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ABSTRACT

Chickpea (Cicer arietinum) is a valuable crop grown worldwide. It fixes atmospheric
nitrogen by establishing a symbiotic relationship with rhizobia and secretes organic acids
from its roots and green tissues that play a role in interactions with beneficial microbes, insect
herbivores, and pathogens. As chickpea is nodulated with diverse Mesorhizobium species,
genetic factors related to both rhizobia and host plant, and environmental conditions are
likely to influence plant growth and defence, and chickpea-Mesorhizobium symbiosis. The
primary objective of this thesis is to investigate the effects of genetic and environmental
factors, and their interactions, on plant traits related to growth, nitrogen fixation and

responses to herbivory.

A guantitative review was conducted using published data to investigate the effect of
environmental factors, particularly drought, on legume growth, nitrogen fixation and its
related traits in the light of a hierarchy of phenotypic plasticity. Drought reduced total
nitrogen fixation and average nodule mass more severely than plant shoot mass and elicited a
hierarchy of plasticities whereby number of nodules per plant varied substantially, and

average nodule mass and nitrogen fixation per unit nodule mass were relatively conserved.

Four experiments were carried out in a glasshouse, with specific objectives converging to the
primary objective. The objective of experiment 1 was to investigate the interaction between
plant variety, Mesorhizobium strain, and environment, and their effects on plant growth and
nitrogen fixation and its related traits, from the perspective of phenotypic plasticity.
Experiment 2 investigated the effects of rhizobia on the growth dynamic of chickpea
varieties, nodulation and bacteroid morphology under different water regimes. Experiment 3
and 4 investigated the effects of drought and herbivory on chickpea growth and defence and

explored the trade-offs between exudation of organic acids and growth.



Experiment 1. The phenotypic plasticity of chickpea varieties and mesorhizobia strains was
quantified in an experiment combining factorially five chickpea varieties, seven
Mesorhizobium strains and three photothermal regimes. Phenotypic plasticity was quantified
for shoot dry weight, nodule dry weight, nodules per plant, nodule colour, symbiotic
efficiency, and nitrogen cost. The working hypotheses were that there is a hierarchy of
plasticities between plant growth and nitrogen fixation traits, and the plasticity of these traits
depends on the genetic variation in both partners. Phenotypic plasticity of nodules per plant
was higher than the plasticity of shoot dry weight, verifying a hierarchy of plasticities
between these traits. The variation in phenotypic plasticity for shoot dry weight and nitrogen

fixing traits was larger among strains than among varieties.

Experiment 2. The effects of rhizobia on the growth of chickpea varieties, nodulation and
bacteroid morphology were investigated in a factorial combining four varieties, four nitrogen
sources including two Mesorhizobium strains, and two un-inoculated controls (nitrogen
fertilised and un-fertilised), and two water regimes, well-watered and droughted. Shoot
growth rate showed temporal variations in response to strain CC1192 under well-watered and
drought conditions. Across sources of variation, leaf exudates varied 3.4-fold, total plant
biomass 3.0-fold, nodules per plant 3.9-fold, nodule dry weight 3.0-fold, symbiotic efficiency
1.5-fold, bacteroid size 1.4-fold and amount of polyhydroxybutyrate 1.4-fold. Plant biomass
was negatively correlated with bacteroid size and the amount of polyhydroxybutyrate under
well-watered conditions. Symbiotic efficiency was negatively correlated with both bacteroid

size and the amount of polyhydroxybutyrate under drought.

Experiment 3 and 4. Experiment 3 was a factorial including twelve chickpea varieties and
three water regimes to investigate the effects of variety and drought, and their interaction, on
plant growth and exudation of organic acids. In experiment 4, six chickpea varieties, two

water regimes, and two herbivory treatments were used, with plants challenged with



Helicoverpa armigera larvae or as untreated controls. Drought decreased, and herbivory
increased, the amount of leaf exudates. Water regime modulated the response of leaf exudates
to herbivory, potentially leading to change in chickpea-herbivore interaction. Leaf damage,
and survival and size of H. armigera larvae were larger in water-stressed plants and
correlated negatively with the leaf exudates in both water regimes. There was no trade-off
between exudates and growth traits in most cases; a weak trade-off was apparent under water

stress, suggesting a trade-off between growth and defence contingent on water availability.

All experiments were conducted meticulously under controlled conditions using small pots.
Therefore, the results cannot be extrapolated to field environments but may provide some
fruitful avenues of research to pursue. This study, therefore, lays the groundwork for future
research, which is imperative in the improvement of chickpea productivity for sustainable

agriculture.
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CHAPTER 1: Introduction

1.1 Introduction

Chickpea (Cicer arietinum) is cultivated extensively and is recognised as a valuable crop
worldwide. Chickpea fixes atmospheric nitrogen into available form by establishing
symbiotic relationship with several Mesorhizobium species (Giller 2001). It responds to
beneficial microbes, pests and pathogens by secreting organic acids from roots (Veneklaas et

al. 2003) and green tissues (Toker et al., 2004).

Genetic factors associated with both rhizobia and host plant, as well as environmental
conditions and their interactions, can affect plant growth and defence, and the chickpea -
Mesorhizobium symbiosis. The ability of rhizobial strains to nodulate and fix atmospheric
nitrogen can vary with chickpea variety (Gunnabo et al., 2020). Similarly, plant growth,
nodulation and symbiotic effectiveness can vary among chickpea varieties inoculated with a
single strain, and between rhizobia species on the same plant variety (Biabani et al., 2011).
The genetic variation in both rhizobial strain and plant variety influence the ability of host—
rhizobia symbiosis to fix nitrogen, improve plant growth, and potentially influence the plant's

defence.

Environmental factors such as drought, temperature, light and herbivory have both direct or
indirect effects on plant growth, plant defence, nodulation and nitrogen fixation (Molina et
al., 2008; Devi et al., 2013; Ashrafi et al., 2018; Chrigui et al., 2020; Nandanwar et al., 2020).
Drought poses a challenge to chickpea in dry farming areas that affect different stages of
development, leading to a significant reduction in growth (Magbool et al., 2017). Several
rhizobial strains have potential to improve plant growth and productivity under drought
(Dimkpa et al., 2009). Pod borer (Helicoverpa armigera) is a well-known polyphagous insect

that causes an estimated loss of US $328 million in chickpea (Sharma, 2005). In response to



the threat posed by aphids (Aphis craccivora and Acyrthosiphon pisum), semilooper
(Autographa nigrisigna), leaf miner (Liriomyza cicerina) and pod borer (Helicoverpa
armigera), chickpea secretes organic acids from leaves, leaflets, stems, and pods as a

mechanism of defence (Cikman et al., 2008; Toker et al., 2010; Manjunatha et al., 2022).

Genetic factors and prevailing environmental conditions limit nodulation and nitrogen
fixation (outlined in chapters 2, 3 and 4) and impact plant growth and defence (outlined in
chapter 5). This thesis focuses on genetic and environmental modulation of growth, defence

and nitrogen fixation in chickpea.

1.2. Aims and hypotheses

Previous research has predominantly focused on investigating the influence of variety, strain
and environmental factors, and their interaction on plant growth, plant defence, nitrogen
fixation and its related traits in cowpea, chickpea, common bean and soybean (Yusuf et al.
2008; Zhang et al., 2014; Agoyi et al., 2017; Argaw and Muleta, 2018). Despite this, there are
gaps in our current understanding of interaction between variety, Mesorhizobium strain, and
environmental factors in relation to phenotypic plasticity, growth dynamics, bacteroid
morphology, plant defence, and the trade-off between growth and defence in chickpea. These
gaps need to be addressed to provide better insights into the effects of genetic and
environmental factors to improve the growth, defence and chickpea — Mesorhizobium
symbiosis. Therefore, this thesis aims to investigate the genetic and environmental factors
that modulate plant growth and defence, and the chickpea-Mesorhizobium symbiosis. The
working hypotheses that guide this study are developed and formulated in the subsequent

chapters.



Each chapter in this thesis has an individual focus aimed at contributing to the overall
objective of investigating how genetic and environmental factors modulate plant growth and

defence, and the chickpea — Mesorhizobium symbiosis (Fig.1).

e Chapter 2: A meta-analysis of published data investigating the hierarchy of plasticities in
legume growth and nitrogen fixation traits under drought, providing context for the
experimental studies conducted as part of this thesis.

e Chapter 3: Investigates the interactions between chickpea variety, Mesorhizobium strain,
and environment, on plant growth and nitrogen fixation from the perspective of
phenotypic plasticity.

e Chapter 4: Identifies the effects of rhizobia on the growth dynamic of chickpea varieties,
nodulation and bacteroid morphology under different water regimes.

e Chapter 5: Investigates the effects of drought and herbivory on chickpea growth and
defence, and explore the trade-off between exudation of organic acids and growth.

e Chapter 6: Provides a discussion of the findings of this study, and directions for future

research.
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How Do Genetic and Environmental Factors Modulate Plant Growth and Defence, in the

Chickpea - Mesorhizobium Symbiosis?

Chapter 1. General introduction

!

Chapter 2. How does drought affect the number, size, and activity of nodules and nitrogen fixation
in legumes?

Chapter 3. How does the interaction Chapter 4. How does rhizobia affect the
between variety, strain and photothermal growth dynamic, nodulation and bacteroid
regime influence the phenotypic plasticity morphology of different chickpea varieties
of chickpea growth, nodulation, and under different water regimes?

nitrogen fixation?

Chapter 5. How does drought and herbivory interact to influence the chickpea growth and
defence, and how does water availability modulate this response?

Chapter 6. General discussion and conclusion

Fig. 1. Thesis structure illustrating the connection among research questions explored in the
experimental chapters.
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ARTICLE INFO ABSTRACT

Keywords: Drought affects the growth of legumes directly, and indirectly, by reducing total nitrogen fixation. Here, we
Amid{ compiled published data to compare the sensitivity to water deficit on plant growth and total nitrogen fixation
Plasticity traits, i.e., the number of nodules per plant, average nodule mass, and nitrogen fixation per unit nodule mass.
:;“me;c:;;ze Hierarchies of phenotypic plasticity have been established for seeds and organelles, whereby variation in number
Trade-off associates with conserved size. By analogy, our first hypothesis is that there is a hierarchy of plasticities between
Ureide nitrogen fixation traits. Our second hypothesis is that determinate nodules are more sensitive to water deficit

than their indeterminate counterparts, because the latter can reactivate meristems when water becomes avail-
able. In our sample, onset of stress treatment averaged 28 d after sowing; median duration of stress was 12 d; and
intensity of stress (ratio of shoot biomass between stressed and control) averaged 0.65. These drought conditions
(i) reduced total nitrogen fixation and average nodule mass more severely than plant shoot mass, (ii) elicited a
hierarchy of plasticities whereby number of nodules per plant varied substantially, and average nodule mass and
nitrogen fixation per unit nodule mass were relatively conserved, and (iii) affected more severely Milletioids
(determinate, ureide exporting nodules) than their IRLC counterparts (indeterminate, amide exporting nodules).

1. Introduction

Borrowing from Milne Edwards, Darwin (1859) wrote “nature is
prodigal in variety, but niggard in innovation™. Diazotrophy, the ca-
pacity to fix atmospheric nitrogen, evolved in prokaryotes around 1.5 to
2.2 Bya and plants tapped profusely on this innovation, with
legume-rhizobia symbiosis appearing 55 to 60 Mya (Coba de la Pena
et al., 2018). Legumes (Leguminosae) have spread to become the third
largest flowering plant family, with ecological and economic importance
particularly at higher latitudes (Sprent et al., 2017). Agronomically,
grain and forage legumes contribute nitrogen fixation in association
with rhizobia, diversify crop rotations, and are an important source of
protein for animals and humans (Voisin et al., 2014; Andrews and
Andrews, 2017). Despite its importance, nitrogen fixation is the most
uncertain component of the nitrogen balance in agroecosystems (Zhang
et al., 2021). Drought is a major constraint of crop yield worldwide
(Stewart and Lal, 2018), and is projected to increase in frequency and
severity with climate change in some regions (Shukla et al., 2019);
hence, we focus on the effects of water deficit on nitrogen fixation in this

* Corresponding authors.

paper.

The effects of drought on nitrogen fixation vary (at least quantita-
tively) with plant genotype, rhizobial genotype, and their interaction
(Brockwell and Hely, 1966; Israel et al., 1986; Hafeez et al., 2000;
Esfahani and Mostajeran, 2011; Duc et al., 2015). Other factors such as
nutrient availability and temperature further modulate the responses of
nodulation and nitrogen fixation to water deficit (Bonetti et al., 1984;
Wahab and Abd-Alla, 1995; Sangakkara et al., 1996; Frechilla et al.,
2000; Younis, 2010; Sadras et al.,, 2016; Jemo et al.,, 2017;
Pérez-Fernandez et al., 2019).

Nitrogen fixation can be insufficient to sustain high grain yield in
soybean and common bean (Martinez-Romero, 2003; Salvagiotti et al.,
2009; Cafaro et al., 2020), partly because it is energetically costly
(Kaschuk et al., 2009; Tamagno et al., 2018). As an indication of this
cost, nitrogen-fertilised soybean out-yielded their nitrogen-fixing
counterparts by 8% under irrigation and by 17% under water deficit
(Ray et al., 2006). Direct selection for nitrogen fixation increased yield
of water-stressed soybean but a trade-off between nitrogen fixation and
yield was apparent under high yielding conditions (Sinclair et al., 2007).

E-mail addresses: yi.zhou@adelaide.edu.au (Y. Zhou), matthew.denton@adelaide.edu.au (M.D. Denton).
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Anumber of plant processes underlie the response of nitrogen fixation to
water deficit, including nodule formation and senescence, oxygen
diffusion in the nodule, activity of key plant enzymes such as phos-
phoenolpyrovate carboxylase and malate dehydrogenase, carbon limi-
tation and nitrogen-feedback (Durand et al., 1987; Larrainzar et al.,
2009; Sulieman et al., 2010; Arrese-Igor et al., 2011; Castaneda et al.,
2018; Nazari et al., 2019). Furthermore, rhizobia vary in efficiency, i.e.,
the amount of N fixed per plant-supplied C consumed. Hoarding of C by
rhizobia to support their future reproduction can contribute to these
differences (Oono et al., 2020).

Total nitrogen fixed per plant (TNF) up to time of sampling, t = s, is
the cumulative product of three traits:

TNF=ZNP0NM-NF 1)

=0

where NP is number of nodules per plant, NM is average nodule mass,
and NF is average nitrogen fixation per unit nodule mass. The relative
variation of these traits can be interpreted in the light of a hierarchy of
phenotypic plasticities, as predicted by Bradshaw (1965): “.in the evo-
lution of processes maximizing fitness a variety of different solutions
may be developed in different plants. The essential common character of
all such solutions will be that some characters of the plant will for
various reasons be held constant, whereas others will be permitted to
vary, and therefore show high plasticity. Characters which are held
constant can be properly said to show homeostasis or canalization. For
such constancy can be considered to be at least in part the outcome of
the plasticity of the other characters.”

The interplay between variable seed number and conserved seed size
in annuals is a prime example of such hierarchy of plasticities (Bona-
parte and Brawn, 1975; Sadras and Slafer, 2012). Conserved seed size
results from mother-offspring conflict and stabilising natural selection
reinforced by agronomic selection (Smith and Fretwell, 1974; De-Jong
et al., 2005; Sadras, 2007, 2021; Sadras and Denison, 2009). Similarly,
the number of mitochondria and chloroplasts scale with cell size,
whereas the average size of organelles is conserved (Okie et al., 2016).
By analogy, here we advance hypothesis 1: drought would elicit a hi-
erarchy between nitrogen fixation traits (Eq. 1). However, the actual
hierarchy would depend on the timing, intensity and duration of water
stress, and the relative speed of response of each trait. For example, early
drought could reduce nodule initiation and final nodule number. Once
nodule number has peaked, responses to drought are constrained to
mass per nodule and fixation per unit nodule mass, except for severe
drought that can hasten nodule senescence and further reduce nodule
number. Further, slow processes underly variation in nodule number
and size relative to modulating the activity of an existing nodule.

