results of this study show that the varying responses of M. truncatula-E. meliloti
symbiosis to external N and drought stress in different host genotypes can result in variable SNF
suppression. Moreover, under drought stress M. truncatula may regulate the controlled nodule
senescence process by involving serpin and ferritin to retain residual SNF and to maximize plant
survival. As compared to drought-treated, N-fertilized plants, which have limited capacity to uptake N
from soil, SNF plants sustained better plant growth as a result of controlled nodule senescence and
abscisic acid-related gene induction. The results of this study are of important agronomical
significance as the establishment of efficient symbiosis and controlled regulation of the nodule
senescence mechanisms can reduce the reliance on N fertilizer and help to sustain sufficient levels of

plant growth under changing climatic conditions.
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Appendices

Appendix 1. Growth media and nutrients used in this study

TAE buffer (50X)
Components gorml/L
Tris free base 242
Disodium EDTA 18.61
Glacial Acetic Acid 57.1ml
Deionized water 1L

TBE buffer (10X)

Components gorml/L
Tris free base 108
Na2EDTA 9.3

Boric acid 55
Deionized water 1L

Yeast Extract Mannitol medium (YEM broth)

Components g/L
Yeast extract 1.0
Mannitol 10.0
Sodium chloride 1.0
Di-potassium hydrogen phosphate 0.5
Magnesium sulfate 0.2
Calcium chloride 1.0
Agar (for solid media) 18
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Jenson’s seedling medium

Components g/L
Calcium phosphate 1.0
Di-potassium hydrogen phosphate 0.2
Magnesium sulfate 0.2
Sodium chloride 0.2
Ferric chloride 0.1
Potassium nitrate ( If N source needed) 0.2

TY/calcium medium

Components amount/L
Bactro tryptone 5g

Yeast extract 3g

CaCl2 6mM
Agar (for soild media 18

Modified Fahraeus medium

Stock solutions Stock concentration

Volume (ml) (for 1
liter of 1x medium)

Final Concentration

Macro nutrients

MgSOg, 7 H,0 0.5M 1.0 0.5mM
KH2PO4 0.7M 1.0 0.7mM
Na;HPO4, 2H,0 0.4M 2.0 0.8mM
Fe-EDTA 20mM 2.5 50uM

Micronutreints
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MnSOs, CuSOs, 1mg/ml each 0.1 each 0.1 pg /| each
ZnS04 H3BO;3,
Na;MoO4
LB broth
Components gorml/L
Peptone 10
Yeast extract 5
Sodium chloride 5
Deionized water 1L
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Appendix 2. Primers used in this study

Primers used for amplifying 7 serpin and 1 ferritin groups

Primers Forward Reverse

S1 CCCTTTCTCTTCAAMCTT C CACCATYTTWGTMARACCT

S2 CTTCCYGAYGMAAAAGATGGG AGGGTGGTCAGCTACAAAGTC

S3 TGGGCTGAAAARRAGACAAA Anchored oligo dT primer(Roche)
S4 GAAGTAGGTGAYTTYAGRATTCCA Anchored oligo dT primer(Roche)
S5 GGAGGTTTKACAAAAATKGYGGA Anchored oligo dT primer(Roche)
S6 TATGGCYTRAAAARAGACAAATGG Anchored oligo dT primer(Roche)
S7 ATGACTTYCATCYGYGAATCAA Anchored oligo dT primer(Roche)
F1 TTTCTTTGGCTCGTCAGAATT T ACACCRTGACCCTTTCCA

Primers used in this study for amplifying 9 serpin and 3 ferritin genes

Group Gene Forward Reverse
MtSerl | TTGTTGGACAAGTCGATGAAG GAGTGCATTAGCAAAGATGAGTC
MtSer3 | CCTTTTATGAGCAGCAACCTT GCTCTAGGAACTCAAATTCAGA
S1 MtSer2 | CCAATCATCTTAACTCCTTCACC GGCGTTGCTTTGTAATTATCA
MtSer5 | CTCGTTTCCGTCATTCTCAAA TGTAGTGAAAAGAGAGCAGATAT
MtSer6 | TCTTGGGTCGGTCAACAATG AAACTGCTTCTTCTTGCTGGT
MtSer7 | CAAGTTGGCTTCCGTTGATT TGTTGACCGACCCTGGTT
MtSer8 | ACATCAGAGCAGAATCTCATCG GGCAGTGATCATAATGAGTACG
S2 MtSer9 | GTTGCCTTCTCAAGAGCGATT CGTAGTTTGGAGTGACAAGG
MtSerl | CTTTGTCACTCCACGTTGTG GGCAAGCAAGTAAGAAACG
0
MtFerl | TGAGTGTTGGTAAGAAATGGGG GATCACAGATTCACATTCATCAGC
F1 MtFer2 | TCAACGACCCTTTTCGTTATTC TCACCATCCATAGGAAGATTCA
MtFer3 | TGCACCCTATTGTGAGTCCT GCTCTACCAAAAACTCGCTC
Reference MLEELF1 | CCACCAACCTTGACTGGTAC CCACGCTTGAGATCCTTCAC
genes MtPDF2 | GTGTTTTGCTTCCGCCGTT CCAAATCTTGCTCCCTCATCTG
8 TTTGCTCCTCTTACATCCCGTG GCAGCACACATCATGTTTTTGG
Tubulin
Primers Ser6 Xbal BamHI
used for GCCTCTAGAAAGAACTTCTTCCTCTTG | CGCGGATCCAATTGACGCTTATCT
RNAi G T
constructio
n Fer3 Xbal BamHI
GCCTCTAGAGGCTGATCGTAACAA CGCGGATCCACACAGCTTCTACTT
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Fer2 Xba | GCC TCT AGA TGC CTC AAA BamHI
GACTGG CGCGGATCCCTATATGAACAGAG
A
35S 35S CCACTGACGTAAGGGATGA | i
NAN F ATCTGCATGCAAGCTACTTAGA | e
NOSR | s TGTTTGAACGATCGGGGAAATTC

G
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Primers used for qRT-PCR

No Gene Forward Reverse

1 MtZEP GAGGAAAGGGTTTGAGGTAGTG GCTTCCAAAGCAGCCAAAG

2 MtNCED ACCGTTTGGCCCAAGAAA CAGAGGCTACGAGCATAGTAAAG
3 MtPAL TAGTGACTGGGTGATGGATAGT AGGCACCACCTTGTTTAGTT

4 MtICS GCACCAGCATTTAGTGGAAAC TTCAGACTGGTAAGCAGGTAAAG
5 MtZIP GTCACAAACAAGCTACCAAAGG TCTTCATCTCTCTCCCTCTTCA

6 MtP5CS3 | GAGTAGTCTCATGGCTCTGTATG CGAGGTAATTGTGTCGGATAGT
7 MtRbohB AGAAGCAGGCAGAGGAATATG CTCCTCGTGTAGAATGAGTTGG

8 MtCAT GCGCACCTGTTTGGAATAAC TGGGATCCGTTCCCTATCA

9 MtACO AGTTCAAGTGGCAGAGACATT GCCCATAGCTGGTCCATTATTA
10 MtACS GTGAGAGGTGGTAGGGTAAGA ATCACCAGGATCAGCCAAAC
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Appendix 3. Nucleotide sequence of the genes used for qRT-PCR

MtZep

>XM 003611692.2:257-1780 Medicago truncatula zeaxanthin epoxidase mRNA
ATGGTTTCTACTTTGTCTCACAAATGTCTCAGTCCCTCAATGACAACTTTCTCAAGAACCCACTTCTCAA
ATCCTTTTGTGAGCTATGGAAACAGAACAACCAAGCAGAGGAGAAAACTGATGCAAGTAAAAGCAACAGT
AATGCATGAAGCACCTTTTTCTGTCTCAAAGTCAACGCATAGTGTAGCTGAGATTGACATGGATCAAACT
CCTCAGAAGAAGCAGCTTAAGGTACTTGTGGCTGGTGGAGGGATTGGTGGGTTGGTTTTTGCTTTGGCTG
CTAAGAGGAAAGGGTTTGAGGTAGTGGTTTTTGAGAAGGATTTGAGTGCTATAAGAGGGGAGGGACAGTA
TAGAGGTCCAATTCAGATACAAAGCAATGCTTTGGCTGCTTTGGAAGCAATAGATATGAATGTTGCTGAT
GAAGTTATGAGAGTTGGTTGCATCACAGGTGATAGAATCAATGGGCTTGTGGATGGAGTTTCTGGGTCTT
GGTACATTAAGTTTGATACATTCACTCCTGCAGCAGAACGAGGGCTTCCAGTTACTAGAGTTATTAGCCG
AATGGCTTTGCAAGAGATTCTTGCACGTGCAGTCGGGGATGATGTCATTATGAATGGTAGTAATGTTGTC
GATTTCATTGATCATGAAACTAAGGTAACAGTGGTGTTGGATAATGGTCAGAAGTATGATGGAGATCTCT
TGGTTGGAGCAGATGGGATTTGGTCCAAGGTGCGGACAAAGTTATTTGGGTCAACAGAAGCTACATACTC
GGGCTATACTTGTTATACTGGTATAGCAGACTTTGTGCCACCTGACATTGAATCGGTTGGGTACCGGGTA
TTCTTAGGACACAAACAATACTTTGTATCTTCAGACGTCGGTGCTGGAAAGATGCAATGGTATGCATTTC
ACCAAGAACCTGCAGGAGGTGTTGATACCCCCAATGGGAAAAAGGAAAGGTTACTGAAGATATTTGAGGG
GTGGTGTGATAATGCAATAGATTTGATAGTTGCCACTGAAGAAGAGGCAATTCTGCGACGAGATATATAT
GATCGGACGCCAACACTAACATGGGGAAAAGGACGTGTGACCTTACTTGGTGATTCTGTTCATGCCATGC
AGCCAAATATGGGCCAAGGAGGATGCATGGCTATTGAGGATGGATATCAACTTGCATTTGAGTTGGATAA
TGCATGGCAGCAAAGTGCAAAATCAGGCTCTACAATTGACATTGCTTCTTCCCTTAAGAGCTACGAGAGG
GAGCGAAGATTACGAGTTACTTTTGTTCATGGAATGGCTAGAATGGCAGCTTTGATGGCTTCCACCTACA
AGGCATATCTAGGTGTTGGTCTTGGACCCTTTGAGTTTTTAACCAAGTTTAGAATACCACATCCGGGAAG
AGTTGGAGGAAGGTTTTTTATTCAAAAGTCGATGCCTTTGATGTTGAATTGGGTGTTAGGTGGCAATAGC
TCCAAACTTGAAGGCAGACCACTATGTTGCAGGCTCTCAGACAAAGTATGTTAG

MtNced

>XM 013608915.1:166-1998 Medicago truncatula 9-cis-epoxycarotenoid
dioxygenase mRNA
ATGGCAACATCAACGGCTTCATCAAACACATGGATTAACACCAAACTTGGTTCATCATCTTCATACTCTT
CTCCTTTCAAAGATTCAAGATCAAATTCAATCACTTTAAAGAAGAAAAGATCTATCTCCCAAAACAACAA
AATCTCATGCTCACTTCAAACAACACTACCTTTTCCTAAACAATACCAACCTAGTAAACCAAAAACGGTA
ATTCCCACAAAAGAACCAAAACCAAACCAACCCATAACAAAAACATTACCAAAACAACAACAAGAACAAA
AACAACACAAATGGAACCTTCTACAAAAAGCCGCCGCCACCGCCCTCGACTTCGTCGAAACAACCTTAAT
CAAACAAGAACAAAAACACCCACTACCCAAAACCTCCGACCCACGTGTTCAAATTGCCGGTAACTTCGCC
CCAGTACCGGAACACCCGGTAACCCAATCTCTTCCAATTACCGGCAAAATCCCAACCAACATTGACGGTG
TTTACCTCCGTAACGGCGCCAATCCACTTTACGAGCCAGTAGCCGGTCACCACTTCTTCGACGGAGACGG
TATGGTCCACGCCGTTAAATTCACAAACGGCTCCGTAAGTTACTCTTGCCGCTTCACCGAAACCCACCGT
TTGGCCCAAGAAAAAGCCCTGGGCCGGCCCGTTTTTCCAAAAGCCATAGGTGAACTTCATGGTCATTCAG
GCATAGCACGTTTAGCACTTTACTATGCTCGTAGCCTCTGTGGGCTTGTTGATGGGACCCACGGAATGGG
TGTTGCTAACGCTGGTTTGGTTTATTTCAATAACCGTTTGTTAGCTATGTCTGAAGATGATATTCCTTAT
CATATTCGTGTCACACCTAACGGTGATTTAACCACCGTTTGCCGTTATGATTTCGATAATCAACTCAAAT
CTACAATGATAGCTCATCCCAAGGTTGATCCAGTTGATAAGAATATGTATGCTTTGAGCTATGACGTAGT
TCAAAAGCCTTATTTGAAATACTTTCGTTTTGATGCGTCCGGAGTTAAGTCTCCGGACGTTGAGATTCCG
TTGGAGCAGCCTACTATGATGCATGACTTCGCGATCACTGAGAATTTCGTTGTTGTGCCTGATCAACAAG
TTGTGTTTAAATTGGGTGAAATGATCCGTGGTGGGTCGCCTGTTGTTTACGATAAGGAGAAAGTCTCGAG
GTTCGGGGTTTTATCCAAGAATGCTGAAGATTCTTCTGAGATGATTTGGATTGATGCACCAGAGTGTTTC
TGTTTTCATCTGTGGAATGCGTGGGAAGAGCCTGAAAATGATGAAGTTGTGGTGATTGGATCATGTATGA
CACCGGCTGATTCGATATTCAATGAATGTGAAGAGAATTTGGAGAGTGTTTTGTCTGAAATTCGGTTGAA
TTTGAAGACAGGGAAATCAACTAGAAGACCTATAATCAAAGAATCTGAACAAGTGAATTTGGAAGCTGGA
ATGGTGAACAAGAACAAATTGGGAAGAAAGACACAATTTGCTTATCTTGCTCTTGCTGAACCATGGCCTA
AAGTTTCCGGGTTCGCGAAAGTTGATCTTTTCAGCGGCGAAGTTAAGAAATATATTTACGGTGAAAACAG
ATTTGGCGGGGAGCCTCTGTTTTTACCAAATTCCGATTCTGAGAACGAAGATGATGGTTATATTTTGACA
TTTGTTCATGATGAGAAAGAATGGAAATCAGAATTGCAGATTGTGAATGCTGCTACTTTGAAGCTTGAAG
CTTCTATTCAGCTTCCTTCTCGTGTTCCTTATGGATTTCATGGAACTTTCATTAATTCAAATGATTTGAA
GAAACAAGAATGA

MtPal
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>XM 003590423.2:257-2395 Medicago truncatula phenylalanine ammonia-lyase-
like protein mRNA
ATGGAGGGAATTACCAATGGCCATGTTGAAGCAACCTTTTGTTTGAGCAAAAATGGTGGTGATCCACTCA
ACTGGGGCGCGGCGGCGGAGTCATTGACAGGGAGTCATTTGGATGAGGTGAAGCGTATGGTGGAGGAGTA
TCGTAACCCGTTGGTTAAAATCGGCGGTGAGACACTTACCATTGCTCAGGTGGCTGGAATTGCTTCCCAT
GATAGTGGTGTTAGGGTGGAGCTTTCGGAGTCGGCAAGGGCCGGTGTTAAGGCAAGTAGTGACTGGGTGA
TGGATAGTATGAATAAAGGTACGGACAGTTATGGTGTTACCACCGGTTTTGGTGCTACTTCTCACCGGAG
AACTAAACAAGGTGGTGCCTTGCAGAAGGAGCTAATTAGGTTTTTGAATGCCGGAATATTTGGCAATGGT
ACAGAATCAAATTGTACACTACCACATACAGCAACAAGAGCTGCAATGCTTGTGAGGATCAACACTCTTC
TTCAAGGGTATTCTGGTATTAGATTTGAAATCTTGGAAGCTATCACAAAGCTCTTGAACAACAATATTAC
CCCATGTTTACCACTTCGCGGTACAATCACAGCTTCCGGTGATCTTGTTCCACTCTCTTACATTGCCGGT
TTATTAACGGGCAGACCCAACTCTAAAGCCGTTGGACCGTCTGGAGAAATTCTCAATGCCAAGGAAGCTT
TTCAACTTGCTGGCATTGGTTCTGATTTCTTTGAATTGCAACCTAAGGAAGGTCTTGCTCTTGTTAATGG
AACTGCTGTTGGTTCTGGTTTAGCTTCTATTGTTCTGTTCGAAGCAAATGTACTAGCGGTTTTGTCTGAA
GTTATGTCGGCAATTTTCGCTGAAGTTATGCAAGGGAAACCTGAATTTACTGATCATTTGACTCATAAGT
TGAAGCATCACCCTGGTCAAATTGAAGCTGCTGCTATTATGGAGCATATTTTGGATGGAAGCGCTTATGT
TAAAGCCGCTAAGAAGTTACACGAGACTGATCCTTTGCAAAAGCCTAAACAAGATCGTTATGCACTTAGA
ACTTCACCTCAATGGCTTGGTCCTTTGATTGAAGTGATAAGATTTTCGACCAAGTCTATTGAAAGAGAGA
TTAACTCGGTCAACGACAACCCTTTGATCGATGTTTCAAGGAACAAGGCCATACATGGTGGTAACTTTCA
AGGAACACCTATCGGAGTTTCAATGGACAACACTCGTTTAGCTCTTGCTTCGATCGGTAAACTCATGTTT
GCTCAATTCTCTGAGCTTGTTAATGATTTTTACAACAATGGTTTGCCTTCGAATCTTACTGCAAGTAGAA
ACCCAAGTTTGGATTATGGTTTCAAGGGATCTGAAATTGCTATGGCTTCTTATTGCTCCGAGTTACAATA
TCTTGCTAACCCTGTCACCACCCATGTGCAAAGTGCTGAGCAACACAACCAAGACGTTAACTCTTTGGGT
TTGATTTCTTCTAGAAAAACAAACGAGGCTATTGAGATCTTAAAGCTCATGTCTTCCACTTTCTTGATCG
CGCTTTGCCAAGCAATTGACTTGAGGCATTTGGAAGAGAATTTGAGGAACACTGTCAAGAACACTGTAAG
CCAAGTTGCTAAGAGAACACTCACAACCGGTGTCAATGGAGAACTTCATCCTTCAAGATTTTGCGAGAAA
GATTTGCTCAAAGTTGTCGACAGGGAGTATGTGTTTGCCTATGCTGATGATCCTTGCCTAGCTACATACC
CTTTGATGCAAAAGTTGAGACAAGTGCTTGTGGATCATGCATTAGTGAATACCGAAGGAGAGAAGAATTC
GAACACATCAATCTTCCAAAAGATTGCAACATTTGAGGATGAATTGAAGGCTATCTTGCCAAAGGAAGTT
GAAAGTGCAAGGACAGCATATGAAAATGGACAAAGTGGAATTTCAAACAAGATTAAGGAATGTAGGTCTT
ATCCATTGTACAAGTTTGTTAGAGAGGAGTTGGGAACAGCGTTGCTAACCGGTGAAAAAGTGATATCGCC
AGGAGAAGAGTGCGACAAATTGTTCACAGCTATGTGCCAAGGTAAAATTGTTGATCCTCTTATGGAATGT
CTCGGAGAGTGGAACGGCGCTCCTCTTCCAATTTGTTAA

Mtlcs

>XM 003621235.2 Medicago truncatula isochorismate synthase partial mRNA
ATGTTTCAATTAGGGTTACAAAGAATCATCTCAGACCAAACCTCTAATGGATTTAATGTCATCAAAGGTG
ACAATGCTTACCAGTATTTCCTTCAGCCGCCTAATGCACCAGCATTTAGTGGAAACACACCAGAGCAACT
ATTTCACAGAAAAGGCCTACATATCACTAGTGATGCTTTGGCCGCAACCCGTGCTAGAGGAGTGTCACTA
GAACTAGACCATCAAATTGAACTTTACCTGCTTACCAGTCTGAAGGACGACATCGAGTTTACTATAGTAA
GAGAGACCATAAGAAGAAAATTAGAGGCAATCTGTGAAAAAGTTACAATCGATTCAACGAAAATGGTCAG
AAAACTACTGAGGATCCAACATTTATTTGCTCAACTAACTGGCAGGTTAAGAAGTGAAGAGGATGAGTTT
GAAATTTTGTCATCACTTCACCCAAGTCCCGCAGTTTGTGGATTTCCAACAGAAGAGGCACAACTTTTAA
TTGCAGAAACAGAAGTGTTTGATCGAGGAATGTATGCTGGACCTGTTGGTTGGTTTGGAGGAGGAGAGAG
TGACTTTGCCGTTGGCATCAGATCAGCATTGGTGGAACAGGAACTAGGTGCTTTGATATATGCAGGGACA
GGAATAGATGAAGGAAGCAATCCATACTTGGAGTGGGATGAGCTAGAACTCAAGACATCTAAGGAGTGTT
TGTCTGTCAATGCATACATTCACCGCAAACGATTGCTAGCAAGTTTGTTATTCTACTTTATTTCCGACAG
TGTTGCCAAATAG

MtZip

>XM 003611476.2:245-1057 Medicago truncatula homeobox associated leucine
zipper protein mRNA
ATGGGTCTTAATGATCAAGATTCTCTTCACCTTGTTCTAGGTTTATCTTTGAATACTTCTACTACTCCAA
AGGAAATAACTACCACCACCCCCATGAATCCCTATTCCACCTCCAACGAGCCATCCTTAACGTTAGGACT
CTCTGGTGAGAGTTATAACCTTATAAGTCACAAACAAGCTACCAAAGGTTATGGTGAGGAACTTTGTAGA
CAAACTTCATCACCTCATAGTGTTGTTAATTCATCTTTCTCAAGTGGGAGAGTACTGCAAGTGAAGAGGG
AGAGAGATGAAGAAGAAGAAGAAGTAGAAGAAGAGAGGGTTTCTTCAAGAGTTAGTGATGAAGATGAAGA
TGCTACAAATGCTAGAAAGAAATTGAGGCTTACCAAAGAACAATCACTATTGCTTGAAGAAAGCTTCAAA
CTACACAGCACTCTCAATCCTAAACAAAAACAAGCTTTAGCGAGACAGTTGAATCTAAGGCCACGACAAG
TTGAAGTATGGTTCCAGAATCGGAGAGCCAGAACAAAGCTGAAACAAACAGAGGTGGATTGCGAGTTCTT
GAAAAAATGTTGTGAAACATTAACAGACGAAAACAGGAGGCTCAAAAAGGAGTTACAAGAGCTGAAGTCA
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TTGAAAGTAGCACAACCTTTGTACATGCCTATGCCTGCAGCCACCCTCTCCATCTGCCCGTCTTGCGAAA
GACTCGGCCGCGTCGCCGACGGTGGTGGTGGTTCCAATAAGATCACTGCCTTCACTATGGCTCCAAATAC
TCATTTCTACAATCCTTTCAACAATCCTTCTGCAGCATGTTAA

MtP5cs3

Medicago truncatula clone BAC mtbl-34m03 delta-l-pyrroline-5-carboxylate
synthetase (P5CS3) gene, complete cds
ATGGATCCAACTCGAGCTTTCGTCACTTCTGTTAATCGTGTTATCGTCAAGGTTGGAACAGCTGTGGTTA
CTAGAAGTGATGGAAGATTAGCATTGGGAAGACTTGGAGCTCTATGTGAGCAGCTTAAAGATCTAAACCT
TCAAGGCTATGAAGTTATATTGGTGACTTCGGGTGCTGTTGGTCTTGGCAGACAAAGACTTAGATATAGG
AAATTGGCTAATAGCAGCTTTTCTGATCTTCAAAAGCCACAAGGTGACCTTGATGGAAAAGCATGTGCGG
CTGTTGGGCAGAGTAGTCTCATGGCTCTGTATGATACTATGTTTAGCCAGCTAGATGTGACTTCCTCCCA
ACTACTAGTGAATGATGGGTTTTTTAGGGATTCAGGTTTCAGAAAACAACTATCCGACACAATTACCTCG
TTATTAGAATCGAAGGTCATCCCCATTTTCAATGAAAATGATGCTGTTAGTACTAGGAAGGCGCCATATG
AGGATTCTTCTGGTATTTTTTGGGACAATGACAGTTTGGCTGGTCTATTAGCCCTTGAACTTAAAGCTGA
CCTTTTAGTTTTATTAAGTGATGTTGAGGGCCTTTATAGTGGTCCTCCAAGTGACCCAAACTCAAAATTA
ATTCATACATATATAAAAGAGAAACATCAAAGAGAAGTTACTTTTGGAGACAAATCAAGATTGGGCAGAG
GGGGTATGACTGCTAAAGTCAATGCTGCTGTTTGTGCTGCTCATGCTGGCATCCCTGTTATTATAACTAG
TGGCTATGCCACAGACAACATTATACGAGTGCTTCAAGGGGAGAAAATAGGCACTGTCTTTCATAGAGAT
GCACATCTGTGGAAAAACATAAAGGAAGAGAGCGCGCATGAAATGGCCGTCGCAGCACGTAACAGTTCTA
GAAGACTTCAGGCCCTAAAATCTGAAGAAAGGAGGAAAATATTGCTGGCAGTGGCTGATGCATTGGAGAA
AAACCAAAATATGATTATGCTTGAAAATCAGGCTGATGTTGCTGTTGCTGTGGCAGCTGGATATGACAAG
TCTCTGATATCACGTTTAACCCTGAAGCCTGAGAAGATCTCTAGTCTTGCAAAGTCTGTGCGCGTGCTGG
CAGATATGGAAGAACCAATTGGTCAAATTTTGAAGAGAACTGAGCTAGCTGATGAACTCGTTCTGGAGAA
AATATCATGTCCTCTGGGTGTCCTCCTGATTATATTTGAGTCTCGACCTGATGCTCTTGTTCAGATAGCA
GCATTGGCAATTCGAAGTGGGAATGGCTTATTACTTAAAGGAGGAAAGGAAGCCCGAAGATCAAATGCGG
TCTTACACAAGGTCATAACTTCAGCAATACCGGATACAGTCAGTGGCAAACTTATTGGGCTTGTGACTTC
AAGAGATGAAATTCCAGATCTACTCAAGCTTGATGATGTGATAGATCTTGTGGTCCCTAGAGGCAGTAAT
AAGCTTGTTTCTCAAATCAAGGAGTCAACAAGAATCCCTGTTCTTGGACATGCTGATGGAATTTGTCATG
TATATGTCGACAAGTCTGCTAATATTGAGATGGCAAAGCAGATAGTTAGGGATGCAAAGACTGATTATCC
TGCAGCCTGCAATGCAATGGAGACTCTTCTTGTACACAAGGATCTATGTAATGGTGGACTTAACGAGCTT
ATCCTTGAACTCCAACGTGAAGGTGTTCAAATATATGGTGGACCAAAAGCTAGTGCTGTGCTAAATATTT
CTGAAGCGAGTTCTTTGCATCATGAGTACAGCTCACTTGCTTGCACAATTGAAATTGTAGAGGACGTCTT
TGTTGCCATTGACCACATAAATAAACATGGAAGTGCGCATACTGAGTGCATTGTCACAGAAGACTCTGAA
GTGGCTGAGACATTCTTATCTCAAGTTGACAGTGCTGCTGTATTCCACAATGCAAGTACACGGTTTTGTG
ATGGAGCACGCTTTGGACTAGGGGCAGAGGTTGGAATAAGTACAAGTCGGATTCATGCTCGAGGTCCTGT
AGGAGTCGAGGGATTGTTGACAAAAAAATGGATATTGAGGGGGAATGGACAGGTAGTCGATGGTGATCGA
GGAGTCTCTTATACTTACAAAGAGCAGCTAATAGAAGCATAA