Inherent variation in efficiency among rhizobial strains has addi-
tional implications for plastic responses to drought or other factors. A
plant’s first chance to assess a nodule’s N-fixation rate or efficiency
comes a week or more after the nodule first forms. A cohort of nodules,
initiated over a few days, will later be found to differ in N fixation per
nodule mass or per C consumed. Plants then tend to discriminate among
those nodules, growing more-beneficial nodules faster (Kiers et al.,
2006). If a plant initiates a new cohort of nodules, some may turn out to
be more efficient than some of the older nodules, but the plant cannot
instantly grow those more-efficient nodules large enough to meet its
entire nitrogen demand. There must also be some constraints on
increasing the size of established nodules or their rate of nitrogen fixa-
tion per mass.

As drought develops, however, the plant may benefit from
decreasing the total C cost of nitrogen fixation by senescing the least-
efficient nodules. The more nodules a plant has, the greater chance of
variation in N-fixation efficiency. Thus, early over-production of nod-
ules increases flexibility later. A model of soil-N effects on evolution of
legume-rhizobia symbiosis predicted that, as soil N supply increases,
plants would tend to senesce more nodules: those with a higher C-per-N
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cost than soil N uptake by roots. However, an earlier tendency to make
fewer nodules in high-N soil could exactly balance this by giving the
plant less nodule variation to choose among, but this model did not
explore timing issues in detail (West et al., 2002). Later cohorts of
nodules and senescence of less-beneficial nodules under drought could
raise some doubts about the number-then-size-then-activity proposition
above.

Determinate nodules usually export reduced nitrogen as ureides
(Glycine max, Vigna unguiculata, Phaseolus vulgaris, Lablab purpureus) and
indeterminate nodules usually export reduced nitrogen as amides
(Medicago sativa, Cicer arietinum, Vicia faba, Pisum sativum, Medicago
truncatula) (Tegeder and Masclaux-Daubresse, 2018). Arachis hypogaea
and Stylosanthes hamata are exceptions with determinate nodules that
export amides. These two related species also differ from other species
with determinate nodules in that they cause rhizobia cells to swell as
they differentiate into the N-fixing, bacteroid form (Oocno et al., 2010),
making the bacteroids non-reproductive but increasing their N-per-C
efficiency (Oono and Denison, 2010). This greater efficiency could
favour plants that continue supporting nodules during drought, relative
to nodules with less-efficient reproductive bacteroids. Our hypothesis 2
is that determinate nodules are more sensitive to water deficit than their
indeterminate counterparts because the persistent meristem may allow
for re-activation of nodule function after the release of stress (Engin and
Sprent, 1973; Serraj et al., 1999). However, the lack of a persistent
meristem did not preclude the recovery of mature soybean nodules after
the release of salt stress (James et al., 1993). Direct comparisons are
lacking to assess the sensitivity to drought of different nodule types.

Using data from the literature, our aims were to (1) probe for hier-
archies in phenotypic plasticity of plant growth, nitrogen fixation and its
components (Eq. 1) in response to water deficit, and (2) compare the
response of nitrogen fixation to water deficit in plants with different
nodule types, namely amide exporters with indeterminate nodules and
ureide exporters with determinate nodules.

2. Method
2.1. Data sources

We searched articles published between January 2000 and
December 2021 using Web of Science and Scopus. Search keywords
included (legume) AND (symbio* OR nodul*) AND (drought OR water
deficit OR water stress). Data were extracted from tables or digitized
from figures with WebPlot Digitizer (https://automeris.io/WebPlotDi-
gitizer/). We focused on four traits that are relevant to plants and
rhizobia, including shoot dry biomass, nodule dry biomass, nodule
number per plant and total nitrogen fixation. Nitrogen fixation was
estimated with different methods, most commonly acetylene reduction
assay, apparent nitrogenase activity through Hj evolution, total N dif-
ference as % N in fixing and non-fixing plants, and '°N substrate by
isotope dilution. Soper et al. (2021) reviewed the technical advantages
and disadvantages of these methods, protocols to capture the temporal
and spatial variation in biological nitrogen fixation, and the scaling from
point measurement to ecologically relevant scale.

We excluded studies where plants were not inoculated with specific
symbiotic rhizobia. We retrieved 53 papers that satisfied our inclusion
criteria (Table 1). Some studies reported problems with acetylene
reduction assay related to an acetylene-induced decline in nitrogenase
activity over the time (Minchin et al., 1983). Our data sample showed no
bias in total nitrogen fixation or drought effect associated with method
to measure nitrogen fixation, incubation period, or follow systems in the
acetylene reduction assay (Fig S1).

2.2. Phylogenetic analysis

Molecular sequences of genes previously used to construct legume
phylogenies, matK and 5.8 S rRNA (Wojciechowski et al., 2004; Oono
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Table 1
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Legume clade and species; nodule type; rhizobia species, strain, and bacteroid type; onset (days after sowing) and duration (days) of water deficit; number of ob-

servations (N); and traits analyzed. Nodule type: I, indeterminate; D, determinate; U, ureide exporter; A, amide exporter. Bacteroid is S, swollen or N, non-swollen.

Traits are SM, shoot dry mass; NM, total nodule dry mass; NP, number of nodules per plant; TNF, total nitrogen fixation. Methods to measure TNF are (1) acety-
lene reduction assay; (2) apparent nitrogenase activity measured as Hy evolution; (3) total N difference as % N in the fixing and non-fixing plants, and (4) 15N substrate

by isotope dilution method.

Clade and species  Nodule Rhizobia species Strain Bacteroid Onset Dur. N  Trait Reference
type
I/ u/
D A
Millettioids
Phaseolus vulgaris D U Rhizobium. etli CE3 wt N 21 15 2 SM, TNF® Chiozzotto et al. (2018)
D u R. leguminosarum Biovar phaseoli 28 18 6  SM, NM, TNF Fenta et al. (2014)
D U unreported unreported 15 45 2 SM, NM, NP, Ashraf and Iram (2005)
TN-F(Z)
D U Rhizobium sp. NGR234 25 20 1 sm, TNFV Zacarias et al. (2004)
D u R. tropici, CIAT899, 45 8 3 SM, NP, TNF" Mhadhbi et al. (2011)
Ensifer meliloti & 4H41 &
R. edi MalA32
D U R. tropici CIAT 899 18 12 2 SM, NM Sassi et al. (2010)
D U R. tropici & CIAT 899 & DSM 36 30 15 4 SM, NM, NP Figueiredo et al. (2008)
P. polymyxa
D u R. leguminosarum & BR 353 & 24 8 4 SM, NP, TNF! Ramos et al. (2003)
R. tropici BR 322
D U R. leguminosarum ISP 14 28 7 8  SM, NM, TNF® Coleto et al. (2014)
D u R. tropici & CIAT899 & - 20 4 SM, NM, NP Tajini et al. (2012)
R. etli 12a3
Vigna unguiculata D u Bradyrhizobium sp. BR-3256 N 28 4 1 SM, NM, TNF® Silveira et al. (2001)
Lablab purpureus D u Rhizobium sp. Strain 14 N 21 21 8  NM, NP, TNF® Abdel-Wahab et al. (2002)
Glycine max D U B. japonicum USDA110 N 17 10 2 SM, NM, TNF® Silvente et al. (2012)
D U Sinorhizobium fredii & ~ SMH12 & 21 9 4 SM, NM, NP Kibido et al. (2020)
B. diazoefficiens WB74-1
D u B. japonicum WB74-1 21 18 3 SM, NM, NP, Fenta et al. (2012)
TNF(I)
D U B. japonicum USDA 110 35 10 1 SM, NM, TNF® Porcel et al. (2003)
D U B. japonicum USDA 110 35 10 1 SM, NM, TNF® Ruiz-Lozano et al. (2001)
D u B. japonicum USDA 438 56 28 1 SM, NM, TNF® Streeter (2003)
D u B. japonicum WB 74 42 4 3 NM, NP Cilliers e 2018)
D u B. japonicum UPM792 42 6 2 TNF® Ladrera et al. (2007)
D U B. japonicum USDA110 42 8 3 TNF® Clement et al. (2008)
D U B. japonicum UPM752 42 7 3 TNF® Gil-Quintana et al. (2013)
D U B. japonicum 532C 7 15 1 NM, NP, TNF® Prudent et al. (2016a)
D U B. japonicum 532C 7 16 1 SM, NM, NP, Prudent et al. (2015)
TNF(Z)
IRLC
Medicago sativa 1 A E. meliloti 102F34 S 62 15 2 SM, NM, TNF® Soba et al. (2019)
I A S. meliloti 102F78 66 8 1 SM,NP Molero et al. (2019)
1 A S. meliloti Rm1021 10 28 6  SM, NM, NP Mouradi et al. (2016)
1 A E. meliloti 1021 & 28 6 2 sM, TNFV Defez et al. (2017)
RD64
Cicer arietinum 1 A Mesorhizobium ciceri C15& N 28 15 6 SM, NM, NP, Esfahani and Mostajeran
CP-36 TNF® (2011)
1 A M. ciceri Ch-191 30 3 1 NM, TNF? (Nasr-Esfahani et al., 2014)
1 A B. japonicum TAL 620, 21 7 3 SM, NP Bano et al. (2010)
Thal-8 &
Dulawala
1 A M. mediterraneum UPM-Ca36 30 60 2 SM, NP Oliveira et al. (2017)
1 A M. ciceri CP41 50 7 4 SM, NM, NP Abdela et al. (2020)
Vicia faba 1 A R. leguminosarum Fb41 S 20 30 3 SM, NM Kabbadj et al. (2017)
I A R. leguminosarum ‘WSM1455 10 60 2 SM, NM, NP, Parvin et al. (2020)
TNF(‘”
I A unreported unreported 14 28 2 SM, NP, TNF® Al-Amri (2019)
Medicago 1 A E. meliloti ICMP 19861 S 30 14 1 SM, NP, TNF" Dhanushkodi et al. (2018)
truncatula 1 A E. meliloti 2011 70 6 1 TNF? Larrainzar et al. (2014)
1 A S. meliloti 2011 70 6 1 TNF® Larrainzar et al. (2007)
1 A M. loti & MAFF303099 56 6 2 TNF?V Sariko-Sawczenko et al. (2019)
S. meliloti & Rm1021
I A S. meliloti 1021 7 7 5  NM, NP, TNF Li et al. (2018)
1 A S. meliloti RCR2011 7 - 6 SM, NM, NP, Mhadhbi et al. (2009)
& TH7 TNF®
Pisum sativum 1 A R. leguminosarum NLV 8 s 21 9 1 SM, NM, TNF® Gonzalez et al. (2001)
1 A R. leguminosarum NLV8 28 7 1 TNF® Irar et al. (2014)
1 A R. leguminosarum NLV8 28 12 1 TNF® Marino et al. (2007)
1 A R. leguminosarum NLV8 32 4 2 SM, NM, TNF® Marino et al. (2006)
1 A R. leguminosarum NLV8 28 4 4 TNF? Aldasoro et al. (2019)
1 A R. leguminosarum P221 14 14 6 Prudent et al. (2016b)

(continued on next page)
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Table 1 (continued)
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Clade and species  Nodule Rhizobia species Strain Bacteroid Onset Dur. N  Trait Reference
type
1/ u/
D A
SM, NM, NP,
TNF®
1 A R. leguminosarum P221 14 13 2 SM, NM, NP, Couchoud et al. (2020)
TNE@
1 A R. leguminosarum 1066 S 3 45 2 SM, NP, TNF®@ Belimov et al. (2019)
Dalbergioids s. 1.
Arachis hypogaea D A Bradyrhizobium sp. SEMIA6144 S 30 14 2 SM, NM, NP, Furlan et al. (2017)
TNE®
D A Bradyrhizobium sp. SEMIA6144 30 14 1 TNF? Furlan et al. (2014)
Stylosanthes D A Bradyrhizobium sp. ISRA 97 S 40 14 4 TNFW Woldeyohannes et al. (2007)
hamata & ISRA 674

and Denison, 2010), were downloaded from NCBI database. Sequences
were concatenated and aligned in MEGA 7 software. The maximum
likelihood method based on the substitution model General Time
Reversible with Gamma Distribution was used to construct phylogenetic
tree. The robustness of tree topology was calculated from bootstrap
analysis with 1000 replications and genes similarity was estimated using
Kimura 2 model.

2.3. Test of hypotheses

Traits were normalised as the ratio between actual and maximum in

the experiment to account for differences among species and other
sources of variation (Divito and Sadras, 2014). Hierarchies of pheno-
typic plasticities (hypothesis 1) were visualized in pair-wise scatterplots
of traits against the y = x line representing the null-hypothesis of no
difference in the response to water deficit between traits, and assessed
statistically with t-tests (Divito and Sadras, 2014). To compare the
ureide transporters with determinate nodules and amide transporters
with indeterminate nodules (hypothesis 2), we calculated the log. of the
response ratio as the effect size for each group (Hedges et al., 1999;
Shakoor et al., 2021) with “OpenMEE meta-analysis™ software. The
whole data set was used to test hypothesis 1 across species. Arachis
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70 g
100 Vigna unguiculata ex &
2
100 Lablab purpureus e x g
88| — Glycine max e x o
Arachis hypogaea o x g
100 “g.
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S . .U)
- Vicia faba o« =
—— Pisum sativum o«
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Fig. 1. Phylogeny of legume species sampled in this study, based on matK and 5.8 S rRNA gene sequences. Clades are Milletioids, Dalbergioids s. 1, IRLC and

Robinioids. Symbols are: indeterminate nodule (infinity symbol); determinate

nodule (cross); amide exporter (open circle); ureide exporter (closed circle).
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hypogaea and Stylosanthes hamata were excluded from the test of hy-
pothesis 2 for two reasons: they comprised a small sample and are amide
exporters with determinate nodules (Table 1, Fig. 1).

We report p as a continuous quantity, and Shannon information
transform [s = -log, (p)] as a measure of the information against the
tested hypothesis (Greenland, 2019), Although s is a function of p, the
additional information provided is not redundant. With base-2 log, the
units for measuring this information are bits (binary digits). For
example, the chance of seeing all heads in 4 tosses of a fair coin is
1/24 = 0.0625. Thus, p = 0.05 conveys only s = —log»(0.05) = 4.3 bits
of information, “which is hardly more surprising than seeing all heads in
4 fair tosses” (Greenland, 2019).

3. Results
3.1. Overview

Table 1 and Fig. 1 summarise the studies retrieved in our search.
Three clades IRLC, Milletioids and Dalbergioids s.l. represented 48%,
47% and 5% of the sample, respectively. The main species were common
bean, Phaseolus vulgaris (25%); soybean, Glycine max (17%); and pea,
Pisum sativum (13%). Other species sampled were cowpea, Vigna
unguiculata; lablab bean, Lablab purpureus; alfalfa, Medicago sativa;
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chickpea, Cicer arietinum; faba bean, Vicia faba; barrel clover, Medicago
truncatula; peanut, Arachis hypogaea; and Caribbean stylo, Stylosanthes
hamata. The main rhizobia species were Rhizobium spp. (45%) and
Bradyrhizobium spp. (22%). The main methods used to measure nitrogen
fixation were acetylene reduction assay (36%) and apparent nitrogenase
activity (25%). The effects of drought depend on the timing, duration
and intensity of stress. In most cases (89%), water deficit was applied at
vegetative stages, with an average onset of treatment at 28 days after
sowing. The median duration of stress treatment was 12 d. The intensity
of stress, quantified as trait ratio between stressed and unstressed con-
trols, averaged 0.65 for shoot biomass and 0.51 for total nitrogen fixa-
tion (next section).