MtRbohB

>XM 003602678.2:81-2852 Medicago truncatula respiratory burst oxidase-like
protein mRNA
ATGGGAACTGACGAAGTTGAAGGAGAAATCCACAATCATCGTGACTCTGATACAGAACTCATTGCTCTTC
ACAATGGTTCCTTCAGTGGACCTTTGAACAAAAGGGTAGGAAGAAGAAGTGCAAAGTTAAACGTTTCAAA
TTCAACTTCTGCCATAGATCTTAACCATCAAGAACAAGATGAAGAAAAAGCAGAGCAAGATTACGTTGAA
GTTACTATGGATATTCAAGGTGACTCTGTTGCTTTACACAGTGTTAAAACTGTTCCTGGAAACAATGGTG
AAGATGAGAAACTTGTTTTGCTTGGTAAAGGAATGGAGAAGAAAAGATCTTTTGGTGCTTCTTTTGTTAG
AACTGCTTCGATTCGTATGAAACATGTTTCTCAGGAGTTGAAGAAATTAACTTCTTTTTCGAAACAAGTT
GGACCTCAGAAAGTTTATGATAGGACTAAGTCTGCAGCTTCTCATGCTCTTAGAGGACTCAAGTTTATCA
ATAATAAGACTGATGTTGGATGGTTTGAGGTTGAAAAGCAGTTTGATATTCTTTCAACTCATGATGCTTT
TCTTCATCGCTCTCTCTTTGCCAAATGCATAGGGATGAACAAGGAGTCTGAGGCATTTGCAGGTGAGCTA
TTTGATGCTATGTCTAGGAGGAGGAATATTCATGGAGATTCAATTAATAAGCCACAATTGAAGGATTTCT
GGGACCAGATATCTGACAATAGTTTTGATTCTAGGCTCAGAACATTCTTTGACATGGTTGATAAAGATGC
GGATGGCAGAATCACCGAGGATGAAATTAAAGAGATTATTTGCCTTAGTGCCACTACAAACAAACTCTCA
AACATACAGAAGCAGGCAGAGGAATATGCTGCTTTGATCATGGAAGAACTAGACCCTGATGATACTGGAT
TTATCATGGTAAATGACCTAGAGATACTCTTGTTGCATGGACCAACTCATTCTACACGAGGAGATAGTAA
GTACCTGAGCCAAATGCTAAGCATAAAGCTTAAGGGTACATATGAATACAATCCTGTTCGGAAGAGGTAT
AGAGATGCCATTTACTTTCTGCAGGACAATTGGCAAAGAACTTGGATATTGGTACTATGGATTGGTGTTA
TGTGTGGTCTATTTGCCTACAAATTCATGCAGTACAGAAGAAAAGATGCTTATGAAGTAATGGGTCATTG
TGTGTGCATGGCTAAAGGTGCAGCTGAGACACTCAAATTGAACATGGCTATTATCTTGTTACCTGTTTGT
CGAAACACCATCACATGGCTTAGGAACAAGACCAAACTAGGCATTGCTGTTCCTTTTGATGATAACCTCA
ACTTCCACAAGGTGATTGCTGTGGCAGTAGCAACTGGAGTTGGTATACATGCTATTTATCATCTTACTTG
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CGACTTTCCTCGCCTTCTTCATGCAAATAGTGAAAAGTACAAGCTCATGGAACCATTTTTTGGAAAGCAA
CCAACAAGTTATTGGCATTTTGTGAAATCATGGGAAGGAGTAACGGGGATTGTAATGGTTGTTTTAATGA
CAATAGCCTTCACACTGGCTAGTCCTTGGTTCAGGAAAGGAAGGGTTAAGCTACCTAAACCCCTCAATAG
TCTAACTGGTTTCAATGCCTTTTGGTACTCTCATCATCTCTTTGTATTTGTCTATGCCCTTTTGGTTGTG
CATGGAATCAAACTTTACTTGACTCGGGAATGGCACAAAAAAACGACTTGGATGTATTTGGTTATTCCCA
TCATCATTTATGCATTGGAACGACTGACTAGAGCACTCAGATCAAGCATCAAGCCTGTAAGAATATTAAA
GGTGGCTGTTTATCCTGGAAATGTGTTGGCTCTTCATATGTCAAAGCCTCAGGGGTTTAGATACAAGAGT
GGACAATACATGTTTGTAAATTGTGCTGCTGTCTCTCCATTTGAATGGCATCCGTTTTCCATAACCTCTT
CCCCAGGAGATGACTACCTTAGTGTTCACATCAGAACATTAGGTGACTGGACCAGAAGTCTCAGAGTCAA
ATTCTCAGAGAGTTGCCTTCCACCGACCCATGGGAAGAGTGGACTTCTAAGAGCTGAATGCATGCAAGGG
GATAGCAGCCCAAGTACTCTCCCTAAAGTTTTGATCGATGGTCCTTATGGAGCGCCTGCACAAGACTACA
AGCAATATGATGTAGTTTTACTTGTAGGCCTAGGAATTGGGGCTACCCCAATGATAAGTATACTAAAGGA
CATTGTGAATAATTTCAAGGCTATGGAAGAAGATGAAGGGACCACTATAGAGGAGGGAACAAGTAGTAAA
TCACCGAGACCATCACAACACAAGAGAACCGGTTTGAATAGCTTTAAAACTAAGAGGGCTTATTTTTACT
GGGTTACTAGAGAACAGGGTTCATTTGATTGGTTTAAAGGAGTAATGAATGAGGTGGCTGAAGATGATCA
TAGGGGAGTAATTGAGCTACACAATTATTGTACTAGTGTTTATGAAGAGGGTGATGCTCGCTCTGCTCTT
ATTGCTATGCTCCAATCACTTAATCATGCTAAAAATGGTGTGGATATCGTCTCTGGAACACGCGTCAAGT
CTCACTTTGCTAAACCTAATTGGCGTAGTGTCTACAAGCGCATTGCACTTAATCATCCACAAACACGCGT
TGGGGTGTTTTACTGTGGGCCACCTGCACTTACTAAAGAGCTTCGTCAATTAGGTTCGGACTTTTCTCAC
AACACAACCACCAAATATGATTTCCACAAGGAGAATTTCTAG

MtCat

>XM 013606823.1:175-1653 Medicago truncatula catalase heme-binding enzyme
mRNA
ATGGATCCATACAAGCACCGTCCGTCCAGCGCTTACAATTCTCCTTTCTGGACTACAAATTCTGGCGCAC
CTGTTTGGAATAACAACTCATCCCTAACCGTTGGATCCAGAGGTCCAATTCTCTTGGAAGATTATCATCT
TGTGGAAAAGCTTGCCCAATTTGATAGGGAACGGATCCCAGAACGTGTTGTCCATGCCAGGGGAGCAAGT
GCAAAGGGTTTCTTTGAAGTCACACATGATATTTCGCACCTGACTTGTGCAGATTTCCTACGAGCTCCTG
GAGTTCAGACACCCGTCATTGTGCGTTTCTCCACTGTCATTCATGAACGTGGTAGCCCTGAAACCTTGAG
AGACCCTCGAGGTTTTGCTGTGAAATTTTACACCAGAGAGGGTAACTTTGACCTTGTTGGAAACAACTTT
CCTGTCTTCTTCGTTCACGACGGGATGAATTTTCCAGATATGGTCCATGCTCTTAAACCCAACCCCAAGT
CCCACATTCAGGAGAATTGGAGAATCCTTGACTTCTTTTCTCACTTTCCAGAAAGCCTTCACATGTTCTC
CTTCCTATTTGATGATGTGGGTGTCCCACAAGATTATAGGCACATGGATGGTTTTGGAGTTAACACATAT
TCCCTGATCAACAAGGCTGGGAAAGCAGTGTACGTGAAATTTCACTGGAAGCCCACATGTGGTGTGAAGT
GTCTGTTGGAGGAAGAGGCCATTAAGGTGGGAGGAGCCAACCACAGCCATGCTACTCAAGACCTGTATGA
TTCAATTGCTGCTGGTAACTATCCTGAGTGGAAACTGTTTGTTCAAACAATAGATCCTGCTCACGAAGAC
AAATTTGATTTTGACCCACTTGATGTAACTAAGACTTGGCCTGAGGACATTATACCCCTTCAGCCCGTAG
GTCGCCTGGTCTTGAACAAGAACATAGACAATTTCTTTGCTGAGAATGAACAACTTGCATTTTGTCCTGC
CATTATTGTGCCTGGTGTATATTACTCGGATGATAAGATGCTTCAAACCAGGATTTTCTCTTATGCTGAT
TCACAGAGGCACAGGCTTGGGCCAAACTATCTGCAACTTCCTGCTAATGCTCCCAAGTGTGCTCACCACA
ACAATCACCATGAGGGTTTCATGAATTTCATTCACAGGGATGAAGAGGTCAATTACTTCCCTTCAAGGCA
TGATCCTGTTCGTCATGCAGAAAAGGTTCCCATTCCTACTGCTAATTTCTCTGCATGCCGTGAAAAGTGC
AATATTCCAAAGCAGAACAACTTCAAGCAGCCTGGAGAGCGATACCGATCTTGGGCACCCGACAGGCAAG
ATAGATTTCTCCGCAGATGGGTGGATGCTTTATCCGATCCACGCGTCACCCATGAAATCCGCAGCATCTG
GATCTCATACTGGTCTCAGGCTGATCGTTCTCTTGGACAAAAGATTGCATCTCATCTGAACATGAGGCCT
AGCATTTAA

MtAcs

>XM 003624037.2:717-1856 Medicago truncatula l-aminocyclopropane-1-
carboxylate synthase mRNA
ATGTCAAAAGTGAGAGGTGGTAGGGTAAGATTTGATCCTGACCGTATATTGATGAGTGGTGGAGCAACAG
GAGCAAATGAGTTAATCATGTTTTGTTTGGCTGATCCTGGTGATGCTTTTTTGGTTCCTAGCCCTTATTA
TCCAGCATTTGTCCGTGACTTATGTTGGAGAACCGGTGTGCAACTAATTCCTGTCCAATGTCATAGCTCA
AACAATTTCAAGATAACAAGAGAAGCACTTGAAGAAGCTCATAAAAAAGCACAAGAAGAAAACATCAATG
TAAAAGGGTTAATCATAACAAATCCATCAAATCCTTTAGGAACAACATTAGAAAAAGATACACTAAAGAG
CATAGTGAGTTTCATCAATGAAAACAACATCCATTTGGTATGTGATGAAATTTATTCGGGGACCGTTTTC
AACACACCAACGTACGTAAGTGTCGCGGAAGTTATCCAAGAAATGGAAGAATGCAAGAAAGATCTCATTC
ACATTATCTATAGTTTATCAAAAGACATGGGTCTTCCGGGTTTTAGAGTTGGTTTGGTTTATTCGTACAA
CGATGAAGTTGTGAACTGCGGTAGAAAAATGTCGAGCTTTGGATTAGTCTCATCGCAGACACAACATTTT
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CTAGCCGCAATGCTTTCGGATGACATATTTGTGGATAAATTTTTGGAAGAGAGTTCAAGAAGATTACGAG
AGCGACGTGAATTTTTTACAAAGGGACTTGAGAAAGTCAACATTACTTGCTTACCAAGTAATGCAGGACT
ATTCTTTTGGATGAATTTGAGGGGTTTGTTGAAAGAGAAAACATTTGAAGGTGAAATGAAACTTTGGCGT
TTGATTATCAATGAAGTAAAGCTTAATGTTTCGCCGGGTTCGGCTTTTAATTGCTCTGAGCCTGGTTGGT
ATAGAGTTTGTTTTGCTAACATGGATCATGAAACAGTTGAGATTGCATTGAGGAGAATTAGAGCATTTGT
TAATGGAAGAGAAAAAGGGAAAACAGTTGAAATCAAACGTTGGAAGAGTAATCTTAGACTTAGCTTTTCT
TCAAGAAGGTTTGATGAGAATGTTATGTCTCCTCACATGATGTCTCCTCATTCACCAATGCCTCATTCAC
CACTTGTTCGAGCTACTTAA

MtAco

>XM 003620886.2:38-949 Medicago truncatula l-aminocyclopropane-1-
carboxylate oxidase mRNA
ATGGCAATTCCTGTGATAGATTTTAGCACTCTCAATGGTGACAAAAGAGGTGAAACTATGGCTCTTTTGC
ATGAAGCTTGTCAAAAATGGGGTTGCTTTCTGATTGAGAACCATGATATTGAGGGGAAGTTGATGGAGAA
GGTGAAGAAGGTAATTAATAGTTACTATGAAGAAAATTTGAAGGAAAGTTTTTACCAATCTGAGATAGCA
AAGAGGTTGGAGAAAAAGGAGAACACCTGTGATGTTGACTGGGAAAGTTCATTCTTCATTTGGCATCGTC
CGACGTCTAACATTAGGAAAATTCCAAACCTCTCTGAGGATCTTTGTCAAACAATGGATGAGTACATTGA
CAAACTAGTTCAAGTGGCAGAGACATTATCTCAGATGATGAGTGAAAATCTTGGTTTGGAGAAAGATTAC
ATAAAGAAAGCATTTTCAGGAAATAATAATAATGGACCAGCTATGGGCACAAAAGTGGCAAAGTACCCTG
AATGTCCATATCCAGAATTGGTAAGAGGTTTAAGAGAGCATACAGATGCTGGTGGAATCATCCTATTGCT
TCAAGATGACAAAGTACCTGGTCTTGAATTCTTCAAAGATGGAAAATGGATTGAGATACCACCTTCAAAA
AACAATGCTATCTTTGTCAACACAGGTGACCAAATTGAAGTGTTGAGCAATGGTTTATACAAAAGTGTTG
TGCATAGGGTGATGCCTGACAAGAATGGAAGTAGACTATCTATTGCAAGTTTCTATAATCCAGTTGGTGA
AGCTATTATTTCTCCAGCTCCTAAACTCTTGTATCCAAGTAATTACTGCTATGGTGACTATTTGGAGCTT
TATGGAAAAACTAAGTTTGGTGATAAGGGTCCTAGATTTGAATCCATCAAGAATAAGGCCAATGGGAACT
AG
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Appendix 4. RNAi sense strand with introduced restriction sites for generating MtSer6,
MtFer2 and MtFer3 RNA.i lines

ACTAGTAAGAACTTCTTCCTCTTGGGTCGGTCAACAATGCAACCCGGCTCATCTTTGCCAATGCACTATACTTCAAAGGAGCGTGGAATGATAAGTTT

Spel IM
GATGCTTCAAAAACGGAAGACTACGAGTTTCACCTTTTGAATGGTAGCCCAGTCAAGGTTCCCTTCATGACCAGCAAGAAGAAGCAGTTTATTAGAG

CTTTTGATGGTTTTAAAGTTCTCGGTCTTCCTTATAAGCAAGGCGAAGATAAGCGTCAATTCCTAGGCTACGAAAGGTTCGAACAATAACCGTGTTTT

Avrll IR
AACCGGTGTTTTGTTTGAACCTTTTGAAGAGGTTAAAAAGGAACTTGATCTTGTTCCTATTGTTCCTCAAGATTCTTTAGCTCGTCATAAATTTCATGTT

GATTCTGAATCTGCCATTAATGAACAAATCAATGTGGAGTATAATGTTTCCTATGT TTATCATGCGATGTATGCGTATTTCGATAGAGATAATGTTGCGCT

GAAAGGTCTTGCTAAGTCTAGAGTGGAATACAATGTTTCCTATGTGTACCACTCCTTGTTTGCATACTTTGACAGAGACAACGTTGCTCTTAAGGGAC

Xbal

TTGCCAAGTTCTTTAAGGAATCTAGTGAAGAAGAAAGAGAGCATGCTGAGAAGCTCATGAAATATCAGAACATTCGTGGTGGAAGAGTGGTGCTGC

ACCCTATTGTGAGTCCTCCTTCAGAATTTGATCATGCAGAAAAGGGAGATGCATTGTATGCCATGGAATTGGAGATCT

Bglil
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MtSer3
MtSer2
MtSerd
MtSer7
MtSerl
MtSers
MtSeré