3.2. Hypothesis 1: a hierarchy of plasticities in plant and nodule traits in
response to water deficit

Total nodule mass and total nitrogen fixation were more sensitive to
water deficit than shoot mass (Fig. 2). The average (+s.e.) stress-to-
control ratio of 0.65+ 0.02 for shoot mass compared with 0.57
+ 0.02 for total nodule mass and 0.51 =+ 0.03 for total nitrogen fixation.
Nodule number per plant, with average ratio of 0.63 + 0.02, was more
sensitive to water deficit than both average nodule mass with average
ratio 0.98 & 0.05, and nitrogen fixation per unit nodule mass with
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Fig. 2. Comparison of (a, b) nodule mass and shoot mass (n = 83), and (c, d) nitrogen fixation and shoot mass (n = 68) in response to water deficit. Traits are
expressed as ratios of water deficit and well-watered treatments. In (a, c), the y = x line is the null hypothesis of traits with similar response to water deficit. In (b, d),
ratios close to 1 indicate less sensitivity to water deficit; p and s are from paired t-test. In box plots, red lines are means, lines are 25th, 50th and 75th percentiles,

whiskers are 10th and 90th percentiles and dots are 5th and 95th percentiles.
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average ratio 0.88 & 0.04 (Fig. 3a-d). Average nodule mass (ratio =

0.86 + 0.04) and nitrogen fixation per unit nodule mass (ratio = 0.90
=+ 0.05) had similar sensitivity to water deficit (Fig. 3e-f).

N fixation per nodule mass Average nodule mass

N fixation per nodule mass
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3.3. Hypothesis 2: clade-dependent effects of water deficit on shoot mass,
total nitrogen fixation and its components

In our sample, ureide transporters with determinate nodules were all
in the Millettioid clade, and amide transporters with indeterminate
nodules were all in the IRLC clade (Fig. 1). We thus refer to the clades to
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Fig. 3. Comparison of (a, b) average nodule mass and nodule number per plant (n = 64), (c, d) nitrogen fixation per nodule mass and nodule number per plant
(n = 44), and (e, f) nitrogen fixation per nodule mass and average nodule mass (n = 44) in response to water deficit. Traits are expressed as ratios of water deficit and
well-watered treatments. In (a, ¢), the y = x line is the null hypothesis of traits with similar response to water deficit. In (b, d), ratios close to 1 indicate less sensitivity
to water deficit; p and s are from paired t-test. In box plots, red lines are means, lines are 25th, 50th and 75th percentiles, whiskers are 10th and 90th percentiles and
dots are 5th and 95th percentiles.
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account for nodule type and metabolism in the following analysis. Fig. 4
compares the clade-dependent effect of water deficit on shoot mass, total
nitrogen fixation and its components. Water deficit reduced shoot mass
by 46% in the Millettioids compared with 32% in their IRLC counter-
parts (p < 0.05, s > 4.3). Water deficit reduced total nitrogen fixation by
62% in the Millettioids compared with 34% in their IRLC counterparts
(p < 0.001, s > 9.9). The difference in total nitrogen fixation between
clades was primarily related to the number of nodules per plant under
stress, which was 57% of controls in Millettioids and 25% of controls in
IRLC (p < 0.001, s > 9.9). The effect of water deficit on average nodule
mass did not vary between clades (p = 0.132, s = 2.9). Water deficit
slightly depressed nitrogen fixation per unit nodule mass in Millettioids
and slightly increased nitrogen fixation per unit nodule mass in IRLC
(p < 0.001, s > 9.9).

4. Discussion

4.1. A hierarchy of plasticities between plant growth and nodule traits in
response to water deficit

Water deficit reduced total nitrogen fixation and nodule mass more
severely than shoot mass. A similar hierarchy of plasticities was found
for deficit of phosphorus, sulfur or potassium that reduced nodule mass
more severely than shoot mass in grain and forage legumes (Divito and
Sadras, 2014). This differential sensitivity is consistent with higher
antioxidant enzymatic activity (Aranjuelo et al., 2014; Mouradi et al.,
2018) and higher accumulation of sucrose and amino acids (Soba et al.,
2019) in the nodules compared with leaves in response to water deficit.
Nutrient availability can modulate the response of shoot growth and
nodulation to water deficit (Wahab and Abd-Alla, 1995; Frechilla et al.,
2000). Water stress reduced nodulation and nitrogen fixation of
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Fig. 4. Clade-dependent effects of water deficit on plant shoot mass and ni-
trogen fixation traits. Clades are Millettioids, ureide transporters with deter-
minate nodules (closed symbols) and IRLC, amide transporters with
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common bean and lablab more severely in potassium deficient plants
(Sangakkara et al., 1996; Younis, 2010). Phosphorus addition increased
shoot growth and decreased nodulation under water deficit but slightly
improved nitrogen fixation in cowpea, common bean and shrubby le-
gumes (Bonetti et al., 1984; Jemo et al., 2017; Pérez-Fernandez et al.,
2019). A comparison between alfalfa and tall fescue (Festuca arundinacea
Schreb.) showed a drought-driven nitrogen deficit partially accounted
for the effect of water deficit on shoot growth, irrespective of the source
of nitrogen, i.e., biological fixation in alfalfa and mineral soil nitrogen in
tall fescue (Kunrath et al., 2018). Irrespective of the physiological
mechanisms, legumes seem to halt energetically expensive nitrogen
fixation in response to water deficit (Ray et al., 2006; Sadras et al., 2016;
Jemo et al., 2017) and nutrient deficit (Divito and Sadras, 2014). This is
the opposite to the notion that maintenance of nitrogen fixation en-
hances crop yield under drought (Sinclair et al., 2007). Identifying the
drought scenarios where each strategy is superior solves this conflict
(Jordan and Miller, 1980; Schwinning and Ehleringer, 2001; Tardieu,
2012); for example, maintenance of nitrogen fixation might be superior
with intermittent drought, and accelerated nodule senescence may be
superior under terminal drought.

4.2. A hierarchy of plasticities between nodule number, and nodule mass
and activity in response to water deficit

Water deficit elicited a hierarchy in nitrogen fixation traits: water
stressed plants had fewer nodules than their well-watered counterparts
and largely maintained nodule mass and nitrogen fixation per unit
nodule mass. Fewer nodules in water-stressed plants may arise from
reduced initiation and development of nodules, increasing nodule
senescence or a combination, depending on the timing of stress. Most of
the studies in our sample established stress during early vegetative
growth, hence nodule initiation and development were more likely
sources of variation in nodule number. Our sample does not allow us to
evaluate the hypothesis that late-season drought enhances nodule
senescence more than cessation of nodule growth or reduced activity.

In comparison to the large change in nodule number per plant,
average nodule mass and nitrogen fixation per unit nodule mass were
conserved. In soybean inoculated with B. japonicum grown in a factorial
with two levels of radiation and two levels of soil nitrogen, nodule
number per plant was 0.02 at low light, high nitrogen and 22.6 at high
light, low nitrogen whereas average nodule mass varied from 1.3 to
5.1 mg (Lau et al., 2012). Although both traits were responsive, the
1128-fold variation in number compared with a 3.8-fold variation in
mass, consistent with our finding for responses to drought. Lau et al.
(2012) concluded that plants may reduce investment in symbionts as the
net benefit of association decrease, potentially limiting how far this
interaction shifts toward parasitism in low-light, high nutrient envi-
ronments. More broadly, the nature of the interaction between macro
and micro symbiont in the continuum from mutualism to parasitism is
context-dependent, that is, it depends on resource availability and the
presence of third organisms (Denison and Kiers, 2004; Lau et al., 2012;
Rogalski et al., 2021; Ueno et al., 2021). Interpretation of this contin-
uum with a model based on the traded resources, i.e., carbon and ni-
trogen in the legume-rhizobia system (Lau et al., 2012) is useful but
insufficient to capture the effects of drought where the notion of a single
limiting resource does not apply (Kunrath et al, 2018); this
carbon-nitrogen model fails to capture, for example, the direct effect of
nodule dehydration, independent of photosynthesis, on nodule nitro-
genase activity (Albrecht et al., 1984).

The apparent constancy of nitrogen fixation per unit nodule mass
could reflect a true adaptation, or be an artefact of the methods of
measuring nitrogen fixation. Another source of bias in our analysis is
that total nitrogen fixation at the time of sampling is the cumulative
product of the number of nodules per plant, average nodule mass, and
average nitrogen fixation per unit nodule mass (Eq. (1)). However, we
have taken the number of nodules and average nodule mass as a
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snapshot at sampling time that overlooks the evolution of these com-
ponents with plant ontogeny; few studies have focused on these dy-
namics (Gerson et al., 1978; Danso et al., 1990). Further bias could arise
from the use of averages if frequency distributions of nitrogen fixation
traits depart from normal.

With these caveats, our pair-wise comparisons of traits and meta-
analysis provide preliminary support of a hierarchy between nodule
number and size. This is a new number-size hierarchy in a list that in-
cludes seed yield components in annuals, whereby the plant accom-
modates environmental variation through seed number and seed size is
conserved (Bradshaw, 1965; Sadras, 2007, 2021; Gambin and Borras,
2010; Sadras and Slafer, 2012) and the scaling of the number of or-
ganelles with cell size compared to the relatively conserved organelle
size (Okie et al., 2016). The proximal causal link is particular for each of
the three systems, but a common theme is the preservation of size that
ensures functionality of the unit concerned - seed, organelle or nodule.
The legume-rhizobia symbiosome features organelle-like traits such as
the composite origin and differentiation of its membrane, the retarget-
ing of host cell proteins, and the host’s control of microsymbiont pro-
liferation, but lacks other traits needed to fully conform to the definition
of organelle, chiefly rhizobial genome reduction and gene transfer to the
nucleus of the host (Coba de la Pena et al., 2018). Adjustment of seed
number and of nodule number require plants to forecast growing con-
ditions in a process of pre-emptive acclimation (Aphalo and Sadras,
2022). For example, wheat regulates floret mortality and seed number at
flowering using photoperiod as a cue for seed fill conditions (Ghiglione
et al.,, 2008). In comparison to untreated controls, supplemental UVB
radiation reduced needle senescence and improved the ratio of variable
to maximum fluorescence (Fv/Fn), the apparent photon yield for oxygen
evolution and the photosynthetic capacity at 5% CO; in field-grown
droughted pine plants (Petropoulou et al., 1995). After this early
observation, empirical evidence reinforced the link between UV radia-
tion and adaptation to drought including morphological acclimation,
improved control of gas exchange and hydraulic sufficiency (Robson
et al., 2015). In Medicago truncatula, pre-exposure to solar UVB + UVA2
radiation suppressed the expression upon soil drying of most genes an-
notated as stress-related that were expressed in controls no pre-exposed
to solar UVB + UVA2 radiation (Yan, 2021). On this basis, a model has
been advanced that supports the role of UV-radiation-induced modula-
tion of ABA signalling influencing plant readiness to acclimate to
drought (Aphalo and Sadras, 2022). This model leads to the testable
hypothesis that legumes may use UV-radiation to modulate the
component traits of nitrogen fixation. UV-radiation influences the pro-
duction of plant flavonoids, which in turn modulate nodulation (Shio-
zaki et al., 1999). Associations between UV-radiation and nitrogen
fixation in diverse systems have mostly focused on harmful intensity of
UV-radiation (Solheim et al., 2002), in contrast to the
photo-morphogenetic effect typical of more realistic settings with nat-
ural sunlight (Yan et al., 2019).

4.3. Clade-dependent effect of water deficit on nitrogen fixation and its
components

Legumes predominantly export either amides or ureides from nod-
ules, and this trait is linked to nodule morphology (Table 1, Fig. 1).
Indeterminate nodules have persistent, elongated meristems and
spherical determinate nodules lack a persistent meristem. Peanut,
Caribbean stylo and Lotus spp. (Sprent and Platzmann, 2001) are ex-
ceptions, with determinate nodules that export amides. Legumes with
determinate nodules are predominately tropical and subtropical while
indeterminate nodules are more common in temperate species (Gage,
2004; Sprent et al., 2017).

Separation of nodule morphology and metabolism is not feasible in
our data set. Shoot mass, number of nodules and total nitrogen fixation
were more responsive to water deficit in the Millettioids (ureide ex-
porters, determinate nodules) than in IRLC legumes (amide exporters,
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indeterminate nodules). Plants have an abundance of reduced carbon
under water deficit (Muller et al., 2011), and this differential sensitivity
may correlate with more consumption of carbon for bacteroids in the
determinate nodules where bacteroids typically retain the ability to
reproduce, as opposed to those in indeterminate nodules (Denison,
2000). The indeterminate nodules of white clover (Trifolium repens)
recovered nodule activity on re-watering with both a renewed growth
from the indeterminate meristem and rehydration of the existing ni-
trogen fixing tissue (Engin and Sprent, 1973). In contrast, determinate
nodules had limited meristematic activity and appeared more sensitive
to soil drying, with low capacity for recovery (Venkateswarlu et al.,
1990; Serraj et al., 1999). The nitrogen-feedback inhibition of nodule
activity may differ between ureide and amide groups (Serraj et al.,
2001). Nitrogen from leaves is translocated within plants and reaches
nodules quickly in both the ureide transporter, common bean, and in the
amide-transporter, barrel clover (Fischinger et al., 2006; Sulieman et al.,
2010). Downregulation of nitrogenase activity associated with transport
of 15N from leaf to nodule was apparent in common bean (Fischinger
et al., 2006). However, the regulation of nodule function by negative
N-feedback mechanisms was absent in barrel clover, thereby chal-
lenging the role of the phloem mobile N-signal in the amide group
(Sulieman et al., 2020).

Established mechanisms converge to allow greater homeostasis of
nodule establishment, growth and function in the amide/indeterminate
group. A complex root-to-shoot and shoot-to-root signalling loop
autoregulates nodulation (Ferguson et al., 2019). Under this regulatory
system, the plant monitors nodulation, and balances nodule formation
with overall growth and development (Ferguson et al., 2019). Autor-
egulation reduces the speed of cortical cell divisions to restrict nodula-
tion at the early stages, depending on nodule type. This mechanism
inhibits nodulation in the determinate nodules through a major control
point after initiation of cortical cell division clusters (Mathews et al.,
1989). However, in indeterminate nodules, autoregulation acts at an
earlier stage such that nodulation-inhibited root zones are void of
cortical cell divisions (Caetano-Anollés and Gresshoff, 1991; Sagan and
Gresshoff, 1996). Water deficit induces ethylene in the rhizosphere and
the plant evolves a complex mechanism that prevents the use of
photo-assimilates for nodule development under stress (Ferguson et al.,
2010). Ethylene also plays a role in the switch between indeterminate
and determinate nodules in Sesbania rostrata (Fernandez-Lopez et al.,
1998).