Appendix 5. Multiple alignment of members of serpin and ferritin family

S1 group

ATGeercscsssssssesasssssssassssssassssessanasassassnanasnnse

ATGATACCGAATACTCAGAGCGATAT CCAAATCGATCCCACT CAACATCAGCAGCTTCTC

ATTGTCTCTCCAAGTTGT TCTCAGCATCATCGCTGT TOGCTCTGACGGTCCTACTCAACA
ACTATCACTCCAAATTGTGCTCAGCCTTATCGCTGCTGGT TCTGAAGATCCCACACAACA
ACTATCACTTCARATTGTGL TCAGCCTTAT TGCTACTGGT TCTGAAGG TCCCACAAAACA
TCTCTCGATTCAAGTTAT TCTCAGCATCATCGCTGC TEGGC TCTGAGGG T TCCACACAGCA
ACTGTCTCTTCAAGTTGTACTAAGCATCATCGLCTGLTGOCTCTGAGGG TCCCACACAACA
ACTTTCGCTCCAAGTTGTACTCAGCATCATCGCTGCTEGECTCTGACGGCTCCACACAACA
ACTTTCACTCCAAGTTGTGL TAAGTATAATCGCTTCTGGT TCTGAGGGTCCCACTCAACA

R L L Y . s

CRATGGTGTGTGGGTAGAGAAARCCCTT TCTCTTCAACCT TCC] TCAAAGAAACCATGTC
MCCTTTCTCTTCAACCTTCCR TCAAACARATAGTALG
M CCTTTCTCTTCAACCTTCCR TCAAACAAATAGTACG
M CCTTTCTCTTCAAACT TCCE TCCAAAAGATTGTTTC
[ TCAAAGAAATCGTGTC
[ TCAAACAAATTGTGTC
[ TCCAACAAATCGTGTC
L I L EER ARRRNEEE BE % -

ATTTA TATGGCCTTATTAAAGAAATTCTTCCTCAAGCGTCAG
ATCTATGG TCGGAAAAAGAGACAATTGGCCTTAT TAAAGAACTTCTTCCTCGAGGACCAG
ATTTATGGTCGGAAAAAGAGACAATTGGCCTTATTAAAGAACTTCT TCCTCGAGGACCGG
ATTCATGGGT TGAAAAGGAGAC AAATGGCCTTAT TAAAGGAGTTAT TCAACCAGGGTCGG
ATTTATGGGLC TGAAAAAGAGACAAATGGCCTTATTAAAGAACTTCTTCCTCCAAGATCAG
ATTTATGOOC TGCAAAA - AGACAAATGGTATTAT TAAACAACTTCTTCCTTCCAGGTCGG
TGGCCTTATTAAAGAACTTCTTCCTCT YG“YC“

R

R

TCAAGGTTCCT T T TATGAGCAGCAACCT TGATCAGTTTATTAGAGCTTTTGAT « « « v v« «
TCAAGGT TCCT T TCATGLTAAGCAAGAAGATGCAGT TTATTGAAGLC TTATGACGGTTCTA
TCAAGGTTCCT T TCATGG TAAGCAAGAAGATGCAAT TTAT TGAAGC TTATGACGGTTCTA

ACACGAAAAGCTT.
CAGAATCTGAGT TACTACACCOTAAGTTTAATCTTTCTAS = = = v = = = = = = «AAGTCAAAG

C- - -ACTTGCGOGTCAAGACCTGTTTGT TTCTAACATATTCCAAAAGTCTTTCATCCAAG
CTTCTCTTGTGGGTGATAGCCTTTCAGT TTCTAAAATATT TCACAAATCTTTCATTGAAG

TAGSTCAAAACCTATGTATTTCTAAAATATTTCACAAGTCTTTTATTGATG
-TYCAGTT AGY MCT 'TG‘I’GTWCCMYATAmm CTTT anm
- SEEE O SRS Ae aw saens wa
mmmcmtumcmr CAATCCTCTTGTTGGGT
GOGAAGAT TTGACGGGATCAATCCTCTT TG TCGGGCAAGTGCTCAATCCTCT TGATGAGT
GOGAAGAT TTGACGGGAACAAT CCTCTTTGTCGGGCAAGTGCTCAATCCTCTTGATGAGT

B L Y

~CAAGCACCAALCAAGCGAAATTTTCCCTCAL CATCGCCAAACATCTCTTCTCARRAGAATC -~ -~ -~ AGACAAGAATGTCGTCTTTTCACC
~CAATCACTAACCAAACAAAGGTTTCCCTCGA CATCGCCAGACATCTGTTGT TGAAACAATC - - - - - - AGACAAGAACATCGTGTTTTCGCC
-WTCKTWWTCCCTC@ CATGECCAGACATCTGTTGT TGAAACAATC - - - - - - AGACAAAAACGTCGTGTTTTCACC

G---CTCTCCA- - -TGAA CAACCARACARATGTTTCCCTALG CATCGCCAAACATCTGTTCTTGAAAGAATT AGACARGAACATTETGTTTTOGCC

GACTTCCT (CGTCMT(C“(CT CGCCAMAKMY&C AGCGTTTCCCTCAL CATOGCCARACATCTT TTCTCCARAGAATC TCACCGGAAC AAGAACATTGTGTTATCGCC

G- - -A‘I’C?TCG- “eTGAAT -« v v cccaana CAATAGCCAACCAAACCAACGTATCACTCAG COTTGCAAAACATCTCTTCTCCARAGAATC -~ -~~~ TCETGTTTTCTCC
. “r e . e oan

R AR R AEERAE EE X AAN =% 4 Ax Ex xR =

axxx xx

ACAGCTTCTTGACT TCCTCCGT TTCAAATCCATCGATCATCTCAACTTCTTTGTCTCTCA TCTCCTTTATGTCCTCCT CAAAGACGCAACTTCT TCCGGTGGTCCTCACCTCTCTTTCGE
ACAACTTGTCGACT TCCTCCGCTTCAAATCCACCAATCATCTTAACTCCTTCACCTCTTA TCTCCATTCCGTCCTACTCAAGGACTTTGCTC - = = = = ~ATGG - - - TCGCCTCTCTTTTGT
ACAACTTGTCGACTTCCTCCGTTTCAAATCCACCAATCATCTCAATTCCTTCGCCTCTTA TCTCCATTCCGTCCTACTGAAGGACGTTGLCTC - - - - - = ATGG - - - TCGCCTCTCTTTITGY
ACAACTTCTCGACT TCCTCCGC TTTARMTCCATCCATCAACTCAAC TCCGTCATCTCTCG CCTCGTTTCCGTCATCCTCARAAGACGLTGCTCCCTCCGELGGGLCTTECCTCTCTGTCGL
ACAGCTTCTCGACT TCCTCCTGTCCAAATCCACTGACCATCTCAACGATCTTGCCTCTCA ACTTGTTTCTGTCGTGCTCT TCGACGLTGCTCCCACAGGTGGACCTCGATTCTCCTTCGT
ACAGCTTCTTGACT TCCTCCAATCTAAC TCCACCGATCAACTCAACTCATTCGCCTCTAA GCTCGTTTCCGTCATTCTCAAAGACGGTGLCTCCCGLTOGCGGACCTCGTCTCTCTTTTGT

ACAACTTTTCAACT TCCT TCAATCCAAATCCACCGATCATCTCAACTACTTCGCTTCACA GCTCGTTTCCGTCATCCTCT CCGQ(GCTT C‘I'C CCGCCGGTGGTCCTCTCCTCTCTTTCGT

TACTGATTATAAGGCTGCTT TGTCTTCTGT YGAT TTCCGGAACAAGGC - - = === msmmme =ememescecscescscesescssesesesasnenn TATTG-AAGTGACTARACAAGTGA
TGATAATTACAAAGCAACGCCGGC TTCACT TGAT TTTCTAACCAAGGT - - -TGTTG-AAGTGACAAAAAAAGTGA
TGATAATTACAAAGCAACGCCGGC TTCACT TGAT TTTCTAACCAAGGT - - -TGTTG- AAGTGACAAAAAAAGTGA

TTCTGATTTCCAAGCCAAGT TGGCTTCCGTTGAT TTCCAGAACAAGGE - - -TGTTG- AAGTGACCAATGAAGTCA
CTCTGATTATAAGGCCACTTTGCTTTCTGT TGAT TTCAAAACCAAGG - = =~ == == == me =-eseememmceeseseseseseemeemeem————n TETTG- AAGTGACTAAAGAAGGGA
TAATGATTATAAAGCAAATTTGTCTTCTGTTGAT TTCAAGAATAAGATATGTTTCTATAT CTGCTCTCTTTTCACTACAAAATTCAAATGCATAAATTTTGTAT TTGGCCAAAGAAGTGA
A AT T TTAAAGCAGC TT TG TC TTCCGT TGATTTCCAGAACARGGE - - - - - ccmccss sssesssssess ceccccccccescaccaca v e e TGTTG-AAGTGACCAATGAAGTGA

. s e AL R - s L L L e .

T TGACAGL TT AACCAGAL TCATCT TTGC TAATGCAT TG TAT T TTAAAGGAGCATGGAGTA ATCCTTTTCC TGO T TGOAGGAC AAGCGAATATGAT T TTCACCTTCCGAATOGCAGC TCAG
TTGATAGATCAGCCAGCGTCATCT TTGCTAATGLAT TG TACT TTATAGGAGCATGGAATG AGAAGTTCGACCTT TCAAAAACAGAAAACAGTGATTTTCATCTT TTGAATGGAAAC TCAG

TTGATAGATCAGCCAGCOTCATCTTTOCTAATGCATTOTACT TTATAGGAGCATGGAATG  AGAAGTTCAACCTTTCCAAAACAGAAAACTGTGATTTTCATCTTTTGAATGGAAACTCAS
TCAARCAGCTT AACCAGACTCATCT TTGCAAATGLAC TG TACT TTAAAGGACTATGGTATC  AGAAGTTTAATGCT TCCAAAACGAAAGACTATGAT T TTCACCTTCTCAATGGTAGC TCAC
TTGATAGL T T AACCCGCCTCATCT TTOCTAATGCACTCTACT TTAAAGGAGCAT! AGAAGTTTGATGT T TTGAAAALGAAAGACTATGATT TTCACCTT TTGAATGGCAGL TCGG

GGAGTG
TTAATAGCTTAACCAGGCTAATCATTGC TAATGCAC TATACT TCAAAGGAGTGTGGAATGE ATAAGTTTGATGLT TCAAAAALGAAAGACTATGAT T TTCACCTT TTGAATGGCAGC TCAA
rmr«m«o« TCAT(TTT GCCAATGCACTATACT TCAAAGGAGLG TWA‘I’G A'Wm&YGCT YWWY ACGAGTTTCACC "YTWY“YA&CCM
.. -

trnEr v o

SRS SRR SR EEE 4w Ee s saas e semss wwe

-------------------------- GOAAAAAATAAGCGACAATTCTCTATGTACATTT TTCTTCCAAATGCAAAAGATGTACTATTAG= - -
AAGTTCTTCGTCTTCCTTATAAAAAAGG TCAAGATACGCGTCAATTCTCTATGTATATTT TTTTGCCTAACGCAARAGATGGAC TGCCAG - -
AAGTTCTTCGTCTTCCTTATAAAAAAGG TCAAGATACGCGTCAATTCTCTATGTATATTT TTTTGCCAAACGCAARAGATGGAC TGCCAG - -
AAGTACTTTGTCTTCATTATAAACAAGGCCAATATGATCGCCGATTCTCTATCTACTTITA TTCTTCCAGATGCAARAGATGOACTCTCGG =~ ~ = mmmwmmmm e m e mmmm = mmwmm o mm
AAGTTCTTCGTCTTCCGTAT AAAAAAGGCAAAGAT AAGCGTCGATTCTCTATGTACATTT TTCTTCCARATOL T AAAGAT COAC TOCCAGCATT GG T T GAGAAG TTGGETEE TAAACC TC
AAGTTCTTGGCC TTCC TTATAAGCAAGGCGAAGATAAGCG TGAATT TACTATGTACTTTT TTCTTCCAAATGCAAAAGATGGGC TGCCAA
AAGTTCTCGGTCTTCCTTAT AAGEAAGGCGAAGATAAGCG TCAATTCACCATGTACTTTT TTCTTCCAAR
.

TGCAAAAGAT
. es sssssns

AGGAGT
TIGGTGAC TTCAGAAT TCCAAAGT TCAATATC TCATTTGGOT TTGAAACT TCTGATATGE TOAAGGACCTAGGAGTGGTTTTACCTTTCTCTCC
GAGC TTGAAACTTCTGATATGE TOAAGGAGT TAGGAGTGACT TTACCTTTCACTC!

. mesns w» SRmEs s swmeses arsssren .- an an wasenn ann

TAAACGAGGAAGGLACTGAAGC TGLTAAGGLCAATATTGLAGTGGTG  »w wm v m m v = = = G CCATGTGTATOCCAAC TOOAAT AGAC TT TATAGCCOATCACCCTITCCTATTTCTAATTA
TAAALGAAGAAGG T ALCGAAGT TGCTGCAGLTAGTGCTGLA ~ = - AGGT TGAGCAAGGGT - - TATTCATYTTC -GCCOCCACT AAACTT TGAAGT TAACCACCCCTTCTTATTTCTAATTA
TAAALGAAGAAGG T ALCGAAGT TGCTGCAGLTAGTGLTGLA - ~ ~ AGGT TGAGCAAGGGT » -~ TOTTCATTTTC -GCCGCCACT AAACTTTGAAGT TAACCACCCCTTCTTATTTCTAATTA
TAAALGAAGAAGGLAL TGAAGC TGLTGL TGCAACCTATGG TATTATGACAGCCATGGGT » < -ATAAGCCCTC « « ~CTCGACTAGACTTTGTAGC TGACCACCCATTCTTATTTCTAATAA

CGCAACTGAAGTATTCACTAGCAGTG GCATGGGT TT TCCAACTCGACTAGACTTTGTGGC
'GCT GCW TGCTGCAACTATATTGTTAAGGAGCG CCA"G‘G‘I’ATTCCA((TCGG(T AGKT‘I’I’GT‘GCTG‘CCMCCTTY CTTATTTATGATTA
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Fig. b.

ATGOGAATAGATAACAATATATTAACCCTAGACTCTCTCTATTGCCTTCTCAAGAGCGAT TCAATCAGAAGAATAATGAATATCCTTAGCARATCAATCOCARACCTAACCAAGAGTTCT ATGAACATCG------ ATCTATTATCCAATCCAGAATTCAAAGAACGGAACGTAGTGTTT
ATmmmm e e GCTCCCTCAARAAAGAA GAACATCAGAGCA----0AATCTCATCOOAARATCACTOACAAACCTCACCAACGTTTCT CTOAACATCACCAAACACTTGTTATCCAATCAARRACTCAATOAARAGAACGTTGTGTTT
AT = oo e o e e e e s GAATCTCCAAAGCGAATCAATCTCTAACCTAAACAAGTTTTCT GTGACCATCGCCAAACATTTGTTCTCCAAAGAAGAATTTAAAGAAMAGAACGTTGTGTTT
¥ *EEE F¥ * *EEEE ¥ ¥ FEEEE ¥ ¥FEF *EEF *kEF kkEk % FkEkE kEFkE ® k% ¥ *¥ k% EkkEE FhkEk¥
TG CCTTaT AT CCAAACTACGCT CAGTAT GG T AT - - - s m s s s s e e AATCCATCCACCATCTTAACTCCTTGTCC TCTCACCTCGTTTCCCATGTGCTTAAAGACGL----------- GTGGTCTTTCCTTATCT

TCACCATTATCGCTCAACACCOTACTCATTATGATCACTGCCGaCTCCOARGETCCCACA CAAMACCAACTTCTCTCCTTCCTCCAGTCTGAATCCACCGATGATCTCARATCCTTATGC TCTCAGCTTGTTTCTTCTGTGCTCTCCOATOECGCTCCCOCCOaTRaTCCTTGLCTATCT
TCACCTTTGTCACTCCACGTTGTECTCAGCATAATTGCGGRCCGACGCTEAGGETCCCACA CARGATCAACTCCTCACCTTCCTCCAATCCAGATCCACTGATGAACTCARATCCTTGTCC TCTCAACTCATTTCTTACTTGCTTGCCGATGCCACTCCAGCCGECGRACCTCTACTATCT

¥k % XF¥F ¥¥F XEEK ¥ *EEE k¥ ¥ ¥ EhEEE *x k% #% Bkkdk & & FEXEE K XEkkE FREE *x ¥ ¥ k¥ ® ¥ * FEF

TCTECATACGCTATTTEAAT TaAAA A AACGCTTTCTCTTTACCCTTCCTTCALAGAAACTATTGLTATTAAT TATAAGGC CACTCTCCAATCACATGATTTCATTAACAAGLCTGATGOAA GCTOTCAAARAAGTOAATTTATOLGC TACAGAAAAGACARACGOACT TATTACTGATGTT
CACGTCAATGGTETGTEEGTTRAACAATCACTTCCTCTTCAACCTTCCTTCARACAACTCATGACTACTGATTTCAAAGCGACTCTTOCTOCTGTTGATTTCATCAACAAGOCTGATGAA GTGATARAAGAAGTOAATTTATOOGC TAATAAGGAGACAAAGGGOTTTATTAATGATCTT
TTTATCAATAGTATATGAATTAAACAATCACTTACTT TTCAACATTCCTTCAAAGAAACTOT TG TACTGAT TTCAAATCAAACACTGCCTCTGTTGATTTCGTGAACAAGOCTTTTGAA GOGAGAAAAGAAGTCAATTTATGOGC TGAARAAGAGALAAATGGTCTTATAARAGATTTA
% £ % k & dEkkdkkEk 5 * khE %% X% %k k SkkkEkkEkk k% * k% kX Fk¥k *% % % * EXXEEET ¥ EXXBEX XX *EkX % ¥EE EEXFXETXEXTRAETARES * FEEXEEE X% *¥EE 3 k% %

CTTTCaTaCGeaTCAATTGATAGT TTAACCAGACTCATTTTTOCTAATGCACTATATTTT AMAGGTACATAGCATCAACCGTTTRACGCTTCAGAAACAANAGACTATGATTTTCACCTT CTTGATGGTAGC TCATTCAAGGTTCCCTTCAAGAC CAGCAGGGAGAGTCAGTTTATCAGT
CTTCCACGCOOOTCAGTTEACAGCTTAACCAGCCTCATCTTTGLGAATGCACTATACTTC AAAGGAGT T TOOAAACGACCOTTTEATACTTCAAAAACOAAGOACTATGATTTTRACCTT CTCAATOOCAAGTCAGTARAGGTTCCCTTTATOACCAGCAAGAATAATCAGTTTATCAGT
CTTCCACCTGACTCGGTTGATAGCTTAACCAACCTCATCTTTGCARACGLACTATACTTC AAAGGAGCATGGTCGGAGGAGT TTGATACT TCAAAAACAAAAGACTATGATTTTAACCTT CTCAATGGCAGCCAAGTCAAGGTTCCTTTCATGACAAGCATGAAGAGACAATTTATCAGT
%k % * *% ¥k%% % FEEkEEk  kFEEE kkFkF k¥ FkkEkEEE EE gxyEw ¥ kE% EEEREF FEREE FEEF k¥ EXTRFEEREEEE kvwkg £k ¥k%% X * & kxkkEEREE Kk k k¥ kxEEk £ % % %k kkkdkkEkk
GTTTTTGATGGTTTTAAGGTCCTTCGTCTTCCTTATGAGCATG- - === === ===~ GTAC TATAGATGACCGTCATTTCTCTATGTACTTTTTACTTCCCRATACAAAAGATGREITGTC AGCTTTGATTGAGAAAGTGGCTTCGGAATATGAGACCCTGEAACACATACTTCCTGATAG
TCTTTTRATGETTTTAAAGTCCTTAGTCTTCCTTACARACAAG----------- -~ GCAA T---GATAAGCGTGCATTCTCTATTTACTTTTTICTTCCTRACGAAAAAGATGEE]TGTC AGCTTTGATTGATAAAGTAGCTTCTGATTCTGAGTTTT TGGAACAGAAACTTCCTCGTAA
GTTTTTGATGGETTTTAAAGTCCTTCGTCTTTTTTATAAGCATGAGTATTCOTATARGCAA AGT-GATAAGCGTTATTTCTCTATTTACTTTTTYCTTCCTGATGCAAAAGATGEG]TGTT AGCTTTRACTGAAAAGGTAGCTTCTGAATCTGAGTTTCTAGAACATACACGTCCTAGAGA

*EFkkEb bbb EkkE FFkFEE FEkFF Fk¥ * k¥ * * ¥ k& * Fk% FxkFkEEE EXXEXEEEE FTEET FF F FESTEFTEFTELEE Tk 2k¥% 3% % %k k¥ % & FkEx * kEk%E x % EkiE

TATAGTTGATATEEGTGACTTTAGGATTCCAAGT TTCRAAATTTCTTTTGRATTTGAACT TTCTAATATGC TGAAGGAGT TEEGAGTGATTTTACCTTTCTCTAATGGAGGTTTAACAAA AATAGTAGACTCTCCATTATGE-------------- ATTTCCAATATAACTCAARAGTCT
TCAAGTCARAGTAGGCARGTTCATGATTCCAAGATTCAATATTTCTTTTGAGATTGAAGC TTCTGAGTTATTAAATAAATTAGGATTGACTTTACCTTTTTCGAAGGGAGGTTTGACAAA AATGGTGGACTCTCC--TATAAGTCAAGAACTTTCTGTTACCAGCATATTTCAGAAGTCT
AACAGTGATAGTAGGTGACT TAAGAATTCCGAAATTCAATATTGCTTTTEGGCTTGAAAC TTCTGACATACTGANGEAGCTAGGAGTGETTTTACCTTTCTCTACAGGAGGTTTGACAAA TATGOTGEACTCTCC- -TATGEATCAARACCTTCATATTTCCAACATATTCCACAAGTCT

rEx B EE % Bk F SEEEE K REE 3 KRR EREREE 3 RBEEE ke ok BE Rk BER SE RREREEERE FF b bkEkdss peeey PP PR RRRERERE 44 FE kEE RS RE RREEEE
AT AT T A AT A AT G - — - -~ == = == == mm = = m o m o m f o e e mm i mmmmmmmmmm TSR oo
TTCATTGAATTAAATGAAGAAGGTACGATAGCTGCAGCGACAGCCCATGRLAGTACAGEL GECACTECTCCATTTCATCTCCCTCCGOCCCCTCCAATCGACTTTGTTGCTGACCACCCT TTTTTATTTCTGATCAGAGAAGAGT TTAGTOGAACCATACTCTTTGT TGGAAAGETGGTC
T AT T QAR T A AT AR~ — - = == = = — = = o o mm m e o mmm e e e em e L e oo

* ®%k Fk FhkEkkEk
------------ GTOGGCACAGAAGCTOCCGCAGTCACTOTTACTGGGATAGCGEG---- ATGTAGTCAGTTTACTTCTATTCCA- --ACCCCOATAGRCTTTGTAGCTGACCACCCTTICTTGTTTTTTAT TAGAGAAGATTTGTCTGATACAATACTCTTTGTTGGCCAAGTTCTCAA
AATCCTCTTGATGAAGGTACAAAAGCTGCAGCGGTGACCGTTAGCGTGTTATGCGG---- GTGTTCTCGATATAGTCCCCCTCORCCCCCTCCAATCGRCTTTGTAGCTGACCACCCTTITTTATTTCTGATCAGAGAAGAGTTTAGTGEAACCATACTCTTTAT TGRAAAGGTGATCAA

------------ AAGGEAACTEAAGCTOCTGLOOTGACCTCTA-TOOGACAAAAGOTCAL ATGTGOTAGGCGTACTGOCCCTCCACCOACTCCGATAGRCTTTGTAGCTGACCACCCTTICTTGTTTTTRATCAGAGAAGATTTGTCTOGAACGGTACTCTTTATTGGACAAGTTCTCAA
¥k K FEEEEREE ¥ BE R FE £ ¥ ¥ k% L HEE # k% % FTTTTTRTUTTTUNTRNTRTTNT kd #kdk & #4 bkbbbhsdt $%  bkd #5  bbbekdss $06E & kb kdkd

TCCTCTTCTGAAGTGA
TCCTCTTGATGRTTGA
TCCTCTTCTGAAGTGA

FkkFEEEE Fkk
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Fig. c.

ATGCCTCCTCAAAAAAGAAAAAGAACAAAGAAGAATCTCATCGGAAAATCACTCACCAAA TTCACCAACGTTTCTCTGAACATCACCAAACACTTGTTATCCAATCAAAAACTCAATGAA AAGAACATTGTGTTTTCACCATTATCGCTCAACACCGTACTCATTATGATCGCTACCGGC

ATGGCTGACCGTGAATCGAAGT CCAAACAGAAAAGAATGATACT TGAAACAATCAGTAAC CAGACAAAAGTTTCCCTCAGAATCGCCAAACATCTTTTCTCAAAAGAATCA

ATGACTCTAAAT -----cccccmccccccccccccccccmcccccecccccccanaeaan
e 9

TCCGAGGGTCCCACACAAAACCAACTTCTCTCCTTCCTCCAGTCTGAATCCACCGGTGAT

CTTATTCAAGATCTTCTTCCACACGGATCAGT TAACAGCTTAACCAGCCTAATCTTTGCT
TTAATAAAAAATCTACTTCCACCCGGCTCAGT TAATGACTTAACTGTGCTCATCGGTGCG
CTTATTAAAACAATTCTTCCAGCCGGGTCGATAGATGGCTCAACTTGTCTCATCTTTGCA
CTTATTAAAGAAAT TCTTTCTCCAGGGTCAGT TAACAACT TAACCAGACTCATATTTGCT
CTTATTAAAGAAAT TCTTCCTCAAGGGTCAATCAACAACTTATCCAGACTCGTCTTTGCT

+oar xs * REr S 5 NS T
GATCAGTTTATCAG--==========emcmeecceccccccccccccccceecee——= C
GAGCAGTTTATCGGTGTTTTTGATGATT TTAAGATTCTTCGTCTTCCTTTTGAGCAAGGT
GATCAGTTTATCAGTGTTTTTGATGGTTTCAAA- - mm e e e e e e e e e

GATCAATTTATTAGAGCTTTTGATGGTTTTAAAGTGCTTTGTATCCCTTATGAGCAAGGT
AAGCAGTTTATTAGAGCTTTTGATGGTTTTAAAGTTCTTGGTCTTCCTTATAAGCAAGGC
R
GAAGTCCAAGTAGGCAAGTTCAGGATTCCAAGATTCAATATTTCTTTTGAGATTGAAGCT
AAAGTTAAAGTTGGTACCTTCCGGATTCCAAGACTCAATATTTCTTTTGAGCTTGARACG
AAAGTGGAAGTAAAATACTTCAGGAT TCCAAGAT TCAAAATATTATTTGAGCTTGAAACT
AAAGTCAAAGTAGGTGACTTCAGAATTCCAAGATTCAATGTTTCATTTGGGCTTGAAACT

AAAGTGGAAGTAGGTGACTTTAGGAT TCCAAAGT TCAATATTTCATTTGGACTTGAAACT
HEEE RREE I I

AAGTGAAGTGGCCAAAGAAGTGAAT | TATGGGCTGAAAAAGAGACAARTGGT
GGTTGAAGTGACCAATGACGTGAAT| TATGGGCTGAAAAAGAGACAARTGGT
------------- AATGACCAATGAAGTGAACATATGGGCTGAAAAAGAGACAARTGGT

SREERRRE &%

* * £E O KRR ERARRERRRRRESE

AATGCACTATACTTCAAAGGAGTATGGAAACAAAAGTTTGATACTTCAAAAACGAAGGAC TATGATTTTGACCTTCTTAACGGCAAGT CAGTAAAGGTTCCCTTTATGACCAGCAAGAAT
AATGCACTGTACTTTAAAGGAGCATGGGAGGAACAGTTTGATATTTCATATACAGAGGAC AATGATTTTCATATTCAGAATTGCAACTCTGTTAAGGT TCCCTTCATGACTAGTTGTGAG
AATGCATTATACTTCAAAGGAGCATGGGATGAGAAGTT TAATACTATGGACATGGAAGGA TATGATTTTCACCTTCTCAATGGCAGCTCGGTCAAGGT TCCCTTCATAACCAGCAGGAAT
AATGCATTGTACTT TAAGGGAGCATGGAATCAACCGTTTGATCCTTCGAAAACAAAATAC TACGATTTTCATATTCATAATGGTAGTTCAGTCAAAGT TCCCTTCATGACCAGCAAGAAA
AATGCATTGTATTTTAAAGGAT CATGGAAT CAGAAGAT TGATGCTTCAACAACAAAAGAC TATGATTTTTACCTTCTCAATGGCAGCTCAGT TAAGGT TTCCTTTATGACTAGCAAGAAG

FERREE % % A% K% A%

AAAGATGGGCGTGCATTCTCTATTTACTTTTTTCTTCCTGACGAAAAAGATGGTTTGTCA
GGAGGAAAGCGTCGATTCTCTTTTTACCTTTTTCTTCCTGATGCAGAAGATGGATTGTTA
GGAGATAAGCGTCGATTCTCTATGTACTTTTTTCTTCCAAATGCAAAAGATGGACTGTCA
GAAGATAAGCGTCGTTTCACTATGTACTTTTTTCTTCCAAATGCAAAAGATGGGCTTCCA