5. Conclusion and directions for further research

Water deficit, primarily during vegetative growth, reduced total ni-
trogen fixation and nodule mass more severely than shoot mass, and
elicited a hierarchy in nitrogen fixation traits, whereby nodule number
was highly plastic and associated with conserved average nodule mass
and nitrogen fixation per unit nodule mass. Millettioids (ureide ex-
porters, determinate nodules) were more sensitive to water deficit than
in IRLC legumes (amide exporters, indeterminate nodules). Work is
needed to (a) quantify the dynamics of nitrogen fixation traits with plant
ontogeny in well-watered and droughted plants; (b) determine clade-
dependent frequency distribution of nitrogen fixation traits; averages
are a source of bias in putatively skewed distributions; (c) untangle the
influence of nodule morphology and mode of nitrogen exportation in
response to drought; intraspecific variation in host plant for swelling/
non-swelling bacteroids also needs attention as the trait is plant-
dependent; (d) explore pre-emptive acclimation to drought influencing
nitrogen fixation traits; the functional connections between UV-
radiation, flavonoids, ABA and ethylene are of interest; (e) advance
theory on the number-size hierarchy across biological systems to ac-
count for observations in nodules, seeds and organelles.
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Abstract

Chickpea establishes symbiotic relationships with several Mesorhizobium species and the
three-way interaction between chickpea variety, Mesorhizobium strain, and environment,
drives plant growth and nitrogen fixation. Here we quantify the phenotypic plasticity of
chickpea varieties and mesorhizobia strains in experiments including five varieties, nine
nitrogen sources including seven Mesorhizobium strains, and two uninoculated controls
(nitrogen fertilised and unfertilised), and three photothermal regimes with photosynthetic
photon flux density from 73 to 1021 umol m2 s, temperature from 21 °C to 30 °C, and
vapour pressure deficit from 0.76 to 1.29 kPa. We investigated phenotypic plasticity for six
traits: shoot dry weight, nodule dry weight, nodules per plant, nodule colour, symbiotic
efficiency, and nitrogen cost. We ask two questions. First, is there a hierarchy of phenotypic
plasticities between plant growth and nitrogen fixation traits? Second, how does strain-driven

plasticity compare with plant-driven plasticity for these traits? Across sources of variation,
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shoot dry weight varied 1.9-fold, nodule dry weight 7.7-fold, nodules per plant 5.7-fold,
nodule colour 7.0-fold, symbiotic efficiency 2.1-fold, and nitrogen cost 3.4-fold. Phenotypic
plasticity was larger for nodules per plant than for shoot dry weight, verifying a hierarchy of
plasticities between these traits. Strain-driven plasticity of plant growth and nitrogen fixation
traits was larger than variety-driven plasticity for our combination of varieties, strains and
photothermal environments. Our study provides insights on the phenotypic plasticity of the
legume-rhizobia interaction by considering the plants as part of the rhizobia environment and

vice versa.

Keywords: radiation, reaction norm, symbiosis, temperature

1. Introduction

Chickpea (Cicer arietinum) establishes symbiotic relationships with several
Mesorhizobium species (L6opez -Bellido et al. 2011; Greenlon et al. 2019) and the three-way
interaction between chickpea variety, Mesorhizobium strain, and environment, drives plant
growth, nitrogen fixation, and related traits. Mesorhizobium species carry symbiotic genes
that can be transferred between strains and potentially alter the symbiont’s host range
(Mousavi et al. 2016). The horizontal gene transfer drives diversity and shapes the
distribution of chickpea symbionts (Greenlon et al. 2019). Mesorhizobium strains vary from
highly symbiotically effective to entirely ineffective relative to commercial strains (Slattery
et al. 2001; Zaw et al., 2021). Variation in symbiotic effectiveness of strains allows for both
competition and selection processes; for example, the inoculation of effective strains can
compete with native populations of rhizobia and increase nodule number and shoot dry

weight of common bean and chickpea (Hungria et al., 2003; Tena et al., 2016).
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The ability of Mesorhizobium strains to nodulate and fix atmospheric nitrogen varies with
chickpea variety (Gunnabo et al. 2020). Similarly, nodulation and symbiotic effectiveness
varied among chickpea varieties inoculated with a single strain, and between rhizobia species
on the same variety (Biabani et al., 2011). The exchange of chemical signals between host
and rhizobia, and genetic compatibility contribute to the observed differences in nodulation
and symbiotic effectiveness (Hirsch and Fujishige 2012). Depending on the actual variation
of the partners in the symbiosis, variation in nitrogen fixation may be larger among plant

varieties (Hafeez et al., 2000) or among strains (Gunnabu et al., 2020; Rigg et al., 2021).

Nutrient availability, radiation, soil pH, and moisture affect nodulation and nitrogen fixation
(Martinez-Romero 2009; Divito and Sadras 2014; Igbal et al., 2022). The availability of
nutrients and radiation could limit the nodulation and nitrogen fixation of rhizobia in
common bean (Devi et al. 2013), soybean (Collino et al. 2015) and chickpea (Gebremariam
and Tesfay, 2021). Plants compensated for reduced photosynthesis by maintaining only half
the root nodule mass and nitrogen fixation activity under limited light (Nandanwar et al.,
2020). The effect of radiation and temperature on nodulation and nitrogen fixation depends
on the legume-rhizobial system. A reduction in radiation from 40 to 8 % of full sunlight
delayed nodule development and reduced nitrogen fixation in Pentaclethra macroloba
(Taylor and Menge, 2018). Temperature above 30 °C delayed nodule initiation and
development and reduced nitrogen fixation in temperate legumes, whereas temperature below
10 °C reduced symbiotic activity through a decrease in sugar utilisation in the nodules of
tropical legumes (Hungria & Kaschuk, 2014; Hansen, 2017). The nodulation ability of the
soybean-Bradyrhizobium japonicum system in the tropics was sensitive to temperature below

25 °C (Montanez et al., 1995).
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Phenotypic plasticity is the “amount by which the expressions of individual characteristics of
a genotype is changed by different environments” (Bradshaw, 1965). Phenotypic plasticity
varies with the genotype, trait and the environmental driver, and hierarchies of plasticities
have been established for related traits. For example, the high plasticity of seed number is
associated with the stability of seed size (Bradshaw, 1965; Sadras, 2007). Likewise, nodule
number is plastic in relation to the conserved nodule size in legumes grown under drought at
early developmental stages (Igbal et al. 2022). In some cases, the plasticity of traits is
unrelated or positively related, e.g., a positive relation between plasticity of yield and
plasticity of phenological and agronomic traits has been reported for grain crops and olive

trees (Sadras et al., 2009: Trentacoste et al., 2011).

In this paper, we designed a factorial experiment combining five chickpea varieties, nine
sources of rhizobia or nitrogen supply, and three photothermal regimes to address two
questions. First, is there a hierarchy of plasticities between plant growth and nitrogen fixation
traits? We expect a hierarchy whereby the plasticity of nitrogen fixation is larger than the
plasticity of plant growth as found in response to both nutrient and water deficit (Divito and
Sadras 2014; Igbal et al. 2022). Second, how does strain-driven plasticity compare with plant-
driven plasticity? We expect that the plasticity of plant growth and nitrogen fixation traits
would depend on the genetic variation of each partner but there is insufficient evidence to

predict.

2. Materials and Methods

2.1. Plants, strains and environments
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We established a factorial experiment combining five chickpea varieties, nine sources
of rhizobial inoculant or nitrogen supply, and three photothermal regimes with four
replications. Chickpea varieties were Sonali, Howzat, PBA HatTrick, PBA Slasher and PBA
Stricker with contrasting nitrogen fixation, and similar seed weight and phenology (Sadras et
al., 2016). PBA HatTrick was used as a reference commonly used to screen Mesorhizobium
strains (Zaw et al. 2021). The seed was obtained from Agriculture Victoria Research,
Australia. Nitrogen sources were seven Mesorhizobium strains and two uninoculated
controls: a positive control, fertilised with 0.5g KNO3 L™, and a negative control, with no
fertilisation. Strains were M036, M065, M067, M075, M078 and M082 selected based on
their diversity (Fig. S1) and their symbiotic performance with HatTrick (Zaw et al. 2021).
Additionally, we included CC1192, a commercial strain used for inoculant manufacture in
Australia (Bullard et al., 2005). The Mesorhizobium strains were sourced from a previous
study (Zaw et al. 2021) and grown in broth culture (yeast mannitol) in a rotatory shaker at

120 rpm for 48 h before inoculation of seedlings (Vincent, 1970).

Three glasshouse experiments were conducted in early spring (01 September 2020 — 10
October 2020); late spring (09 November 2021 - 21 December 2021), and summer (23
January 2021 - 05 March 2021) to generate variation in photothermal regimes. Radiation and
temperature were recorded with Hobo Pendant Temp-Light Data Loggers (OneTemp Pty
Ltd., Bourne, MA 02532, USA). The experiments relied on natural sunlight and incident
photosynthetic photon flux density (PPFD) ranged from 73 to 1021 umol m2 s, The
photothermal ratio was calculated by dividing the PPFD by temperature and varied between 3

to 31 pmol m? s °Ct. Ambient VPD varied from 1.29 to 0.76 kPa.
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Seeds of chickpea were surface sterilised with 75 % ethanol for 2 minutes and washed several
times with sterile water. Four seeds were sown in non-draining pots (8.5 cm diameter, 12 cm
depth) containing sterilised sand. The plants were thinned to two plants per pot 7 days after
sowing (DAS) and sterile plastic beads were added to the surface to minimise rhizobial cross-
contamination. Plants were inoculated with 1 ml (approximately 10° cells ml 1) of rhizobial
broth at the base 7 DAS. Sand was initially moistened to approximately 80 % of field
capacity using a nitrogen-free nutrient solution, and its moisture level was maintained by
providing 20 ml of sterile nitrogen-free nutrient solution once a week (McKnight 1949), and
deionized sterile water as needed (Zaw et al. 2021). Positive controls were additionally

supplied with 200 ml of KNOs (69.2 mg nitrogen per litre) once a week.

2.2. Measurements

Plants were harvested at flowering (40 DAS in the early spring experiment, 42 DAS
in late spring, and 43 DAS in the summer experiment) and dissected into shoots, roots and
nodules. We measured shoot dry weight and nodule dry weight (70 °C for 48 h); number of
nodules per plant; and size and internal colour of individual nodules. The nodules were cut in
half, and size and internal colour were scored: 1, white; 2, green; 3 — 3.5 for small (< 0.15
mm) pink nodule; 3.5 — 4 for big (> 0.15 mm) pink nodule; 4 — 4.5 for small (< 0.15 mm) red

nodule; 4.5 — 5 for big (> 0.15 mm) red nodule (Judith et al. 2021).

2.3. Symbiotic efficiency, the cost of nitrogen fixation, and phenotypic plasticity

We estimated net plant benefit from symbiosis as symbiotic efficiency, SE, and the cost of

nitrogen fixation, N cost (LaRue and Patterson, 1981; Hardarson and Danso, 1993):
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SE (%) = “ooteS 100 (eq. 1)

N cost (%) = DWinoculated 1 (eq. 2)

DWhn+

Where DW (g) is shoot dry weight, and subscripts indicate plants inoculated with test strains
(inoculated), uninoculated plants with no fertilisation (N-), and uninoculated plants fertilised
with KNO3 (N+).

To quantify phenotypic plasticity of all traits of interest, we assumed that the plant is part of
the strain environment, and the strain is part of the plant environment (Sarkar 2004). We thus
quantified the plasticity of each strain in 15 environments resulting from the combination of 3
photothermal regimes and 5 plant varieties, and the plasticity of each plant variety in 27
environments resulting from the combination of 3 photothermal regimes and 9 nitrogen
sources (7 strains and 2 uninoculated controls). Phenotypic plasticity was calculated as the
slope of the reaction norm relating the trait for each plant variety or strain, and the trait

environmental mean (Sadras and Richards 2014).

2.4. Statistical analysis

The effects of plant variety, strain, environment and their interactions on shoot dry weight,
nodule traits, symbiotic efficiency, and nitrogen cost were analysed with a general linear
model using a factorial design with Statistics 8.1 (Tallahassee, FL, USA). Reaction norms
relating trait and trait environmental mean were fitted with least squares regression.
Following updated statistical recommendations, we avoid the wording “statistically
significant”, “non-significant”, or the variations thereof, thus avoiding dichotomisation based
on an arbitrary discrete p-value (Wasserstein et al. 2019). Instead, we report p as a continuous

quantity, and Shannon information transform [s = -logz(p)] as a measure of the information
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against the tested hypothesis (Greenland 2019). Although s is a function of p, the additional
information provided is not redundant. With base-2 log, the units for measuring this
information are bits (binary digits). For example, p = 0.05 conveys only s = - 10g2(0.05) = 4.3
bits of information, which is hardly more surprising than seeing all heads in 4 “fair tosses (of

coins)” (Greenland, 2019).

3. Results

3.1.Environments

Fig. S2 outlines the photothermal regimes during the experiment. The maximum
temperature averaged 30 °C in early spring and summer, and 28 °C in late spring. Minimum
temperature averaged 22 °C in early spring and late spring, and 21 °C in summer (Fig. S2a).
The daily maximum photosynthetic photon flux density averaged 188 umol m2 s in early
spring, 574 umol m2 st in late spring, and 484 pmol m2 s in summer (Fig. S2b). The
photothermal ratio varied between 3 to 13 pmol m2 s °C in early spring, 5 to 29 umol m

st°C1in late spring, and 6 to 31 umol m?2 s °C? in summer (Fig. S2c).

3.2. Variation in shoot dry weight and nitrogen fixing traits with plant variety, nitrogen

source, photothermal environment, and their interactions

Shoot dry weight varied with plant variety (p = 3.70 x 10", s = 44.6), nitrogen source
(p = 1.30 x 1027 s = 355.0), photothermal environment (p = 3.10 x 108, s = 224.3), and
with all two-way interactions (p = 4.20 x 102, s = 64.3), (p = 4.80 x 1026, s =84.1) and (p =
1.60 x 1072, s = 5.9) (Table 1). Early spring and uninoculated negative control exhibited a
significant decrease in shoot dry weight (Fig. S3). Shoot dry weight decreased from 0.84 g
plant™ in summer with N fertiliser to 0.31 g plant™ in early spring with negative control (Fig.
S3 a-c). It ranged from 0.74 g plant™ for Sonali with N fertiliser to 0.33 g plant™ for PBA

HatTrick with negative control.
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Table 1 p and s from ANOVA for shoot dry weight of chickpea in response to plant variety

(V), nitrogen source (N), environment (E), and their interactions.

Source of variation  df P S

\Y 4 3.7x10 44.6
N 8 1.3x1017 355.0
E 2 3.0x10°8 224.3
V xE 8 4.2x100 64.3
N x E 16 4.8x10% 84.1
V xN 32 1.6x107? 5.9
VxNxE 64 0.5 0.9

Nodule dry weight, nodules per plant, nodule colour, symbiotic efficiency and nitrogen cost
varied with plant variety , strain, photothermal environment and their interactions (Table 2).
The interaction between plant variety and strain influenced nodule dry weight (p = 7.00 x 10
6 s=17.1), nodules per plant (p = 6.50 x 10*°, s = 30.5) and nodule colour (p = 1.90 x 10?7,
s =88.7) (Table 2). Nodule dry weight decreased from 33.7 mg plant™ for PBA Slasher with
MO075 to 5.9 mg plant™ for Howzat with M082 (Fig. S3 d-f). Nodules per plant reduced from
20.0 for PBA Slasher with M075 to 5.5 for Howzat with M082 (Fig S3 g-i). Nodule colour

ranged from 5.0 for PBA HatTrick with M067 to 1.2 for Howzat with M065 (Fig. S4 a-c).

The interaction of strain and photothermal environment affected nodule colour (p = 5.30 x
102, s = 4.2), symbiotic efficiency (p = 4.0 x 10, s = 17.9) and nitrogen cost (p = 2.22 x 10°
° s =15.4) (Table 2). Nodule colour, symbiotic efficiency and nitrogen cost were lower in
summer than in early and late spring (Figure S4). Nodule colour ranged from 4.9 in late
spring with M075 to 1.5 in summer with M065 (Fig. S4 a-c). Symbiotic efficiency decreased

from 172 % in summer with M075 to 97 % in summer with M065 (Fig. S4 d-f). Nitrogen
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cost decreased from 81 % in late spring with M075 to 42 % in summer with M065 (Fig. S4 g-
i).

The interaction between plant variety and photothermal environment affected nodule dry
weight (p = 5.61 x 103, s = 7.4), symbiotic efficiency (p = 1.30 x 10, s = 16.1) and nitrogen
cost (p =4.20 x 107, s = 21.1) (Table 2). Nodule dry weight decreased from 26 mg plant™in
early spring PBA Slasher to 15 mg plant™ in summer PBA Stricker (Fig. S3 d-f). Symbiotic
efficiency decreased from 152 % in early spring PBA Slasher to 117 % in summer PBA
Slasher (Fig. S4 d-f). Nitrogen cost decreased from 88 % in late spring PBA Stricker to 48 %

in summer PBA HatTrick (Fig. S4 g-i).