TCTGAGTTACTAAAGAAATTAGGA - - == === === == === mmmmmmmmmmmmmm TTGGCT
TCTAGTATGCTGAAGGAGCTAGGAGTGGTTTTACCTTTTTCCGATATTGGAGGTGTGGCA
TCAAATGTGCTCAAGGAACTAGGAGT TGATCTACCTTTCTA- - - TCCTGGTGGTTTGACA
TCTAATATGTTGAAGGAGTTAGGAGTGGTTTCACCTTTCTC- - - TCGTGGAAGTTTGACA
TCCGATATGCTAAAGGAGCTAGGTGTGGTTTTACCTTTCTC- - - TGGTGAAGGGCTGACA

LR 2 % 5% & S3k% LR

%% & * * %% k% 3 * -

TTTATTGAAGTAAATGAAGCAGGTACTGAAGCTGCTGCGGCAACTTTCGAATGTATGGGG TTTGGTTTATGCTTAGACGACACTCCGAGGATAGAATTTGTGGCTGATCACCCTTTCTTG

-------------------- TCCACCTCCAATAAACTTTGTAGCTGACCATCCTTTCATG

173

* ek % £ ¥% KK 5% E5ER KE % k% *

GCTTTGATTGATAAAGTAGCTTCTGATTCTGAGT TTTTGGAACAGAAACTTCCTCGTGAA
GATTTGATTGAGAAGCTAGCTTCCGAATTTGAGT TTTTACAACACAAGCTTCCTAGTCGA

3k % * »

--------------------------------- TTCTTGGAACACAAGCTTCCTAATGAA
------------------------------------------------ CTTTGTCATTCT
AGTTTGGTTGAAAAGGTGGC TTCTGAATCTGATTTACTACAACACAAGCTTCCTTTTGAT
R A 2 A e s ¥ (5 AT ATCAAG--====cnn== TGTAATATAATTTAA------
AAAATGGTGGATA- == ===~ ATGAAAGCCTTGTTGTTTCCAAGATATTTCACAAGTCT

AAAATGGTGAACTCTCCTATTGATAAATACCTTTATGT TTCTAAAATATT TCACAAG- - -
AAAATGGTGGACTATCCAA- - -ATCAAGACCTTTATATTTCTCACATTTTTCACTAG- - -

AAAATGGTGGACTCTA------ ATCAAAAACTTTTTATGTCCAATATATTGCACAAATAT
" % R e

TTTTTGATCAGAGACGATTTGTCTGGAACTGTACTCTTCATTGGACAAGT TCTCAATCCT
TTTATGATCAAAGAAGAT TCTTCTGGAACTATACTCTTTATTGGACAAGTGCTCAATCCT

TATCTAATTAGAGATGAT TTGGCCGGAACAATCATCTTTGTTGGACAGGTGCTTAATCCT
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Fig. d.

TCAMRAACANGETATGTTTCTATATCTCCCCTCTTTTCACTAC AMAATACATATECTGETT GAAGTGAACANTGAAGTGAATTTATGEECTGAAAGAGAGACAAATGETCTTATTAAAGA CT1CT TCCTTTAGGETCEETCGACTACTTTACTCAGCTARTAT TTECTAATGCACTATAC
---------------------------------------------------------- ATGACCAG- - -CEAGAATAGACAATTT ATCAGTGTTTTCGATGETTTCAAMGTACTCCGTCTTCCTTATANGCAAGEAGAAGATAAG

TTTARAGEAGAGTGGAATGATAATTTTGATGCTTCGEAAACGAATGTCTATGATTTTCAC CTTTTGAATGEAAAC TCAGTTAAGETTEACTTCATGACTAGTGAT GAGAAGAAGCAGTTT ATTAGAGATTTCGATGATTTTAAAGTTCTTGGCCTTCCTTATAAGC AAGGLGARGACAAG
¥EkEEk &% FkkEE £ k% kEd FF bk FREEEEEE FEF REEEE $3 k ERRkbkESEREkiddRdd kEEEd k% F

COTCAATTCTCTATETACATTTTTCT TCCAAGAGCAARAGATGATTTGCCAACTTTAATC GAGAAGETAGCT TCTGAACCTEAGT TACTACACCACAACCTTCCTTTCACAARAGT |E»5.v5. GTAGETRATTTCAGAATTECAAAATTCARATTTTCATTTRAGC TTRACACTTC TCARATG

COTCAATTTACGATGTACTTTT TTCT TCCAAATGCAAMAGATGEECTEGOCAACTTTGCTT GAGAAGCT TGCT TCCGAATCTGAGT TACTGCAACACAAGC TTCCTCTTRACAAAGTYGAA T AGGTEACTTTAGEATTECAMGETTCAATATTTCAT TTGAAC TTRAMACTTCTGATATG
FEEREEEEEE REREE FERREE F REF

FEEREEEE ¥ kRkddd fRkkkkdkEEEd o kkkk fddkkE kkdREREEERdE ¥ kEEEEE ¥ FEEEE kXkF FFEEEEEEER 3% bk FdkEkEx ¥ EkEFk FEEREEEE FF kF kkEREEE kekEd

TTGAAAGAGT TAGAAGTATTT TACCTTTCTCT TATGEGGET T TGACAAATATTATGRAC TCTCAACACGCAAGT CAAAACCTTTACGTTTCCAAMATATTTCACAASTCTCTCATTGAA GTAAATEAGEEAGGCACCGAAGC TECTGCAGTCACGETCTGGGCTAGRAGAGCARCAGCC

TTAAAGGAGCTTGECETEETTT TGCCTTTCACTAATGEAGET T TRACTAAAATGETGAAC TCT -- -GCTETEAGT CARAACCTTTATGT T TCCAAMATATTCCACAAGTCTTTCATTRAA ST AAATGAAGAAGEC AL AAAGC TECTECGECCACCG-CAGETTTA- <~~~ ==-CT
Tk Bk F3E F Ok Rk EEER RREESE RF bRk SEEREEEEE 33 EE REE BF s # FERRESEEEEEERT FEESEREEEEEEEE FRRREREEF FERRIEI ppppadhs & bhkbddd sekbbbbbEd & bRk £ ® k% Ak *

GCATETAAGCCACTTG- - - -TTCCAATTACCCGAATAAACTT TATAGCAGACCACCT-T1 CTTETTTCTAAT TAGAGAAGAT TTEACTGEAAC ARATCCTCTTTETTGEACAASTACCCS ATCCTCTTAATGOGAGATGT TAACT TCTCATATCGGAATCATTTGATCACTCCTAGATAA
ATGTERAAGCTCCTTGAGTCTTCCAACAGAL - - -ATAAACTT TOTAGCTEACCACCCATT rTTATTTAT TATCAGAGAAGAT TTRACCGGAA -TATCETCTTTETTEEGCAGETGETCA ATCCTCTTATCTCCAACATTECCCTCCTCOCTTCCAACCCA- - --ARTATCTCTAGTTGE
¥k * ¥ * ¥ *kk¥k *

¥k k¥:F *Ekk FEkEEE ¥ FkkkdFdEkEkrkr FFkEkek &% EEE k¥ & % Bkkkdiddkddekd RdEwE kkk FEEkEkkdkk: Bk k% & ¥# *EkEExEF * * ¥k kEF
TAAGGRAAACTTTTTTAACAAGGAAGL - - - - - - - - ATTATTTGTGAAGATTGTTTACTA TTTTTGAAATGATATETGTETOGATCGARTER  TRAAAATTAGCTTAGTTGTTOTTATTC TTTAGAGAC TAAT TTASST - - - -~ TTTTATAGGATTTTAATTGACGTTATTTTTTGTTAT
TGEGTEE- - --TTTTTEETACGACAACTGETTTTTGATCGTCTGCATCATTCACTCACCA GATTTETGATEaTGCCEETGOGCARCGACT G- - oo o TEATEETT TTrEEEEA0CCTCTTEEATEGATEETTCACAGEGETAGATCTAG - - - <~ - e AT
£ Ok & EEEEE & &k % * % k% Y * k% % FEiE ¥ FEE K F k¥ ¥ ¥ ¥E ¥ F— £k & *k % BkE k& %
TTAGA- ---TCAGTAATTAGTAATAAACAAAACATTTTACCATGTTRTTTGAGCTGCATT GTATGEATTTTGTCT TATCACTACAAATCAATGTT TTRAAAATCOGACCAAAGATCARAL CeETAAGATCTCCGETTCATEET TCAMCCAGT TTAATCAGTTGAACCGTTATAGAACTGS
TCAGATCTCTCAGTRECTGETTCT- - - - - - COETCCTCCAT - - - mmm e CACT AT TG aT T T TG T T T T T G-~~~ mmmmm o m oo o GTGET - - mmmm e e mmmm e GTTE- - - mmmmmmmeem o
* EEE sEEE % 2% K ¥ % EREE wx g FF  #F FREER ok #3% FreT] FEEE

ACGATTAATTAACTAAGTAGTATACTAATTATTTTAATGTAAATAATAAATGTATGTRA

______________________________________ GTAMAT--- - - -TATGTCTEA
FEEEE ¥k F bk
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Fig. e.

TECTATGAACATCACC AN ATT TEETATCARAAAC AGAATTC AAGALGAAGAATOTCOT
T AT AR AT CAC AN ACT TETTATCCAATC AAAAACTCARAGRALAGRATGTTGT

AT ACTCACCTCTTTACCTCTE TGO TRATGACGC TEC TCCCTTTGETEAACCACAGTT
ATACTCTCEGECTEeTT TCT TCTETECTCTCCGATGECGC TCCOGCTGETGGOCCTTGCTT

TEAAGCCETCAMAARAGTEAATGCATGGE TAAAAAAGAGAC ALACGEACGTATTGETEA
TEAAGT GAGAALAGAAGTEAATETATEGE  TEALLAAGEAGAC AL ANGEEC TTATTARALS

CCTTCTOGGTGECAGC TCAATTARGET TCOCT TCATGAC TAGCAAGAAGANGCAGTTTAT
CCTTCT O AAT GG ANGTCAGTAAAGET TCCCT TTATGACCAGCAAGAATEATCAGTTTAT
T TTTARATGETAGC TG TCARAGT TCCCT TCATGACC TCCTAT AAGAANCGETATAT

COTTCTAAAT GG TAGC TCAGTCAAGET TCOCT TCATGACCAGC AAT AAGAAGCAGTTTAT
T A LI T T T T T T B E kR kB RE EhE

GAAAGTGECTTCCARACCTGAGAT TTTGAMCACARACTTCCACG- - - TAAGGAAGTGAT
TAATGT AT T TGAT TATGAGT TTTTGEAACACAATCTTCCTOG- - - TAGRAAAGTGEA
GAMGCTGECTTCTEAATTTGAGT TACC A ACAATCTTCCTCTCAT TALMAAAAGTGIET

AN GTETCC T TACATCTGAGT TCCTACACCGEAGCCTTTETCTT TCTCARLA - Iiﬁl'-'c
L T rEEE w L T T - ] ]

CTCTCC - e e m e e - - - - GATTTGGETT TCTAACATAT T TCAAAATTCTTTCATTGA
CTCTCC -~ - TATALGTCANGAAATATT TETT TCOGACATACT TCAGAAGTCTTGCATTIGA
TTCTTCT T T TGAGGET GALA AT TATATETT TCCAACATATT TCACARATCTTTCATTGA

CTCTTCT T TAT GEETAAGATACTTTC TG TASGTAACATATT TCACARATCTTTCATTGA
EE ok AW L T T

TTTGAT AAGAGACGATTTATCTEETACAATACTCT TTGT TEECCAAGTGC TCAATOCTCT
T EATCAGAGAARAGTTTAGTOEAM CATACTCTTTGT TEEARAGGTEETCAATOCTCT
TCTAAT TAGAGAAGT T TCGACCGGANM AATCCTCT TTEC TEGACAGGTEC TCAATOCTET

T T GAT TAGAGAAGAT T TEAC TEGANM AATCATCTTTGT TEEACAGGTGC TCAACCCALT
8 Rk BEEEE b % i EE Rk EREEEE EEE & REE REEE BE

------------------- A TEAGTTACCACCHOGAATCAATCGCTANTT TAACCALGAL
TATCGCTTTCTTCCGAGTTAGGTCTTAGTTAGGTCTTTCATAGTCTCTAAGRATTCAAN  ppon n s MG AN TEATGCAGAAT CTCATCAGAMAAT CACTCACAAACCTAACCAACET

GCTTTCACCOTTETCACTC CAAAC TOTGCTCAGCAT AGTAGCTOCCGETTCOGAGGETCL GADGCARTGTCAGCTTCTCTCCTTCOTTEGT TCARAATCCATTGATCATCTCAACTCCTT
GTTTTCACCATTATOGC TCAACACCETGC TCAGTATGATCGC TACCGGCTCOGAGGETCC  CACTCARAANCAACTTCTCTCCT TCCTCCAGTCAGAAT COCCOGOTAATCTCARATCCTT

GTCTTTTGTCAMCTCTGTETGET TTEAAAANTCOCTTTETCTTTACCCTTCCTTCAMGS AATTOTTGATACTARTTATT TTGCCACTCTCAGATCACTTGAT TTCATAANCAAGGC TGA
GTCTTACGTCAATGGTATATEET TRAACANTCACTTCCTCTTCAACCTTOCTTTARAC ACTTATGACTACTGATTTTAAAGC TACTCTTGETGAAGT TEATTTCATCAACAAGGC TGA

TETTCTTTCACC TEAGTCAAT TRATASCTTALC TEEAC TCATTTTTGCTAATGCACTCTA CTTTAATGEAGCATGAECATCANCCATT TEATGCTTCAALAACANAAGACCATGATTTTCA
TCTTCTTCALCC TEEC TCAGT TCACASCTTAMCGAGTC TAATAT TTGCAALTGCACTATA TTTCAAGEAGTGTGEAMCANCCCTTTEATACTTCAALAACGAAGGACTATGATTTTEA
o ATGTA CTTTAAMGEANTATGEANT GAGANGTTTEATACTTCAGTAA GAAAGACAGTGACTGTTA

----------------- ATCAATTCACAACATTTCGAMMACTARAGATTATGATTTTCA
* Tk LLL L LU L L

AT GCTTTTGATOGT TTTAAGAT COTTCATCTTCC TTATAAGCAAGGCAMIGATATTOG e a T TCTCTATGTACTTTTTTCT TOOOGATGCACAAGATGEATTGT TAGC TTTEATTEA
TCTT TCTT ACAAACARGES

CAGTTCTTTTGATGATTTTAAAGT TCTTEGTCTTCCTT CAATTATEGECS 160 T TecaTTTACTTTTTTCT TOCCGATGCALAAGATGEGT TETCCECTTTAATTGA

TGGAGATTTTGATOOT TATAAAGT TCTTTATCTTCCTTATAATCAAGGCAAMGATIGAGTG T a T TCTCTATGTATATTTTTCT TOCAGATECANAAGATGEETTGTCAACCTTEETTEA