The three-way interaction between plant variety, strain and photothermal environment
affected the number of nodules per plant (p = 0.0, s = 4.8) and nodule colour (p = 3.80 x 107,
s =21.3) (Table 2). Nodules per plant reduced from 22 in early spring PBA Slasher with
MO75 to 3.5 in summer Howzat with M065 (Fig S3 g-i). Nodule colour reduced from 5 in
early spring PBA Slasher with CC1192 to 0.7 in summer PBA HatTrick with M065 (Fig. S4

a-C).

Table 2 p and s from ANOVA for symbiotic efficiency, nitrogen cost, nodule dry weight,
nodules per plan, nodule colour of chickpea in response to plant variety (V), strain (S),

environment (E), and their interactions.

Sou_rcg of df Nodule_ Nodules per  Nodule Syr_n_biotic Nitrogen
variation dry weight plant colour efficiency cost
p

4 1.8x10® 1.1x107 2.4x10® 8.6x10? 2.0x1078

6 2.6x10°% 1.0x10% 1.9x101 2.5x1018 1.4x102?

2 1.4x10° 1. 1x103 2.7x102° 4.4x10°® 1.8x10%
V xE 8 5.6x103 0.2 0.1 1.3x10° 4.2x107
SxE 12 0.3 0.2 5.3x107? 4.0x10° 2.2x10°
V xS 24 7.0x10° 6.5x1010 1.9x10% 0.9 0.7
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V xS xE 48 0.4 0.0 3.8x10”7 0.9 0.9
\ 4 25.6 23.0 25.2 3.5 58.7
S 6 184.6 162.7 367.8 58.4 72.5
E 2 16.0 9.7 65.9 7.9 128.7
V xE 8 7.4 2.1 2.8 16.1 211
SxE 12 15 2.0 4.2 17.9 15.4
V xS 24 171 30.5 88.7 0.0 0.4
VxSxE 48 1.0 4.8 21.3 0.0 0.0

3.2.1. Associations between plasticities of plant growth and nitrogen fixation traits

Across sources of variation, phenotypic plasticity of shoot dry weight varied 2.7-fold,
nodule dry weight 2.5-fold, nodules per plant 7.3-fold, nodule colour 3.7-fold, symbiotic

efficiency 3.0-fold, and nitrogen cost 2.3-fold (Tables 1 and 2).

We used principal component analysis to explore associations between plasticity of shoot dry
weight and nitrogen fixation traits (Fig. 1, Table S2). The first component accounted for 51.8
% of the variability and the second component accounted for 22.7 % of the variability. The
plasticity of shoot dry weight was positively correlated with the plasticity of nodule dry
weight and nodules per plant, and negatively with the plasticity of nitrogen cost and nodule
colour. The plasticities of nodules per plant and nodule dry weight were correlated negatively

with the plasticity of nitrogen cost and nodule colour (Fig. 1, Table S1).
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Principal component 2 (22.75%)

-1.0 I I I I
-1.0 0.5 0.0 0.5 1.0 1.5

Principal component 1 (51.80%)
Fig. 1 Principal component analysis for the plasticity of shoot dry weight and nitrogen
fixation traits associated with strain and plant variety. Traits are SDW, shoot dry weight;
NDW, nodule dry weight; NN, nodules per plant; NC, nodule colour; SE, symbiotic

efficiency; Ncost, nitrogen cost.

3.3. Phenotypic plasticity of plant and nitrogen fixation traits for strain and chickpea

variety

Strain-driven phenotypic plasticity for shoot dry matter varied 2.7-fold, from 0.5 in M065
to 1.5 in MO75, compared with a 1.4-fold variety-driven variation in plasticity, from 0.8 in

PBA Slasher to 1.1 in Howzat (Table 3). In the range of environmental mean shoot dry matter
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from 0.38 to 0.64, reaction norms of shoot dry matter diverged between strains, highlighting

the differential phenotype under more favourable growing conditions (Fig. 2 a)

Table 3 Slope and intercept (£ s.e.) of the reaction norms relating shoot dry weight and the

environmental mean of shoot dry weight across nitrogen sources and varieties.

Driver Intercept Slope

Nitrogen source

MO75 -0.19+0.10 1.53+0.20
MO036 -0.18+0.05 1.43+0.11
+ Control 0.01+0.14 1.38+0.28
MO078 0.00+0.07 0.93+0.15
CC1192 0.05+0.06 0.90+0.12
MO067 0.07+0.04 0.84+0.09
M082 0.06+0.08 0.72+0.17
— Control 0.01+0.14 0.66+0.08
MO065 0.12+0.07 0.56+0.15
Variety
Howzat -0.04+0.03 1.1020.06
Sonali -0.04+0.02 1.0620.04
PBA Striker 0.03+0.04 1.00+0.09
PBA HatTrick -0.02+0.04 0.97+0.07
PBA Slasher 0.09+0.03 0.84+0.06

Variation in phenotypic plasticity of nitrogen fixation traits was larger for strain than for plant
variety (Table 4). Strain-driven phenotypic plasticity varied 2.5-fold for nodule dry weight,
7.3-fold for nodules per plant, 3.7-fold for nodule colour, 2.9-fold for symbiotic efficiency

and 2.3-fold for nitrogen cost (Table 4). In comparison, variety-driven phenotypic plasticity
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varied: 1.7-fold for nodule dry weight, 2.1-fold for nodules per plant, 1.7-fold for nodule

colour and 1.6-fold for symbiotic efficiency and nitrogen cost (Table 4).

The reaction norms for these traits diverged or converged for strain and plant variety,
indicating distinct responses to different environmental conditions (Fig. 2 b-f). The reaction
norms for nodule dry weight diverged for both strain and plant variety, highlighting similar
nodule dry weight in conditions that impaired nodule development, and differential
phenotypes under conditions that favoured nodule development (Fig. 2 b). Similarly, the
reaction norms for nodules per plant diverged between strains, highlighting similar nodules
per plant in disadvantaged nodulation conditions, and differential phenotypes under
conditions that favoured nodulation (Fig. 2 c). The reaction norms for nodules per plant
converged between varieties, indicating similar nodules per plant in combinations of strain
and photothermal environment that favoured nodulation, and differential response of varieties
under conditions that impaired nodulation (Fig. 2 c). The reaction norms for nodule colour
converged for both strain and plant variety, highlighting similar nitrogen fixation under
favourable conditions, and differential influence of strains and varieties under unfavourable
conditions (Fig. 2 d). The reaction norms for symbiotic efficiency diverged for both strain
and plant variety, highlighting similar symbiotic efficiency in conditions that compromised
symbiotic efficiency, and larger phenotypic differences under conditions that favoured
symbiotic efficiency (Fig. 2 e). The reaction norms for nitrogen cost converged, highlighting
similar N cost under conditions with high nitrogen cost, and differential phenotypes in

environments with lower nitrogen cost (Fig. 2 f).
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Fig. 2 Reaction norms of (a) shoot dry weight, (b) nodule dry weight, (c) nodules per plant,
(d) nodule colour, (e) symbiotic efficiency, and (f) nitrogen cost for the strains and varieties
with the most extreme plasticities. For strains, environmental mean is the average across 3
photothermal regimes and 5 plant varieties, returning 15 environments. For varieties,

environmental mean is the average across 3 photothermal regimes and 9 nitrogen sources (7



strains and 2 uninoculated controls) for shoot dry weight that provided 27 environments, and
3 photothermal regimes and 7 nitrogen sources for symbiotic efficiency, N cost and nodule
traits, that provided 21 environments. Parameters and statistics of fitted lines are in Tables 4

and 5. Shaded area represents standard error of slope.
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Table 4 Slope and intercept (+ s.e.) of the reaction norms relating nodule dry weight, nodules per plant, nodule colour, symbiotic efficiency and

nitrogen cost and the environmental mean of these traits across nitrogen sources and varieties.

Nodule dry weight

Nodules per plant

Nodule colour

Symbiotic efficiency

Nitrogen cost

Strain
MO036
CC1192
MO067
MO078
MO082
MO075
MO065
Variety

PBA HatTrick

Sonali
Howzat
PBA Slasher
PBA Striker

Intercept
-0.21+7.06
2.68+5.89
1.41+7.16
10.20+3.81

-10.01+7.50
-1.73+0.35
-2.11+4.25

2.83+2.33
5.39%£3.00
-4.07+£1.99
-1.65+2.43
-2.50+1.53

Slope
1.08+0.37
1.09+0.31
1.09+0.37
0.57+0.20
1.11+0.39
1.43+0.35
0.58+0.22

0.81+0.11
0.73+0.15
1.11+0.10
1.27+0.12
1.07+0.07

Intercept
-5.78+5.31
11.7945.74
-3.38+£5.53
5.71+5.14
-0.55+5.70
-7.06+5.04
-0.72+£5.25

3.71+1.59
4.44+1.64
-4.93+2.00
-0.36+2.11
-2.85+1.11

Slope
1.48+0.44
0.25+0.47
1.40+0.46
0.61+0.42
0.70+0.47
1.83+0.41
0.70+0.43

0.62+0.12
0.65+0.13
1.32+0.16
1.16+0.17
1.24+0.09

Intercept
1.06+£1.40
1.93+£1.25
1.95+1.56
1.54+1.71
-5.33+2.18
2.58+0.79
-3.73£1.43

0.31+0.54
0.94+0.48
-1.19+0.24
0.93+0.33
-0.99+0.36

Slope
0.82+0.37
0.67+0.33
0.67+0.41
0.70+0.45
2.05+0.58
0.56+0.21
1.50+0.38

0.90+0.13
0.74+0.12
1.26+0.06
0.84+0.08
1.24+0.09

Intercept
-53.50+46.71
-41.07433.09

6.05+23.52

6.75+33.40

-1.33+44.77
38.81+67.17
44.28+43.80

-33.84+21.74
-1.57+13.98
-2.23+14.99
9.19+28.72
25.45+14.23

Slope
1.49+0.35
1.34+0.25
0.98+0.17
0.91+0.25
0.88+0.33
0.86+0.50
0.50+0.33

1.28+0.16
1.01+0.10
0.96+0.11
0.95+0.21
0.77+0.10

Intercept
22.53+£13.97
11.47+£9.45
-5.27+£7.97
-24.79+6.60
-26.48+12.08
40.28+18.05
-17.73+13.21

-20.66+11.61
-2.81+6.25
16.26+10.69
-10.57+5.06
17.78+9.48

Slope
0.76+0.19
0.86+0.13
1.10+0.11
1.32+0.09
1.25+0.17
0.57+0.25
1.10+0.18

1.23+0.16
0.96+0.08
0.73+0.15
1.17+0.07
0.89+0.13
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4. Discussion
4.1. Variation in shoot dry weight and nitrogen fixing traits with plant variety, nitrogen

source, photothermal environment, and their interactions

We assessed the interaction between chickpea variety, Mesorhizobium strain and
photothermal environment, taking advantage of the documented diversity of chickpea

genotypes and Mesorhizobium strains (Sadras et al., 2016; Zaw et al., 2021; Zaw et al., 2022).

Nodules per plant and nodule colour were influenced by three-way interaction between plant
variety, Mesorhizobium strain and photothermal environment. However, there were no
significant effects observed on shoot dry weight, symbiotic efficiency and nitrogen cost
(Tables 1 and 2). The observed effects on nodules per plant and nodule colour are likely
attributed to the impact on signal exchange between plant-strain interaction, along with
environmental stress. The specificity of plant-strain interaction relies on the exchange of
chemical signals between both partners. This process involves the release of flavonoids by
the roots, which vary among plant species and varieties (Hirsch and Fujishige 2012, Cooper
2007). In response, rhizobia produce nod factors (lipochitin oligosaccharides) that induce
nodule formation (Oldroyd and Downie 2008). Thus, the interaction between the exchange of
signals between plant and strain, along with environmental stresses, can limit the infection
process, delay nodulation, and reduce the nodule growth rate (Lira et al. 2015). Symbiotic
genes also control the first level of rhizobia specificity in environments that reduce
nodulation and nitrogen fixation (Gunnabo et al. 2019). Similar interactions between plant
variety, strain and environment affecting nodulation and nitrogen fixation have been reported
for soybean and common bean (Argaw and Muleta 2018, Agoyi et al. 2017, Yusuf et al.

2008).
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The interaction between plant variety and strain could indicate different infectivity potential
of rhizobia with host genotypes as reported in common bean (Neila et al., 2014). In our study,
we observed variations in nodule dry weight, nodules per plant, and nodule colour among
different chickpea varieties when inoculated with different strains, indicating specificity of
the Mesorhizobium strains and chickpea variety as reported with common bean - Rhizobium

specificity (Bouhmouch et al., 2005).
4.2.A hierarchy of plasticities between plant growth and nitrogen fixation traits

Phenotypic plasticity of nodules per plant was higher than the plasticity of shoot dry
weight, which was similar to the phenotypic plasticity of nodule dry weight, nodule colour,
symbiotic efficiency, and nitrogen cost for both strain and plant variety (Tables 1 and 2).
However, there were strain and variety specific departures from this trend. For example,
strain CC1192 had larger plasticity for shoot dry weight than for nodule number, and the
opposite was true for strain M067. This compares with previous studies showing higher
plasticity of nitrogen fixation traits than shoot dry matter in response to drought (Igbal et al.,
2022) and nutrient deficiency (Divito and Sadras 2014). Large variation of nitrogen fixation
traits may arise from reduced initiation and development of nodules, increasing nodule
senescence or a combination depending on the growth conditions. Temperature above 30 °C
and photosynthetic photon flux density of 1320 pmol m2 s delayed nodule initiation and
reduced nitrogen fixation in soybean, suggesting that nodule initiation and development were

more likely sources of variation in our study (Baroniya et al., 2013: Nandanwar et al., 2020).

In comparison to the plasticity of nodules per plant, shoot dry weight was conserved. In
soybean inoculated with B. japonicum grown in a factorial with two levels of radiation and
two levels of soil nitrogen, nodule number per plant was 0.02 at low light and, high nitrogen

and 22.6 at high light and low nitrogen whereas average shoot mass varied from 0.3 to 1.8 mg

51



(Lau et al., 2012). Although both traits were responsive, the 1128-fold variation in number
compared with a 5.0-fold variation in shoot dry weight, is consistent with our finding that
plasticity of nitrogen fixation traits is higher than the plasticity of shoot biomass. A similar
hierarchy of plasticities was found in grain and forage legumes where nodules per plant and
nodule mass varied more than shoot mass under deficit of phosphorus, sulphur or potassium

(Divito and Sadras, 2014) and for early season drought (Igbal et al., 2022).

Strain-driven plasticity of nodules per plant associated with plasticity of shoot dry weight
(Fig. 2, Table S1). For plant variety, the plasticity of shoot dry weight was negatively
associated with plasticity of nodules per plant but positively with nodule colour (Fig. 2, Table
S1). Negative correlations between plasticity of seed number and seed size in plants were
first interpreted in terms of hierarchies of plasticities (Bradshaw 1965). More recent studies
showed associations between plasticities of related traits can be negative or positive in annual
and perennial crops, thus expanding the notion of hierarchies (Sadras et al., 2009; Trentacoste

etal., 2011).

4.3.The plasticity of plant growth and nitrogen fixation traits was larger for strains than

for variety

Under our experimental conditions, the variation in phenotypic plasticity for shoot dry
weight and nitrogen fixation traits was larger among strains than among varieties (Fig. 2).
Other studies showed genetically diverse strains dominated the variation in plant growth and
nitrogen fixation traits, rather than chickpea varieties (Gunnabu et al., 2020; Rigg et al.,
2021). Divergent reaction norms for strains indicated shoot and nodule dry weight, symbiotic
efficiency and nodules per plant varied more in favourable environments resulting from the
combination of chickpea variety and photothermal environment (Fig. 2). Phenotypic

plasticity reinforces the notion that large variation in plant growth and nodule traits is linked
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with strain potential to benefit from favourable environments. For example, Bradyrhizobium
japonicum strains improved chickpea growth by producing high phytohormones ratios under
favourable growth conditions (Bano et al., 2010). In contrast, convergent reaction norms for
nitrogen cost and nodule colour highlighted larger variation in constrained environments (Fig.
2). This reinforces the notion of trait-specific plasticity for the same genotype-environment

combinations (Bradshaw, 1965; Sadras and Richards, 2014; Trentacoste et al., 2011).

A quantitative, plasticity perspective assuming plants are part of the rhizobia environment
and rhizobia are part of the plant environment provided insights on the three-way interaction

between strains, varieties and photothermal environment.
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Supplementary data

Table S1 Matrix of Pearson’s correlation coefficients (r) for the plasticity of shoot dry weight

and nitrogen fixation traits associated with strain and variety, and for the pooled data.

Shading indicates the strength of correlations, with darker shading denoting stronger positive

(blue) or negative (red) correlations.

Driver

Shoot Nodule  Nodules Nodule Symbiotic
dry dry per colour efficiency

weight weight  plant

Strain

Variety

Pooled

Nodule dry weight
Nodules per plant
Nodule colour
Symbiotic efficiency
Nitrogen cost

Nodule dry weight
Nodules per plant

Nodule colour
Symbiotic efficiency
Nitrogen cost

Nodule dry weight
Nodules per plant

Nodule colour -0.10 -0.19

Symbiotic efficiency 0.45 0.19 -0.07
Nitrogen cost

0.28 -0.17
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Fig. S1 Maximum likelihood phylogenetic tree based on 16S-23S rDNA IGS sequences of

114 Myanmar rhizobial strains and reference strains. Strains indicated with red arrows were

selected in this study. Bootstrap values were computed based on 1000 replications. The scale
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bar (0.10) indicates the percentage of nucleotide substitutions per site. A, Agrobacterium, B,

Bradyrhizobium, M, Mesorhizobium, S, Sinorhizobium, and R, Rhizobium (Zaw et al., 2022).
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Fig. S2 (a) Daily maximum (solid line) and minimum (dashed line) temperature, (b)
photosynthetic photon flux density (PPFD) and (c) photothermal ratio in three experiments
during early spring (01 September 2020 — 10 October 2020), late spring (09 November 2021 -
21 December 2021), and summer (23 January 2021 - 05 March 2021). Early spring data were

recorded from September 19, 2020 due to delayed availability of sensors.
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Fig. S3 (a, b, ¢) Mean shoot dry weight, (d, e, f) nodule dry weight, and (g, h, i) nodules per
plant for the combination of five chickpea varieties and nine nitrogen sources including seven
Mesorhizobium strains, uninoculated negative control (Ck) with no fertilisation and

uninoculated positive control (CKN*) fertilised with 0.5g KNO3 L. The chickpea varieties

were ordered based on average shoot dry weight across strains and photothermal

environments. The Mesorhizobium strains were ordered based on average shoot dry weight

across chickpea genotypes and photothermal environments.
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Fig. S4 (a, b, ¢) Mean nodule colour, (d, e, f) symbiotic efficiency, and (g, h, i) nitrogen cost
for the combination of five chickpea varieties and nine nitrogen sources including seven
Mesorhizobium strains, uninoculated negative control (Ck) with no fertilisation and
uninoculated positive control (CKN™) fertilised with 0.5g KNOs L. The chickpea varieties
were ordered based on average shoot dry weight across strains and photothermal

environments. The Mesorhizobium strains were ordered based on average shoot dry weight

across chickpea genotypes and photothermal environments.
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Abstract

Drought can impact the symbiotic relationship between Chickpea (Cicer arietinum) and
rhizobia, influencing nodulation, nitrogen fixation and plant growth. Here we used a high-
throughput shoot phenotyping technology to investigate the effects of Mesorhizobium strain
on the growth dynamic of chickpea varieties, nodulation and bacteroid morphology under
different water regimes in an experiment including four chickpea varieties, four nitrogen
sources including two Mesorhizobium strains, and two uninoculated controls (nitrogen
fertilised and unfertilised) under well-watered and drought conditions. We asked three
questions. First, does the impact of rhizobial strains on chickpea growth change over time

under well-watered and drought conditions? second, do genetically diverse chickpea varieties
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exhibit variations in leaf exudates, biomass and nodule traits in response to different
Mesorhizobium strains under well-watered and drought conditions? third, are bacteroid size
and amount of polyhydroxybutyrate modified by Mesorhizobium strain, chickpea variety,
water availability and their interactions? Shoot growth rate showed temporal variations in
response to both strains CC1192 and M075 under well-watered and drought conditions.
Shoot growth rate showed temporal variations in response to both strains CC1192 and M075
under well-watered and drought conditions. Under well-watered conditions, chickpea
inoculated with CC1192 showed high shoot growth rates, relative to M075, and continued to
accumulate high plant biomass and symbiotic efficiency at harvest. In drought, shoot growth
rate was comparable between both CC1192 and M075, indicating no significant difference in
plant biomass and symbiotic efficiency at harvest. Across sources of variation, leaf exudates
varied 3.4-fold, total plant biomass 3.0-fold, nodules per plant 3.9-fold, nodule dry weight
3.0-fold, symbiotic efficiency 1.5-fold, bacteroid size 1.4-fold and polyhydroxybutyrate 1.4-
fold. Plant biomass was negatively correlated with both bacteroid size and amount of
polyhydroxybutyrate under well-watered conditions, determining the existence of a trade-off
between plant fitness and rhizobia fitness. This research demonstrates the dynamic nature of
growth response exhibited by chickpea in relation to Mesorhizobium strains, highlighting the

critical role that water availability plays in shaping this response.

Keywords: bacteroid, high-throughput phenotyping, leaf exudates, polyhydroxybutyrate,

rhizobia

1. Introduction
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Chickpea is one of the most important and valuable pulse crops in the world. Chickpea
growth is limited by different environmental stresses including drought. Drought occurs in
different periods of chickpea development in dry farming areas, leading to a significant
reduction in growth and yield (Magbool et al., 2017). For drought adaptation, chickpea
possesses traits to improve the efficiency of water use while maintaining growth (Upadhyaya
et al., 2012). In particular, plants that exhibit drought-reduced photosynthesis sacrifice leaf
expansion to free resources to enhance the production of organic acids to maintain water
content under drought (Chtouki et al., 2022). The presence of organic acids in chickpea leaf
exudates acts as osmoprotectants, maintaining leaf temperature and cell turgor and reducing

water loss (Lauter and Munns, 1986; Singh et al., 2015).

Chickpea (Cicer arietinum) establishes symbiotic relationships with rhizobia and fixes
atmospheric nitrogen to enhance growth, nutrient acquisition and stress tolerance (L6pez -
Bellido et al. 2011, Greenlon et al. 2019). An effective symbiotic rhizobial strain improves
plant growth, nodulation, pod number and seed yield relative to other strains under drought
(Dimkpa et al., 2009), but growth responses vary with both plant variety and strain (Biabani
etal., 2011; Zaw et al., 2021). Effective Mesorhizobium and Sinorhizobium strains improved
nodulation of chickpea and soybean under drought, but did not always translate into increased
shoot growth (Kibido et al., 2018; Abdela et al., 2020). Almost all physiological studies of
growth responses to symbiotic rhizobia are based on the harvest time point biomass, which
may mask temporal responses to rhizobia. To measure shoot growth over time to pinpoint the
appearance of growth improvement in order to gain a deeper perspective on rhizobia effects

on chickpea growth still needs attention in the literature.

In nodules, symbiotic rhizobia differentiate into nitrogen fixing bacteroids and may exhibit
distinct morphological features relative to their kin in the soil (Oono and Denison, 2010).
These bacteroids undergo significant transformations, including swelling or branching and
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occasionally an amplification of the bacterial genome (Mergaert et al., 2006). Swollen
bacteroids are bigger in size than free-living rhizobia and no longer divide normally (Montiel
et al., 2016). During transformation, swollen bacteroids undergo polyploidisation and
compromise their reproductive ability, characterising their differentiation as terminal
(Mergaert et al., 2006). Previous studies have investigated the underlying mechanisms that
cause host-imposed swelling of the bacteroids (Van de Velde et al., 2010). The repeated
evolution of host traits that lead to bacteroid swelling indicates that this phenomenon offers
greater benefits to legume hosts (Sen and Weaver 1984; Oono and Denison., 2010), while
non-swelling bacteroids hoard high-energy lipid poly-3-hydroxybutyrate (PHB) inside their
cells for reproduction, at the expense of nitrogen fixation (Oono et al., 2010). Variation in
strains for symbiotic qualities of swollen and non-swollen bacteroids has been explored in
beans (Phaseolus vulgaris), cowpeas (Vigna unguiculata), peanuts (Arachis hypogaea), peas
(Pisum sativum) and chickpea (Cicer arietinum) (Oono and Denison., 2010; Mandal and
Sinharoy, 2019). The phenomenon of differentiation of bacteroids into swollen and non-
swollen is a plant-dependent trait (\Van de Velde et al., 2010; Montiel et al., 2017). Therefore,
strain, plant variety and water availability could influence the bacteroid morphology to alter

plant growth.

In this paper, we designed an experiment combining four chickpea varieties, four sources of
nitrogen supply (rhizobia or nitrogen fertiliser), and two water regimes to address the
following questions. Does the impact of rhizobial strains on chickpea growth change over
time under well-watered and drought conditions? We hypothesise that the effect of rhizobial
strains on chickpea growth will vary temporally and be influenced by the water availability as
the growth of tomato, barley and Medicago change over time with the inoculation of

mycorrhizae (Williams et al., 2019).
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Second, do genetically diverse chickpea varieties exhibit variations in leaf exudates, biomass
and nodule traits in response to different Mesorhizobium strains under well-watered and
drought conditions? The hypothesis that leaf exudates are an adaptation to drought predicts
an increase in leaf exudation with drought. Drought decouples photosynthesis and growth and
favours the accumulation of carbon compounds (Granier et al., 2006; Hummel et al., 2010;
Muller et al., 2011). In response to short-term drought under controlled conditions, Thymus
vulgaris, T. kotschyanus and Aptenia cordifolia accumulated organic acids including malic,
fumaric and citric (Herppich and Peckmann, 1997; Ashrafi et al., 2018).

Third, are bacteroid size and amount of polyhydroxybutyrate modified by Mesorhizobium
strain, chickpea variety, water availability and their interactions? Although there is no
previous evidence that host-imposed bacteroid swelling differs among cultivars of a given
plant species, we hypothesised that rhizobia strain, plant variety, or water availability could
influence the bacteroid morphology. We further hypothesised that differences in bacteroid
morphology would influence plant growth. Differences in bacteroid size, in particular, were
hypothesised to affect plant growth in two contrasting ways, which may not be mutually
exclusive. If the greater N-per-C efficiency of host-imposed swollen bacteroids (Oono &
Denison, 2010) is an inevitable consequence of greater size or surface area — it is not clear
why this should be true — larger bacteroids should always be more beneficial. On the other
hand, if greater bacteroid size in nodules of swelling-causing host plants is merely a side-
effect of some other host-imposed change in bacteroid phenotype, then larger bacteroids
might not always be more beneficial to hosts. In particular, use of plant C to increase
bacteroid size could come at the expense of using that plant C to power N fixation. This
would be analogous to lower N-per-C efficiency of PHB-hoarding bacteroids, relative to an

isogenic PHB-minus knockout (Oono et al., 2020).
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Materials and Methods

1.1.Plants and strains

We established an experiment combining four chickpea varieties, four sources of nitrogen
supply (rhizobia or nitrogen fertiliser) and two water regimes in a glasshouse within
Australian Plant Phenomics Facility, University of Adelaide, Australia. We selected chickpea
varieties that showed contrasting plant biomass under drought: Kyabra, Boundary,
Drummond and Pistol (Igbal et al., 2023a unpublished). The seeds were obtained from
Agriculture Victoria Research, Australia. Nitrogen sources were two Mesorhizobium strains
MO075 and CC1192, and two uninoculated controls: a positive control, fertilised with 0.5¢g
KNOz3/L, and a negative control, with no fertilisation. Strain M075 was selected based on
symbiotic performance with chickpea in previous experiments (Zaw, 2022; Igbal et al., 2023b
unpublished) and CC1192 is a commercial strain used for inoculant manufacture in Australia
(Zaw et al., 2021). Mesorhizobium strains were grown on broth culture (yeast mannitol) in a

rotatory shaker at 120 rpm for 48 h before inoculation (Vincent, 1970).

1.2.Plant growth and treatments

Seeds of chickpea were surface sterilised with 75 % ethanol for 2 minutes and washed several
times with distilled water before sowing. Three seeds were sown in non-draining pots (125
mm diameter, 137 mm height) filled with soil. The soil was free of chickpea rhizobia and
sandy (sand: 86 %, silt: 6 % and clay: 8 %) with a pH that ranged from 7.0 to 7.6. Plants were
thinned to one uniformly sized plant per pot and inoculated with 1 ml (approximately 10°
cells ml 1) of rhizobial broth at the base after growing them on benches 7 days after planting
(DAP). Plants were manually loaded onto the phenotyping cart system and imaged on a daily

basis (Al- Tamimi et al., 2016). Plants were supplied with a nitrogen-free nutrient solution
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once a week and rainwater on a daily basis until 28 DAP. Positive controls were additionally
supplied with 200 ml of KNOs (69.2 mg nitrogen per litre) once a week until 28 DAP. After
that time, two water regimes were established: well-watered control (80 % pot capacity) and
drought (1/3 of available soil water represents 33 % pot capacity). Water levels were
monitored and adjusted by the Scanalyzer 3D weighing and watering system (LemnaTec

GmbH, Aachen, Germany).

1.3.Experimental design

The experiment occupied eight lanes in the southwest smart-house that fitted with conveyor
systems and imaging stations (LemnaTec Scanalyzer 3D) for the non-destructive, high-
throughput phenotyping of plants. Experiment was arranged in three blocks that covered 4
lanes x 24 positions plus two blocks in 4 lanes x 16 positions. Each block occupied 4 lanes x
8 positions and contained one replicate of 32 carts (pots). A strip-unit design (or criss-cross
design) was employed with the chickpea varieties randomized to the 4 lanes within each
block, and the eight combinations from water regime - sources of nitrogen were randomized
to the eight positions within a block. The design was constructed and randomized using
(Brien, 2023a, b), a package for the R statistical computing environment (R Core Team,

2023).

1.4.Plant growth

Planting occurred on 19 August 2022, denoted days after planting (DAP) 0. Imaging was
carried out daily from DAP 10 to DAP 53 inclusive. The drought treatment (1/3 available soil
water represents 33 % pot capacity) for plants in the drought group commenced at DAP 29.
Thus, there were pre-drought and drought phases for this experiment. Based on the images

obtained using RGB cameras, the projected shoot area (PSA kpixels) of each plant was
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calculated as the sum of the number of plant pixels from 3 camera views, comprising two
side views and a view from above. The imaging data was prepared using the SET method
described by Brien et al. (2021). The computations were carried out using growthPheno
(Brien, 2023c), a package for the R statistical computing environment (R Core Team, 2023).
Following exploratory smoothing of the PSA using the trait smooth function from
growthPheno, smoothed PSA (sPSA) was produced by logarithmic smoothing of the PSA
that employed P-splines with the smoothing penalty set to ten, and the relative growth rate for
the SPSA (sPSA RGR per day) calculated by differencing consecutive values of the In (SPSA)
for a plant. After examination of the plots for the smoothed traits, it was decided to
statistically examine sPSA and sPSA RGR on the following points: 10, 15, 20, 29, 32, 41 and

53 DAP.

1.5.Measurement

Plants were harvested at 54 DAP and dissected into shoots, roots and nodules. Shoot dry
weight and nodule dry weight were measured after drying at 70 °C for 48 h. Nodules per
plant, symbiotic efficiency, bacteroid size and polyhydroxybutyrate were also measured (see

next section).