T T AT AT AT T T AT TCT T AT C T TCC TTATAAGRAAGGTGAMGATARGCS o T T CTCTATGTATTTT T TTCT TCCAAATGCAAAAGATGEGT TETCASC TTTAGT TEA
b

wh hEREE bE heE L L dhdbbhdEd LR L * L2l

hhhbd b R (EE LR AT dhhdd bbb hdd bdsd
AETEEETGACTTCAGAATTCCACGTT TCAMMATTTATTCTGEACTTGAACTTTCTAATET GTCAAAGGASTTAGEASTTGTTTTACCTTTCTCTGE
AT AGGCAAGT TCAGEATTCCAMGAT TCAATATTTCTT TTGAGATTGAASCTCCTGAGTT ACTAAAGAAATTAGGATTGACTTTACCTTTTTCTAT
GETAGETGAGT T CAMGATTCCANGAT TCANTATTTCATTTEEAATTGARACTACTAATAL GATGANGGAST TAGGAETEATTTTACCT TTCTCTGE

A TAGETAACTT TARAATTCCGARATTCAATATTTCATTTGAGCTTGAAGCTACTOGTAT GCTAAAGAAGITAGRAGTGGT ACCTTTCTCACC
L e L ) shhEd b Ak ke # wEhEE b T I I T

o

dhhddhdd phddhbbd & S

AGTAAATEAANAAGEC AT GAAGE TR TECAGTCAC TAGAA TGRACTATTEEGATG TEC TOGTCCTACTTCAATT - - - CORMCOCAATAGACT T TGTAGCTGACCACCCTTTCATGTT
AGTAALCGAMGAAGET ACALAAG TECAECGETGACCGT TAGCATGTTATGOGGETGTTC TOGGTATAGTCCCCCTCOSCCOCC TOCAATCGACT T TGTAGC TGACCACCCTTTTTTATT
AT AANTGANGAAGGCACTGAMSTTE T -~ - - - mmm e e m e e e BAATET-- === == =======—————— ATACATCRAGALGACT TTETAGC TGATCACCCTTTCCTATT
AT AAATEANGAAGETGT TEANS. TECOGCAGCCAC TECTGCAATATTATCCAAGESCTT TAGCTTT- - - - - - - - - - - - CCATCTCAACTAGACT T TETAGC TGACCACCCTTTCTTATT
dpehdh SEd SEbw IIEET Y] - L bbb db b ad pEdEb R LY

TOTTGETAGATCATAS
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S6 group

MtSer22
MtSer24
MtSer25
MtSer23

Fig. f.

S7 group

Fig. g.

ATEGEAGAAGAAAGCAACCCCETCACGAARAAAAAGAAAAAGAATGAAGTTTCAATACATA CCTCAARAAGAAGAATCAGT CACCATTACCAACCAAACCAACGTATCCCTCAACATCETC AANCATCTCTTTTCAAAACAATCAGACAATAACATCATATTTTCTCCGCTATCACTTCAA

k% BE EEE

ACCCTCTCTEATECCGC T TG TEGTGETCCTCGCCTCTCATTCTTTAATGETTTETEE
GTGCTCT AL TG T TCTELCaaTeRACCT CACCTCTCCTTCETCGATEATGTATGE
ATCATCTCCAATGC TG TCOCTCCGGTGETCCT TGCCTCTCTTTCCTTAATGEAGTGTGE

TATGEGECTAAAAAGEAGACAAATGETE TTATTGAGGAAATTCTACCTTCAGATTCTGTC

TTTGATCAAGCCCTTTCTCT TAAACCCTOCT TCGAACAAATTGTGTCCAATGATTACAAS GLTACTTTAGATTCTGT TGATTT TCAGAACAAGECAGT TEAASTGACALATGATGTGAAT 1|

ATAGAA AR T T TCTCT TCAAC T TOCT T AAAC AAATCATETCETCTGACTATAAS GOCACTTTEECTTCCGTTRAT TTCATGT TCAAGGCTCCAGAAGTECGTAAGGAAGTGAAL Y TATGEGC TAAAAAGGAGAC ARATGETE TTATTGAGGAAATTCTACCTTCAGATTCTGTC
4
L

GTTGATCAAAGCCGT TCTCTGCAACCTTCCTTCCAACAAATAGTATCTAATGATTATAAS GOCACCTTETCTTCTGT TEGATTTCAAGAACAAGGCTACCGAAGTECTTCAAGAAGTGAAT ATATGEET TEAAMAAGAGACAMATEEC TTATTAMAGAAC TTATTCCTCCAGGATCAGTT

~TTTATTAGAGCT T T T- - mm = e s e s e e e e e e em e e e e e GATEETTTTAAA GTT-CTTEETCTTCCT T mmm mm e e m e e e e mmm e e e m A YTATGGGCTGAAAAAGAGACAAATEE T TAATAAAAAATCTACTTCCACCOGEGTCAGTT
* * *x LI L £ % *EE ¥ FEEEEE % FEEE FEREEFEEEEEE R FE Ok k¥ Ok ¥k F %k k% k%
AACARCTTAACGAAACTCATATT TECTAATGCACTTTACT T TAAAGGGEETETGGEATCAA CAGTTTEATGC TTCGEAAACAANAGACTATGATTTTCACATTC TGAATGECAACG-TAAT CAAAGTTCCCTTCATGACCAGCAACGAGGATCAATTTATTTETGCTTTORATGATTTCAA
GATAGCTTAACTAGCCTCATCTT TG TAATGCGT TG TACT T TAGAGGAGCATGGAATEAL ARG T TTEAT - == = = = mmm e e e e e e e e e e e mm mmmm TTTC--
GATGACTTAGTTGTCCTCATTEATGCGAATGCACTETACT T TAAAGGAACATOGEAGEAE CAGTTTEATAT TGAAGATACAGAGGACTATGTTTTTCACST TCAGAATGECAACTCTATT CTTCATCTTCCTTT TGAGCAAGGTGGAGGAANGCGTCGATTCTCTTTTTACCTTTTTC -~
—————————————————————————————————— LT R e T T T T Ll [ S
* EEkEETE b
AGTACTTCATCTTCCATACAGAC ARGATEGRACTGTCTGCT TTGATTERAGAGGETGGCTTC TCAATCCGAGETAC TACACCAAAATCTTOGGCETTTTTCTCASAARAGAGTAGETGATTT CAGAATTCCAAGGTTCAAGGTTTCATTTGEETT TEAAACT TCTGATATGC TGAAGGAGCT

----------- TTCCTGATGCAGAAGATGGATTGTTAGAT TTGATTGAGAAGCTAGCTTC  CRAATTTGAGTATT TACAACACAAGCTT - - - CCTAGTCEAAAAGTTAAAGTTGGTGCCTT COGGATTCCAAGATTCAATATTTCTTTTGAACT TGAAACGTCTAGTGTGC TGAAGGAGCT
----------- TTCCAAATGCAAAAGATEEGECT TCCARGT TTGGTTEARAAGETGGCTTC  TGAATTTGATTTACTACAACACAAGCTT - - ~-CCTTTTEATAAAGTEEAAGTAGGTGACTT TAGGATTCCAAAGTTCAATATTTCATTTGGACT TGAAACTTCTGTTATGC TAAAGGAGCT

i

TGGAGTAGTTTTACCTTTCTCTCC - - - TGGAGETTTGACAAAAATGGTEGACTTTETTGA  ACATCAAGACCTCTTTGTTTCTCRCATATTTCACAAATCTTTCATCGAAGT ARATEANGA AGGAACTGAAGTTGCTECAGTCACTGCT <m mmm mmm - mmm o GCTGTATTCSGAGT
e GATEGATGAAGR - = mm e m e mmmm o mm o m mmem mm e e m e
AGGAGTGETTTTACCTTTTTCCGATATTGGAGETGTGECARARACGGTEGCTG- ------  --GTGAAAGCCTTGTTGTTTCCAAGATATTTCACAAGTCTTTTATTGAAGTARATGARGC AGGTACTGAAGCTGCTECGECAACTGCT TTCATAGAGGCGGAGTATGGTATGTCCGAAGT
AEETETGETTTTACCTTTCTCTEG - = == = == = = = === == = o = e o o oo oo TGGAGTAAATGAAGA AGGCACTGAAGCTGCTGCGATAAGTGTTTTATTTATGCAGGCAC - -AATGTATGCGTCET
& kkkkkk
CAAGGGTGTAAGTCCTCGAGTAGATTTTGTAGCTGACCACCCTTTCTTATTTCTAATTAG AGAAGATTTAACCGAAACAATCCTCTTTGTAGGECAAGTACTCAATCCTTTTGTTGAGTE 4
----------------------- =
AGAAGACGACACTTCGANGATAGAATTTGTGECTGACCACCCTTTCTTGTTTTTGATCCG AGAAGATTTGTCTGGAACTGTACTCTTCATTGGACAAGTTCTCAATCCTCTTGACATGTE 4
COAG--- - T CGAATGRATTTTETAGC TRATCACCCATTCTTATATCTAATTAR a1 AT TTE6CTGEANCARTCATCTTTGTTGGACATGTGC TTAATCATCTTGATEGGTE A
MtSer27 ATGTTCAAACCGAAAAGAAACEAT TCTET TOGTGATAAATCAMGCAGCAACAAAACTEAE GATGATTCTCTCGT AACAGCAATGACT TTCATCCGTEAATCARG CAAACASAMCAAAT
MESEPIE e e e | e AT GACT TCCATC TECEAAT CAAACAL CAACCAAGAANAC
____________________________________________________________ GATGATTCTCTCOGT ARCAGTH CAAACARAMCAAAT
MtSer28 e Taid et amaeaee saeas we ww
GTTTCCTTACT TG T TGOCAAACATCTETTCTCCAAGT TEEAACAAT CCAACAAGAACATC GTGTTTTCTCCACTCTCGCTCCAAGT TGT TEAAGTEAT TAAAGAAGTGAAT TTATGGECT
T T TG TG TG CAAACA T TCTTCTO - - - TTAGAAAAATCGEAC - - -AACATT GTGTTTTCGOCCT TETCGCTOCAAGT TGT TCTAAGTATTATCG - - - - - - - -CTGCTGEET
ATTET G TACT TG T T - - - m e e e e e AATCGEACAACAACATC GTGTTTTCACCACTCTCACTCCAAGTTGTGT TAAGCATAATCG - - - - - - - - CTTTTGETT
*k * ¥ LR 2 3 A* Lk o L2 2 LR 2 EXEEEEEE FF * *®¥k FEFFEEEEFkEE * *k * * * *k *
GARAAAGAGACARATGECCTTAT TAGAGAAC — - - - TTC-——TTTCTCAAGATTCAGTCA ATAAATTAACCAGAT — - - - ——— = ——— oo oom—mm— oo TCATCTTTECAARCGE - - - —

—————————— CCAAGGE TOOCACACAACAACAAATTCTOGACT TCCTOGACT T TAAATOL ATCAATCATGTCAACTTATTCGT TTCTCAGCTTGT T TCCATCATCOC TCAAAGACGITGCT
—————————— CTGAGGETCCCACTCAACAACARCTTTTCAAATTCCTCCAATCCAAATOC ATCGATCATCTCAACTACTTTGCTTCTCAGCTCATTTCOGTGATACTCTTCGACGCTAGT
® * ckE k& * kEE ek ek dokdk ® & ckE & *k ok ok ® kE & ko

COCGTEACCTTEECACTAGCTGATGGTEGETCECCTCCTCTACCCGAGECTEGATTTCOGAC GETTCTETTT TCAAT T TCACCCTGC TEEATCAAAGAAAACCATTAAGTACATCTAATGET
& &

------------------------------------------ TTCTGETAG- - =~ - e ===

TTTGGAGTACAACTCACAGAAACCATT TCCACAGCAAAATGGT TT TGEAGTACAACTCAC TEA
*& * &
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F1 group

MtFer3
MtFerl
MtFer2

Fig. h.

TCACAACCACACAAGCCGCCATTET TAACCATTTCTCTTCCTTCAATCCTTTCTCAATT
&%

TCTCTTCAATTCCAAAAACACGCATTTEETTCCGCTACT TCAACGTGRAACTARATTGRA

TTTTTETGA === == == === === TETEAGT - -GT TEETAAGARATEEEE-- - == - 56
CTTCTTTGAATC - - - - - ==~ TTCCTATGEAT - - GETGATAAGA- - - GEAA-- - - GAA
¥ ok % * ki # ¥ k& & * &k

TTCTTTAGCTCGTCATARATT ICATAT TRATTCTGAATCTGCCAT TAATGAACAAATCA
T TTGGETCaTCAGAAT TT G TGATGAATGTEAATCTGTGATCAATGAGCAGATTA

T TG TCARAAT T T I AAGAT ARG TTEGAATCTGCAATCAATGAACAGATTA
I R O N T T S

ATGCTGAGAAAT TEATGEAATATCAGAACCAAAGEEETERAAAAGTGAAGTTGLAATCTA
ATGCTRAAAAGCTTATGAAATATCAGAACGTTCGTGATERAMGARTTATACT TCACCCCA
ATGCTRAGAAGCTCATGAAATATCAGAACATTCGTGATERAAGAGTGETECTGCACCCTA
e I T ¥ okEEEEEE R * okk &
CCTCAAAGACTEETGATETGAAT TTRECAGAC T TTETEEAAAGTRAGTTTTTGGETGAAL
CaeACCECAACAATEACCCTCAAATGACAAGC TTCAT TGAACATGAATTTCTGEETGAAL

CTGATCRTAACAATGATCCTCAATTEECAGAC T TCATCRAGAGCGAGTTTTTGGTAGAGC
* # 223  kk B8 kEE F 8 #F kEE kkE Kk #

TTTATTTTCTCCCACTTCAGTCATTTRTATCTCTAT TCATATAGATGACTTAGTCTATTT

TTCTCAACGACCCTTTTCGT TATTCTTCTCTAATGECTCTTTCTRCT TCCAAAGTTTCGA

COGAATCTCTRT T TCCGCTACGAAAGGT TCRAACAATAACCGTG-TTTTAACCGETATTT

TGGAAAGET - -= - - - -~ TAC- - - -GATTTETGCAGCAACGGTTCCTTTRACTGEGGTTA
COTGAAGGTTCATGCTGCTGE - - - - TRCAAATGCACCAACGG- - - CATTAACTGETGTTA
* ¥ ¥  kEE % BE kE EEE

ATOTGEAGTATAATGTTTCCTATGT TTATCATGCGATETATGCATATTTOGATAGAGATA
ATGTGEAATACAACGTTTCCTATGT CTACCACTCCATET TTGCATACTTTGATAGGGACA

ATGTGEAATACAATETTTCCTATGTGTACCACTCCTTEGT TTGCATACTTTGACAGAGACA
tkkEkEd $5 £ dREERERREE B B8k k% BRE kE kB ¥k Bk kF 3

TAGTGATGCCGCTTTCTRAGTT TGATCATGCAGATAAGEETGATGCATTECACGEAATEE
TCAAGAATGTGCCCTCAGAATT TGAGCATGTERAAAAMGEGEATGCATTACATGLAATEE