1.5.1. Symbiotic efficiency

We estimated net plant benefit from symbiosis as symbiotic efficiency (LaRue and Patterson,

1981; Hardarson and Danso, 1993):

DW inoculated

D < 100 (eq. 1)

Symbiotic ef ficiency (%) =
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Where DW is shoot dry weight, and subscripts indicate plants inoculated with test strains

(inoculated) and un-inoculated plants with no fertilisation (N-).

1.5.2. Bacteroid morphology

We used flow cytometry to measure bacteroid size and polyhydroxybutyrate (PHB). We
ground three nodules from each plant in phosphate-buffered saline (PBS) (pH ~ 7.4) with
mortar and pestle and passed the homogenised material through a 70 pm filter to discard
plant debris. Homogenate samples were centrifuged at 3000rpm for 10 minutes and the
supernatant was poured off. Homogenate was resuspended with 2 ml PBS and divided into
two FACS tubes (1 ml per tube). We added 10ul of Nile Red stock to cells in one tube (final
concentration 100ug/ml) and incubated at room temperature in dark for 1h to estimate
polyhydroxybutyrate. Samples were centrifuged at 3000rpm for 10 mins and supernatant was
poured off and pellets were resuspended in 1 ml PBS per tube. We analysed unstained cells
for bacteroid size and Nile red stained cells for polyhydroxybutyrate. Size/granularity was
measured from forward and side scatter plots (Ratcliff et al., 2008). Nile Red fluorescence
was measured in ‘PE’ (585/42nm) channel off blue (488nm) laser.

1.6.Statistical analysis

To produce phenotypic estimated marginal means (EMMs) (Searle et al., 1980), each trait
was analysed using the R packages ASRemlI-R (Butler et al, 2020) and asremIPlus (Brien,

2023a). The following linear mixed model was fitted to each trait:

y=1u+X;t+XB+Zu+e,

where y is the response vector of values for the trait being analysed; u is the overall mean in
this experiment for the response; t is the vector of fixed effects of interest; B is the vector for
fixed spatial effects; u is the vector of random spatial effects allowed for in the design; 1 is

the vector of ones and the matrices X;, X, and Z are the design matrices for the corresponding
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effects; e is the vector of residual effects. The vector B of fixed spatial effects consists of the
Block effects and the vector t, of fixed effects of interest is partitioned as

[t) TW TR TV wTv-r TR Tv-wer ], Where the subvectors correspond to the main effects of the
treatment factors, namely plant variety (V), water regime (W) and nitrogen source (N); the
two-way treatment interactions (V:W, V:N and W:N); and the three-way treatment
interaction (V:W:N). The random vector u is partitioned as [ug; ug.p], where ug.; and ug.p

allow for lane and position random variation within blocks.

The residual effects, e, reflect the random variation between individual plants in the
experiment and they are assumed to be normally distributed with population mean equal to
zero. Several models assessing individual plant variation were investigated for each trait,
namely (i) a single variance, (ii) variances that differed between water regimes and/or
nitrogen source control and non-control treatments, and (iii) a smooth spatial surface fitted
using tensor-product splines, either natural cubic smoothing splines or P-splines. Firstly,
variance models in (i) and (ii) were compared and the model with the smallest Akaike
Information Criterion (AIC) was chosen. Secondly, each of the local spatial models in (iii)
was fitted and compared to the selected non-spatial model. The model with the smallest AIC

was selected as the final model.

Residual-versus-fitted values plots, and normal probability plots of the residuals were
inspected to check that the assumptions underlying the analyses are met. All residual plots

were satisfactory, indicating that the selected models appear to be appropriate.

Wald F-statistics were used to test the significance (@ = 0.05) of the plant variety, water
regime and nitrogen source effects. Testing began with the three-way interaction. If this
interaction was not significant, tests of the two-way interactions were conducted. Finally,

tests were conducted for the main effects of any factors that did not occur in a significant
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two-factor interaction. Based on these tests, a chosen model was identified for each given

trait.

EMMs that conform to the chosen model were obtained. Because watering treatments were
not anticipated for any trait defined in the pre-drought phase (up to and including DAP 29),
EMMs were generated (1) for each combination of plant variety and nitrogen source in the
case of a pre-drought trait, and (2) for each combination of plant variety, water regime and
nitrogen source in the case of a drought-phase trait. Least significant differences for & = 0.05
[LSD (5 %)] were calculated for determining the significance of pairwise differences between

the EMMSs.

2. Results

2.1. Plant growth over time

Under well-watered conditions, strain CC1192 supported significantly faster plant growth in
all four cultivars, relative to MO75, but differences were insignificant under drought (Figure 1
1). The pre-drought phase (10-29 DAP) showed variations in the projected shoot area and
relative growth rates of the smoothed projected shoot area for plant varieties and nitrogen
sources up to day 29 (Supplementary Figures S1, S2 and Table S1). In the drought phase (32-
53 DAP), the projected shoot area was influenced by water regime X nitrogen sources
interaction at 41 and 53 DAP, and plant variety x nitrogen sources interaction at 53 DAP
(Table S1). Well-watered plants inoculated with CC1192 showed projected shoot area of 123
% at 41 DAP and 402 % at 53 DAP compared with water-stressed plants in the negative
control (Figure 1). Kyabra inoculated with CC1192 produced projected shoot area of 311 %

compared with Drummond as a negative control at 53 DAP (Figure 1).
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Relative growth rate of the smoothed projected shoot area was influenced by the main effects

of plant variety, water regime and nitrogen source from 41 to 53 DAP (Table S1 and Figure

2).

sPSA (kpixels)

Figure 1. Projected Shoot Area (sSPSA) of Boundary, Drummond, Kyabra and Pistol

inoculated with CC1192, M075, negative and positive control under well-watered and
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drought conditions. Error bars are an Estimated marginal mean + half-LSD (5 %). See Table

S1 for statistical results. Two Estimated marginal means from the same panel and time-point

are significantly different if their error bars do not overlap.
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Figure 2. Relative Growth Rates of the smoothed Projected Shoot Area (SPSA RGR) of

Boundary, Drummond, Kyabra and Pistol inoculated with CC1192, M075, negative and
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positive control under well-watered and drought conditions. Error bars are an Estimated
marginal mean + half-LSD (5 %). See Table S1 for statistical results. Two Estimated
marginal means from the same panel and time-point are significantly different if their error

bars do not overlap.

2.2.Variation in leaf exudates and total plant growth at harvest

In all four cultivars, leaf exudation in the rhizobia-inoculated treatments was reduced under
drought compared to well-watered treatment, contradicting the exudate-as-drought-adaptation
hypothesis (Figure 3a). In addition, we observed a concurrent decrease in plant biomass
under drought stress in comparison to well-watered treatments (Figure 3b). Leaf exudates
were reduced from 0.07 g cm™ in well-watered Pistol inoculated with CC1192 to 0.02 g cm
in water-stressed Kyabra as a negative control (Figure 3a). Plant biomass ranged from 1.2 g
plant? in severe-stressed plants with negative control to 3.0 g plant * in well-watered plants
inoculated with CC1192 (Figure 3b). The three-way interaction between plant variety, water
regime and nitrogen source affected the leaf exudates (p < 0.001) (Table S1). The interaction
of water regime and nitrogen source influenced the total plant biomass (p < 0.001) (Table

s1).
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Figure 3. (a) Leaf exudates and (b) plant biomass of Boundary, Drummond, Kyabra and
Pistol inoculated with CC1192, M075, negative and positive control under two water
regimes: well-watered control (80 % pot capacity) and drought (1/3 of available soil water
represents 33 % pot capacity). Error bars are an estimated marginal mean * half-LSD (5 %).
See Table S1 for statistical results. Two estimated marginal means from the same panel are

significantly different if their error bars do not overlap.

2.3.Variation in nodule traits and symbiotic efficiency at harvest

CC1192’s greater benefit to plants (under well-watered conditions, Fig. 1) was not due to
greater nodulation, as it made significantly fewer nodules per plant (Fig. 4). Nodule mass per
plant was similar for the two strains, so mass per nodule was greater for CC1192, consistent
with host plants allocating more resources to nodules containing more-beneficial strains
(Oono& Denison 2010). One definition of benefit:cost efficiency for nitrogen fixation is
shoot mass per nodule mass (a cost to the plant), both on a per-plant basis (Oono& Denison

2010, Fig. 1). By that definition Pistol inoculated with CC1192 grew 33 g dry weight per day
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per mg of nodule dry weight while Drummond inoculated with MQO75 grew 13 g dry weight

per day per mg of nodule dry weight.

The interaction of plant variety and nitrogen source altered nodules per plant (p = 0.004) and
nodule dry weight (p = 0.005) (Table S1). Pistol inoculated with MO75 increased nodules per
plant by 54 % in comparison to Kyabra inoculated with CC1192 (Figure 4a). Drummond
inoculated with CC1192 increased nodule dry weight by 19 % in comparison to Boundary

inoculated with MO75 (Figure 4b).

The interaction of plant variety and water regime modified nodules per plant (p < 0.001) and
nodule dry weight (p < 0.001) (Table S1). Well-watered Pistol increased nodules per plant by
143 % in comparison to severe-stressed Drummond (Figure 4a). Nodule dry weight increased

in well-watered Drummond by 155 % in comparison to severe-stressed Pistol (Figure 4b).

The interaction of water regime and nitrogen source influenced the symbiotic efficiency (p =
0.009) (Table S1). Symbiotic efficiency was reduced from 205 % in well-watered plants

inoculated with CC1192 to 141 % in water-stressed plants inoculated with M075 (Figure 4c).
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Figure 4. (a) Nodules per plant, (b) nodule dry weight and (c) symbiotic efficiency of
Boundary, Drummond, Kyabra and Pistol inoculated with CC1192 and M075 under two
water regimes: well-watered control (80 % pot capacity) and drought (1/3 of available soil
water represents 33 % pot capacity). Error bars are an Estimated marginal mean + half-LSD
(5 %). See Table S1 for statistical results. Estimated marginal means from the same panel are

significantly different if their error bars do not overlap.

2.4. Variation in bacteroid size and amount of polyhydroxybutyrate

The bacteroid size was less in all four cultivars under drought in comparison to well-watered

treatments (Figure 5a). The interaction of plant variety and water regime varied bacteroid size
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(p = 0.012) and amount of polyhydroxybutyrate (p =0.003) (Table S1). Drummond increased
bacteroid size by 10 % in comparison to Boundary under well-watered treatment, and Pistol
increased bacteroid size by 3 % in comparison to Drummond under drought (Figure 5a).
Drummond achieved a 23% increase in polyhydroxybutyrate size compared to Kyabra under

well-watered conditions and a 22% increase under drought conditions (Figure 5b).

The bacteroid size and the amount of polyhydroxybutyrate were high in the M075 strain
(Figure 53, b). The interaction of plant variety and nitrogen source altered bacteroid size (p =
0.024) (Table S1). Bacteroid size was increased in Kyabra inoculated with M075 by 16 % in
comparison to Boundary inoculated with CC1192 (Figure 5a). The interaction of water
regime and nitrogen source influenced polyhydroxybutyrate accumulation (p = 0.001) (Table
S1). Well-watered plants inoculated with CC1192 increased polyhydroxybutyrate
accumulation by 22 % in comparison to water-stressed plants inoculated with CC1192

(Figure 5b).

The association between bacteroid morphology and plant biomass in response to strain and
water regimes showed that bacteroid size and the amount of polyhydroxybutyrate were
correlated negatively with plant biomass under well-watered conditions (Figure 6 a, b and

Supplementary Table S2).
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Figure 5. (a) Bacteroid size and (b) the amount of polyhydroxybutyrate of Boundary,

100

Drummond, Kyabra and Pistol inoculated with CC1192 and MO75 under two water regimes:

well-watered control (80 % pot capacity) and drought (1/3 of available soil water represents

33 % pot capacity). Error bars are an Estimated marginal mean + half-LSD (5 %). See Table

S1 for statistical results. Estimated marginal means from the same panel are significantly

different if their error bars do not overlap.
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Figure 6. Relationship of plant biomass with (a) bacteroid size and (b) polyhydroxybutyrate

accumulation (based on forward and side scatter plots, FSC) of four chickpea varieties
inoculated with CC1192 (circle) and M075 (triangle) in response to well-watered (black) and

drought (grey).

3. Discussion
3.1.Chickpea growth responses to Mesorhizobium strains are temporal under well-

watered and drought

The high-throughput phenotyping showed the pattern of chickpea growth in response to
Mesorhizobium strains, plant variety and water availability. The effect of strain was not
significant on the projected shoot area before 41 DAP. At 41 and 53 DAP, projected shoot
area patterns diverged between strains depending on water availability (Table S1 and Figure
1). At those points (41 and 53 DAP), chickpea inoculated with CC1192 had a high shoot
growth rate compared with other nitrogen sources under well-watered treatments and

continued to accumulate high plant biomass and express high symbiotic efficiency at harvest
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(Figure 1, 3). This response was particularly in reference to M075 and the negative control.
We expected nitrogen-fertilised treatment to produce high shoot growth rate compared with
rhizobial and un-inoculated negative control treatments. However, both rhizobial strains
showed high shoot growth rate compared to the nitrogen-fertilised treatment presumably due
to inadequate nitrogen supplied in the fertilised treatment during the first three weeks of

chickpea growth.

When subjected to drought, chickpea shoot growth rate was significantly less than the well-
watered treatment and was comparable between both CC1192 and M075 up to 53 DAP, and
accumulated high plant biomass and symbiotic efficiency at harvest (Figure 1, 3). The
positive divergence in projected shoot area after 41 and 53 DAP under well-watered
conditions can be explained by the relative growth rates of the smoothed projected shoot area
between the two strains (Fig 2), indicating higher relative growth rates in the plants
inoculated with CC1192 during pre-drought phase (10-29 DAP) (Figure S2). The potential of
the commercial strain CC1192 to fix high quantities of nitrogen in the early stages (pre-
drought phase) is a possible driver behind the temporal growth response that influences
chickpea’s capacity to benefit from unfavourable environments later (drought phase). This is
consistent with a previous finding that nitrogen fixation significantly affected soybean
chlorophyll content and growth during the early stages of development (Kaschuk et al.,
2010). However, the relative contribution to leaf growth of N fixation (relative to seed N)
would presumably be greater later in growth, when absolute growth rates are greater,
requiring more N per day. Thus, the lack of RGR difference between the strains later in
growth suggests that early plant growth may depend on some important difference between
the strains other than their relative N-fixation contributions. For example, M075’s greater
number of nodules might result in a greater nodule-construction carbon cost per plant at a

time when current C costs have a larger effect than current N benefits.
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3.2. Chickpea varieties vary in leaf exudates, plant biomass and nodule traits in

response to different Mesorhizobium strains and water regime

Bacterial strains have been reported to contribute to symbiotic effectiveness under both well-
watered and drought conditions (Mhadhbi et al. 2004, 2008; Tejera et al. 2004). In this study,
however, strain differences were significant only under well-watered conditions (Fig. 4 and
5). CC1192-inoculated plants showed a 1.6-fold increase in plant biomass, while their
symbiotic efficiency showed a 1.3-fold improvement compared to plants inoculated with
MO75 under well-watered conditions (Figure 3b, 4c). These results suggest the potential of
commercial strain CC1192 to fix a substantial quantity of nitrogen under well-watered
conditions, and are consistent with studies on chickpea-rhizobia and M. truncatula - S.
meliloti symbiosis under well-watered and drought (Mhadhbi et al. 2009; Esfahani and
Mostajeran, 2011).