TTETEAGTCCTCCTTCAGAATT TRATCATGCAGAAAAGGGAGATRCATTGTATGCCATSG
£ dk I T T I

AGGTEEAAGCCATAAAAAAAATATCCGAGTATGT TRC TCAGL TAAGAARAGT TGACAAAG
AGGTTEAATCAAT TAAGAAGATATCAGAGTATGTATC TCAAT TRAGAAGEET TGLAAAGG
AGGTTGAATCAAT TAAGAAGATATCAGAGTATGTEAC TCAAC TEGAGATTAGT TGEAAAGG
EhEE bbE § EE bF 3% FRERE PRRREEEE bERE & bRE FEREE bE ¥

ACTAGAACTAGTAGT TGEAACTGAAC CACGCTTTAATAAAGT TTATGTEEETTGTTTTTG

---------------------- GEGARATTTATC - == === === e oo oo -TTG
TCTTTTCACCTTCACCTATCGTGGETCATTTCTCAR - -~~~ - AARACCTCACTTTTT
£ &% &% &k

TaTTTRAACCTTTTGAAGAGET TAAAAAGGAACTTGATCTTGTTCCTATTET TCCTCAAG
TATTTGAACCGT TTGAGEAGET TAAAAAAGATTATCTTGCTGTTCCTATTGT TCCTCAAG

TCTTTGAACCET TTRAMGAAGT CAARAAAGATETTCTTGLTGTTCCTATTGLTCATAATG
¥ OEFFEEEEE FEEEE £8 % BF 6% $F 6 F  FEREERREEER KE ¥ £ 3

ATGTTACG TGAAAGETCT TR TAAGTTTTTTAAGGAATC TAGTRAAGAGEAAAGAGEET
ATGTAGCACTCAAGGEATTTECAAAGT TCTTCAAGGAATCTAGTEAAGAAGAGAGAGAAL

ACGTTGCTCTTAAGGEACTTECCAAGTTCTTTAAGEAATCTAGTGAAGAAGAAAGAGAGT
k% bk #3 k% k% bk REkE3 &% kEkbEERRREREREREE % BREE 3

AACTTGCATTETCCT TREAGAMGCTAMC AAATGAGAAACTCCTTAACCTGCACAATATTG
AATTAGCTTTETCTT TRRAGANGT TAAC AAATGAAAAARCTTCTGAATATGCATAGTATEE

AATTGACTCTETCTTTEEAGAAGT TAGTAAAT GAGAAAC TTCTRAATGT TCACAGTETEE
k& bk BEEE RREEEREEE bE BEEREE bEEER BE RE ® % k& bEE ¥

GACAYGGTETCTGACACTT TEAT CAGATGC TR TCAACGAAGCGECTRCAGCTTRATEAT
GTCAYGETGTTTGGCACTTTGAT CTTCTACA-TGAG- -~~~ --—-- -~ GAACAT
aTC CTTCTOCATTGAT - - - - === TAAGAT

¥ k¥ kkFEF FEEkkEEESEREEE X % Kk X S *

GTCATTGCTATTTTTCAGTTTATTTAGT TGCTGATCCATGETGGTTCRTTTTT----CTT

G TaTTTAAT AT GAATAGCCT TCTCTAGTAT CTATCTACGT - - - - - - - TTEATCT T T - o e o e e ATCAAGTGC-- -TTGGTTGTTTT-- .. CTETTAT--AACTTETAACATAGTTTTTCCTACGTACTRARATTGCARAACTT
BATG-----m oo oo ATET--- - - TTGGTCTATT - o ATGAAGCTA---CGTGTTGTTTTTA . CATTACTGEAAT - - AGTGAATAA-ATGTATTCTCCTAGGT - mmmm - mmm e AGAAGTA
* ' o% R OREE 4% ki FebbkEEE 3 ¥ * * £ Ok kEE #% %
BAATCTTTCT----TTCTGTCTGCAACTAGACCTTAT - TACCARGCA-- - —- - CTAGTGA ATTGAACAAATGTCTGATAAAATTETTTTCARACGATATT---------ACARAGCACAC SACTTTTCTGCATAGCAGEAC
AGAGTAATGTAAT - - - -- - TTTGCTAGTGTEA- - CATGCATAAGST TACAAGCCTTETGE AGT-AACATATGTTAA------ CCGCTTTTAATAATTTCTATCTT- - CAATAAMAAAAGA GGTTATCATGTTTTGTTC---
GAAGCTGTETAATATTTTAGTTGCTAGTAAGAACTATETGTAGAACAAGAA -~ CTGGAGC CAT-AACAACTGTTTGE------ TAGCTTGCAACAATTATTTTGTTAGAAATGARAATGAC GACTTTGGCTATTAGTTTCAA

£ P EEE & . % & £ FEEE  FEE ¥ *E 2 ¥ % Pt L ¥

Fig. Multiple sequence alignment of complete serpin and ferritin coding sequences (MUSCLE output). Serpins were grouped into S1 (Fig. a), S2 (Fig. b), S3 (Fig. c), S4 (Fig. d),
S5 (Fig. e), S6 (Fig. f) and S7 (Fig. g) and ferritins were grouped into F1 (Fig. h). The conserved regions of each group are marked with red rectangles and are used to design
the primers.
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Appendix 6. Supplementary figures for chapter4

6.1. Length of the WT and mutant nodules. Length of the nodules measured under microscope from
the plants grown under N limited condition at 32 dpi. Values are the mean of three biological
replicates. Error bars represent the standard errors of mean and asterisks indicate a significant

difference between Jemalong A17 and R108 plants at p<0.05 (*) according to student’s t-test.
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6.2 Effect of SNF on leaf chlorophyll content and photosynthesis. Chlorophyll content (a) and the
photosynthesis rate (b) of two WT genotypes, Jemalong A17 and R108, and non-N fixing mutants,
dnf5-2 and dmil-3, were measured at each time point of harvesting. Values are the mean of three
biological replicates. Error bars represent the standard errors of mean and asterisks indicate a
significant difference between uninoculated and E. meliloti inoculated plants at p<0.05 (*) according

to student’s t-test.
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6.3. Effect of drought treatment on N derivation from SNF. Percentage of Ndfix in shoots of Jemalong
A17 (a) and R108 plants (b). Plant were well-watered until 20 dpi and were subsequently watered
normally (W) or water was with-holded (D). R denotes +/- E. meliloti inoculated. Values are the mean

of three biological replicates. Error bars represent the standard errors of mean.
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6.4. Effect of external N fertilizer treatment on bacteroid numbers in M. truncatula. Bacteroid
numbers were counted at 20, 26 and 32 dpi in Jemalong A17 and R108 plants grown under external N
fertilizer treatment (+/- N) and well-watered conditions. Values are the mean of three biological
replicates. Error bars represent the standard errors of mean and different letters on each bar

represents the significant differences at p<0.05 according to ANOVA-Post Hoc Tukey’s test.
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6.5. Effect of external N fertilizer treatment on nodule localization in roots of M. truncatula
Jemalong A17. Root image containing nodules (a) and the distance of nodules from root collar (b) at

32 dpi. 20 nodules from three plants were measured. Treatments are watered (+/- W) and N fertilizer

treated (+/-N).
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6.6. Effect of drought stress and N fertilization on nodulation. After water was withheld at 20 dpi,
nodule numbers were counted in the N fertilizer treated Jemalong A17 and R108 plants at 20, 26 and
32 dpi. Values are the mean of three biological replicates. Error bars represent the standard errors of
mean different letters on each bar represents the significant differences at p<0.05 according to

ANOVA-Post Hoc Tukey’s test.
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6.7. Effect of drought stress and N fertilization on bacteroid numbers. After water was withheld at
20 dpi active bacteroid numbers were counted in the N fertilizer treated Jemalong A17 and R108
plants at 20, 26 and 32dpi. Treatments are well watered (+W) or drought stressed (-W). Values are the
mean of three biological replicates. Error bars represent the standard errors of mean and different
letters on each bar represents the significant differences at p<0.05 according to ANOVA-Post Hoc

Tukey's test.
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6.8. Percentage field capacity of vermiculite: perlite: sand mix in a 12-day water holding period.
Potting mix was completely saturated with water overnight and a maximum water holding capacity
was calculated as described in Chapter 2. Values are the mean of three biological replicates. Error bars
represent the standard errors of mean asterisks indicate the significant difference from 20dpi time

point at p<0.001(***) according to student’s t-test.
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6.9. Effect of drought stress on transpiration rates. Transpiration rate of E. meliloti-inoculated
Jemalong A17 and R108 plants grown under well-watered (+W) and drought stress (-W) conditions.
Values are the mean of three biological replicates. Error bars represent the standard errors of mean
and different letters on each bar represents the significant differences at p<0.05 according to ANOVA-

Post Hoc Tukey’s test.
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6.10. Effect of drought stress on stomatal conductance. Stomatal conductance of E. meliloti-
inoculated Jemalong A17 and R108 plants grown under well-watered (+W) and drought stress (-W)
conditions. Values are the mean of three biological replicates. Error bars represent the standard errors
of mean and different letters on each bar represents the significant differences at p<0.05 according

to ANOVA-Post Hoc Tukey’s test.
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6.11. Effect of E. meliloti inoculation and N fertilization on photosynthesis under drought stress.
Photosynthetic rates of E. meliloti-inoculated mutants and WT genotypes grown under either E.
meliloti (+R) inoculation or N fertilization (+N). Values are the mean of three biological replicates. Error
bars represent the standard errors of mean and different letters on each bar represents the significant

differences at p<0.05 according to ANOVA-Post Hoc Tukey’s test.
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6.12. Growth of M. truncatula under different conditions at 20dpi. Plants are mutants, dmil-3 and
dnf5-2 and WT genotypes, Jemalong A17 and R108. Treatments are E. meliloti-inoculated (+R/-R), N

fertilizer treated (+N/-N) and well-watered or drought stressed (+W/-W).
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6.13. Growth of M. truncatula under different conditions at 26dpi. Plants are mutants, dmil-3 and
dnf5-2 and WT genotypes, Jemalong A17 and R108. Treatments are E. meliloti-inoculated (+R/-R), N

fertilizer treated (+N/-N) and well-watered or drought stressed (+W/-W).
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6.14. Growth of M. truncatula under different conditions at 32dpi. Plants are mutants, dmil-3 and
dnf5-2 and WT genotypes, Jemalong A17 and R108. Treatments are E. meliloti-inoculated (+R/-R), N

fertilizer treated (+N/-N) and well-watered or drought stressed (+W/-W).
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6.15. Relative comparison of nodule dry weight and shoot growth in Jemalong A17 and R108 plants
under drought stress. Plants were grown under drought stress for 12 days after water was withheld
at 20 dpi. Values are the mean of three biological replicates. Error bars represent the standard errors
of mean and different letters on each bar represents the significant differences at p<0.05 according

to ANOVA-Post Hoc Tukey’s test.
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6.16. Transcriptional changes of genes involved in salicylic acid and proline biosynthesis under drought stress. Salicylic acid (a,b) and proline biosynthesis
(c) genes in E. meliloti-inoculated and N fertilizer treated plants at 32 dpi (after water was withheld at 20 dpi). The transcript level for each gene relative to
housekeeping genes, MtElf2 and MtTub2, was determined by qRT-PCR. Values are the mean of three biological replicates. Error bars represent the standard

errors of mean and asterisks indicate a significant difference between well-watered and droughted plants at p<0.05 (*) according to student’s t-test.
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Summary

¢ Drought is a major constraint for legume growth and yield. Senescence of nitrogen-fixing
nodules is one of the eary drought responses and may cause nutrient stress in addition to
water stress in legumes. For nodule senescence to function as part of a drought-survival strat-
egy, we propose that the intrinsically destructive senescence process must be tightly regu-
lated.

* Medicago truncatula protease inhibitor and iron scavenger-encoding genes, possibly
involved in controlling nodule senescence, were identified. RNA interference (RNAI) lines
were constructed in which expression of a serpin or ferritins was knocked down. Both wild-
type and RNAI lines were subjected to drought stress and nodule activity and plant physiologi-
cal responses were measured.

¢ Drought caused M. truncatula to initiate nodule senescence before plant growth was
affected and before an increase in papain-like proteolytic activity and free iron levels was
apparent. Knock-down expression of serpiné and ferritins caused increased protease activity,
free iron levels, early nodule senescence and reduced plant growth.

¢ The results suggest that M. truncatula nodule-expressed serpiné and ferritins mediate
ordered drought-induced senescence by regulating papain-like cysteine protease activity and
free iron levels. This strategy may allow the drought-stressed plants to benefit maximally from
residual nitrogen fixation and nutrient recovery resulting from break down of macro-

molecules.

Introduction

Legumes include staple and forage crops and fix atmospheric N,
through symbiotic association with rhizobia. The association can
fix ¢ 100-300 kg ha™" of N in one crop season and enriches the
soil with substandal N for the benefit to non-legumes, reducing
the need for nitrogen fertilizer (Smil, 1999; Fox etal, 2007;
Miransari ef al., 2013). The actual amount of nitrogen fixation
depends on the efficiency of infection, symbiotic partners and
nodule growth development (Sulieman & Tran, 2014; Mus
etal., 2016). The model legume Medicago truncatula develops
indeterminate nodules, which possess a permanent nodule meris-
tem and elongate to become cylindrically shaped (Franssen e al.,
2015). These nodules comprise four different zones: (1) the
meristematic zone which ensures indeterminate growth of the
nodule, (2) the infection zone where the M. truncatula-specific
symbiotic rhizobacterium Ensifer meliloti infects the host cell, (3)
the fixation zone where bacteroid differentiation and active N

"Dedicated to the memory of Michael T. McManus (1957-2015).
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fixation takes place and (4) the senescence zone where the bac-
teroids degrade as a result of aging or environmental stress (Mata-
motos et al., 1999; Dupont et al., 2012).

The process of nodule senescence involves the elevation of
proteolytic activity, which can funcdon in removal of misfolded
or modified proteins and remobilizing nutrients (Pladys &
Vance, 1993). However, if the activity is unlimited or uncon-
trolled, it may affect the symbiosome membrane proteins and
key regulators which are involved in nitrogen fixation (Vierstra,
1996; Salvesen etal, 2015). In soybean and M. truncatula nod-
ules, expression of cysteine protease genes was induced during
different developmental stages. In particular, legumain (also
known as vacuolar processing enzyme) and papain proteases
(MtCP6) were identified in M. truncatula and found to be
involved in degrading bacteroids in the senescence zone (Pierre
etal, 2014). Under drought stress, protease activity may furtcher
increase as a result of H,0O, production and vacuolar protein
accumulation (Kinoshita efal, 1999; Solomon eral, 1999;
Vandenabeele et al, 2003). However, plants may regulate the
release of protease inhibitors (Pls) to control the activity of
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