Robust rhizobial strains persisting for longer periods in dry soils are important contributors to
the plant variety - rhizobia symbioses (Mnasri et al., 2007). In this study, the interactions
between plant varieties and strains indicate different infectivity potentials of rhizobia with
host genotypes, as reported in common bean (Neila et al., 2014). Our study showed that
variety Pistol had 24 % greater nodules per plant compared to Drummond inoculated with
MO075, and Pistol had a 17 % increase in nodule dry weight compared to Boundary inoculated
with M075 (Figure 4a, b). These findings suggest that the effectiveness of Mesorhizobium
strains and chickpea varieties, as reported with common bean-Rhizobium, where an isolate of
Rhizobium spp. induced the highest nodulation with one cultivar, was not consistently
observed with the other cultivars (Argaw and Muleta 2018). It is worth mentioning that

greater nodules per plant did not indicate the effectiveness of M075, and is consistent with
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the previous finding that improved nodule characteristics do not always translate into

increased shoot growth (Kibido et al., 2018; Abdela et al., 2020)..

Leaf exudates play a direct role in plant defence against pests and pathogens (War et al.,
2012), and a putative indirect role in mediating interactions with predators and herbivore
parasitoids (Dicke et al., 2009). The simplest hypothesis to predict leaf exudates would be
that plant growth and leaf exudation depend on the same resources. If resource supply were
fixed, this would result in a negative correlation between effects on biomass vs. growth, as
seen the contrasting effects of the two rhizobia strains on Boundary under well-watered
conditions (Fig. 3). In general, however, Fig. 3 shows a positive correlation between
exudates and biomass, consistent with differences in resource availability among plants

swamping resource-allocation tradeoffs (Van Noordwijk and de Jong, 1986).

3.3.Bacteroid size and polyhydroxybutyrate accumulation vary in response to
Mesorhizobium strains, chickpea variety, water availability and their interactions
Genetic and environmental factors shape bacteroid morphology (Oono et al., 2009;
Rangarajan et al., 2020). In this study, we observed a 2.0-fold variation in bacteroid size in
Drummond compared with a 1.2-fold variation in Kyabra in response to drought (Figure 5a).
The amount of polyhydroxybutyrate varied 1.2-fold in Drummond compared with a 1.0-fold
variation in Kyabra in response to drought (Figure 5b). These findings highlight the
distinctive responses of different chickpea varieties to water availability and their potential to
modulate bacteroid morphology and overall plant performance. It is likely that genetic
variations inherent in each plant variety interact with water availability, influencing the
physiology and metabolism of rhizobia within root nodules, as previously observed in M.
truncatula (Larrainzar et al., 2009).
Previous studies have established that bacteroid differentiation into swollen and non-swollen
states is regulated by both the bacteria and the plant species but not in chickpea (Oono and
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Denison., 2010). In this study, M075-bacteroids increased bacteroid size by 15 % compared
with CC1192-bacteroids in Kyabra (Figure 5). This is much smaller than the size difference
between undifferentiated rhizobia and bacteroids in legume species that impose swelling. It is
likely that the genetic differences between Mesorhizobium strains result in the production of
signals that induce strain-specific responses from the host. This observation aligns with a
previous study highlighting the role of host plants in driving bacteroid differentiation within
Mesorhizobium-Cicer arietinum and Bradyrhizobium-Aeschynomene symbiosis (Montiel et
al., 2017; Lamouche et al., 2019).
3.4.Bacteroid size and amount of polyhydroxybutyrate do not determine the symbiotic
benefits in the chickpea-Mesorhizobium symbiosis
We observed a negative correlation between plant biomass and both bacteroid size and
polyhydroxybutyrate accumulation under well-watered conditions (Figure 6a, b), in contrast
with the positive (R2 = 0.4) correlation between cell size and “symbiotic efficiency” reported
previously (although one strain had a negative correlation between “efficiency” and
“differentiation”) in Aeschynomene-Bradyrhizobium Symbiosis (Lamouche et al., 2019). This
phenomenon can be attributed to the substantial production of chickpea nodule-specific
cysteine-rich (NCR) antimicrobial peptides that may impose bacteroid differentiation in
Chickpea (Montiel et al., 2017). NCR peptides have multiple intracellular targets in
bacteroids in the Medicago-Sinorhizobium symbiosis (Farkas et al., 2014), and water
availability could influence the expression of NCR antimicrobial peptides (Kunert et al.,
2016). Plants that initiate bacteroid differentiation into different sizes may allocate significant
energy resources to maintain a large number of NCR genes in their genome, potentially
compromising overall plant growth. The expression levels of genes related to the

tricarboxylic acid cycle, a central metabolic pathway involved in cellular respiration and
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energy generation, were markedly higher in the swollen bacteroids of Arachis hypogaea

compared to the non-swollen bacteroids of Sophora flavescens (Chen et al., 2023).

In conclusion, shoot growth rate responses to Mesorhizobium strains undergoes changes over
chickpea ontogeny, and the data collected at the harvest time point reflects the plant's growth
patterns throughout its lifespan. Bacteroid size and polyhydroxybutyrate accumulation vary
in response to Mesorhizobium strains, chickpea variety, water availability but do not
determine the symbiotic benefits in the chickpea-Mesorhizobium symbiosis. This information
advances our understanding of the function of Chickpea-Mesorhizobium symbiosis that could
lead to development of targeted approaches to promote positive growth responses through

rhizobia.
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Supplementary data

Table S1. The p-values for the Wald F-statistics that test for seven treatment sources, comprising the four interactions of the three treatment
factors (Variety, Water regime, Nitrogen source) plus their three main effects. Statistically significant terms (p < 0.05) are flagged with an
asterisk (*). Within any trait, “na” indicates that the test for that term is not applicable because of a significant higher-order term (interaction)

involving the factor(s) in the na term.

Trait V:W:N VW V:N W:N Vv W N
sPSA 10 0.705 0.296 0.803 0.164 * <0.001 0.772 *0.010
SPSA 15 0.738 0.461 0.615 0.452 *<0.001 0.716 *0.016
SPSA 20 0.583 0.837 0.465 0.436 *<0.001 0.479 *0.020
SPSA 29 0.516 0.959 0.614 0.16 *<0.001 0.441 *<0.001
SPSA 32 0.483 0.968 0.493 0.193 *<0.001 0.958 *<0.001
SPSA 41 0.716 0.849 0.075 *0.005 *<0.001 na na
SPSA 53 0.537 0.879 *0.006 *<0.001 na na na

sPSA RGR 10-15 0.533 0.308 0.105 0.441 * <0.001 0.511 0.098
SPSA RGR 15-20 0.498 0.113 0.446 0.36 *<0.001 0.245 *0.002
SPSA RGR 20-29 0.84 0.63 0.104 0.623 *<0.001 0.852 *<0.001
SPSA RGR 29-32 0.693 0.893 *<0.001 *0.033 na na na
SPSA RGR 32-41 0.274 0.449 *<0.001 0.203 na *<0.001 na
SPSA RGR 41-53 0.157 0.061 0.168 0.079 *0.002 *<0.001 *<0.001
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Leaf exudates *<0.001 na na na na na na

Plant biomass 0.865 0.525 0.409 *<0.001 *<0.001 na na
Symbiotic efficiency 0.997 0.25 0.779 *0.009 0.207 na na
Nodule per plant 0.098 *<0.001 *0.004 0.171 na na na
Nodule dry weight 0.056 *<0.001 *0.005 0.107 na na na
Bacteroid size 0.122 *0.012 *0.024 0.339 na na na
Polyhydroxybutyrate 0.719 *0.003 0.45 *0.001 na na na
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Table S2. Matrix of Pearson’s correlation coefficients (r) for plant biomass, symbiotic efficiency and nodule traits of four chickpea varieties

inoculated with CC1192 and M075 under well-watered and drought. Shading indicates the strength of correlations, with darker shading denoting

stronger positive (blue) or negative (red) correlations.

Bacteroid size

Polyhydroxybutyrate Plant biomass Symbiotic efficiency  Nodules per plant

Well-watered

Polyhydroxybutyrate -
Plant biomass

Symbiotic efficiency -0.63
Nodules per plant 0.40
Nodule dry weight 0.06

Drought

Polyhydroxybutyrate _

Plant biomass -0.14

Symbiotic efficiency
0.61
-0.57

Nodules per plant
Nodule dry weight

-0.71
-0.56
0.31
0.00 0.06 0.24 0.33
-0.18
0.31
.02 [ oss |
-0.45 0.39 0.42 -0.05
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Figure S1. Estimated marginal means (EMMs) for the Smoothed Projected Shoot Area

(sPSA) during the pre-drought phase (up to day 29 after planting) for four chickpea varieties

and four nitrogen source treatments. Error bars are an EMM + half-LSD (5 %). See Table S1

for statistical results. Two EMMs from the same panel and time-point are significantly

different if their error bars do not overlap.
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Figure S2. Estimated marginal means (EMMSs) for the Relative Growth Rates of the

smoothed Projected Shoot Area (SPSA RGR) during the pre-drought phase (up to day 29 after

planting) for four chickpea varieties and four nitrogen source treatments. Error bars are an

EMM + half-LSD (5 %). See Table S1 for statistical results. Two EMMs from the same

panel and time-point are significantly different if their error bars do not overlap.
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Abstract

Abstract

Purpose: Drought and herbivory challenge chickpea growth and yield. Consequently, we
designed two glasshouse experiments to test four hypotheses: (1) drought increases leaf

exudation of organic acids; (2) herbivory increases leaf exudation of organic acids; (3)

drought modulates leaf exudation of organic acids in response to herbivory; and (4) there is a

trade-off between growth and defence associated with leaf exudation of organic acids.
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Methods: Experiment 1 combined factorially twelve varieties and three water regimes.
Experiment 2 combined factorially six varieties, two water regimes, and two herbivory

treatments.

Results: Drought decreased the amount of leaf exudates by 71 % and growth traits by 15 to
48 %. Herbivory increased the amount of leaf exudates by 60 % and reduced shoot biomass
by 32 % in well-watered plants, and increased exudates by 49 % and reduced shoot biomass
by 38 % under severe water stress. Leaf damage, and survival and size of H. armigera larvae
were larger in water-stressed plants, and correlated negatively with the leaf exudates in both
water regimes. Our study did not support a trade-off between growth and defence: in
experiment 1, there was no trade-off between exudates and growth traits in 25 out of 27 cases
resulting from the combination of nine traits and three water regimes; weak trade-offs in 2
out of 27 cases were apparent under water stress; in experiment 2, growth and exudates were

unrelated.

Conclusions: The complex relationship between drought, herbivory, and plant defence

underscores the need for a nuanced understanding of crop management.

Keywords: defence, leaf exudates, oxalic acid, malic acid, photosynthesis, trade-off

1. Introduction

Drought and cotton bollworm (Helicoverpa armigera) both reduce chickpea yield globally
(Molina et al., 2008; Chrigui et al., 2020). Insecticides are widely used for controlling H.
armigera, with side effects including development of resistance in pest populations, damage
to non-target organisms, and chemical residues in soil and water (Kranthi et al. 2002). In this

context, plant resistance to H. armigera is advantageous.
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Chickpea (Cicer arietinum) secretes organic acids from roots (Veneklaas et al. 2003), and
green tissues (Toker et al., 2004) in response to pests, pathogens and beneficial microbes.
Leaf organic acids play a defence role against H. armigera (Chrigui et al., 2020). Intra-
specific variation in insect resistance has been reported that is partially correlated with the
amount of leaf organic acid exudates (Srivastava et al., 1989; Bhagwat et al., 1995; Yoshida
et al., 1995; Yoshida et al., 1997; San et al., 2022). Oxalic acid incorporated into an artificial
diet inhibited the growth of H. armigera larvae (Yoshida et al., 1995). A large variation in the
concentration of oxalic and malic acids was found on chickpea leaves challenged with H.
armigera (Yoshida et al., 1995; Salimath et al., 2003). Similarly, increased concentration of
oxalic acid provide defence against herbivores in cobra lily (Arisaema species), Napier grass

(Pennisetum purpurea) and cacti (Opuntia Sp.) (Sidhu et al., 1996; Monje and Baran, 2022).

Drought decouples photosynthesis and growth, leading to an accumulation of carbon
compounds (Granier et al., 2006; Hummel et al., 2010; Muller et al., 2011). In response to
short-term drought under controlled conditions, Thymus vulgaris, T. kotschyanus and Aptenia
cordifolia accumulated leaf organic acids including malic, fumaric and citric (Herppich and
Peckmann, 1997; Ashrafi et al., 2018). The hypothesis that leaf exudates are an adaptation to
drought predicts an increase in leaf exudation during drought. Consequently, these organic
acids can partially mediate the interaction between drought and herbivory. Previous studies
on the interaction between drought and herbivory have tested the two opposing hypotheses:
the plant stress hypothesis and the plant vigour hypothesis. The plant stress hypothesis
suggests that herbivory benefits from drought-stressed plants due to a trade-off between plant
defence and growth as plants divert resources from costly defence mechanisms to enhance
survival under drought (Gutbrodt et al., 2011). On the other hand, the plant vigour hypothesis
proposes that reduced plant performance resulting from drought has a negative impact on

herbivore fitness (Price, 1991). Low water availability decreases photosynthetic rate (Igbal et

112



al., 2019), leaf turgor (Gutbrodt et al., 2011), and above-ground biomass (Igbal et al., 2018),
which is predicted to have a negative impact on insects that preferentially feed on fast-

growing vigorous plants (Grinnan et al., 2013a).

A trade-off between plant defence and growth might compromise fitness in the absence of
herbivores (Baldwin, 1998; Ullmann-Zeunert et al., 2013). It has been argued that elements
of the shade-avoidance syndrome, including increased elongation, apical dominance, reduced
leaf mass per area, and allocation to roots, are in direct conflict with configurational changes
involved in plant defence (Ballare and Austin 2019). In response to intra-specific
competition, Arabidopsis thaliana upregulated genes associated with photosynthesis and
downregulated genes associated with defence under the experimental conditions of Geisler et
al. 2012. The growth-defence trade-off involves both carbon and nitrogen; nitrogen allocation
in Nicotiana attenuata under simulated herbivory was directed to defence-related
metabolites, e.g., phenolamides, at the expense of soluble proteins that are critical for carbon
assimilation and growth (Ullmann-Zeunert et al., 2013). Induced defences involving organic
acids in plants might have a lower cost than constitutive defences (Karban et al., 1997,
Hummel et al., 2010). In response to herbivory, chickpea increased defence compounds,
including phenols and malic acid, and reduced sugar contents in leaves (Karthik and Vastrad,

2022).

With a focus on chickpea and H. armigera, we report results from two experiments designed
to test four hypotheses: (1) drought increases leaf exudation of organic acids; (2) herbivory
increases leaf exudation of organic acids; (3) drought modulates leaf exudation of organic
acids in response to herbivory; and (4) there is trade-off between growth traits and defence

associated with leaf exudation of organic acids.
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2. Materials and Methods

2.1.0verview

Two experiments were established in a glasshouse at The University of Adelaide, Australia,
to test the four hypotheses. Plants were grown under natural sunlight and photoperiod
conditions. Radiation and temperature were recorded with Hobo Pendant Temp-Light Data
Loggers (OneTemp Pty Ltd., Bourne, MA 02532, USA). In both experiments, seeds were
sourced from Agriculture Victoria Research, and surface sterilised with 75 % ethanol for 2
minutes, washed several times with distilled water before sowing. Four seeds per pot were
sowed and thinned to two plants per pot 7 days after sowing. Pots (17 cm diameter, 10 cm
depth) were filled with sandy loam soil, and plants were supplied McKnight’s nutrient
solution weekly (McKnight, 1949), and tap water as needed to maintain the water regimes
outlined below. The experimental design was a completely randomized block design with

three (exp. 1) or four (exp. 2) replicates.

2.1.1. Experiment 1: genotype-dependent response to drought

We established a factorial experiment combining twelve varieties and three water regimes.
Varieties were HatTrick, Sonali, Seamer, Genesis 838, Drummond, Pistol, Striker, Kyabra,
Slasher, Boundary, Captain and Howzat, that represent the pool of commonly used varieties
in current cropping systems of Australia. Soil water content was measured gravimetrically;
pots were maintained at well-watered conditions until 23 days after sowing (DAS).
Afterwards, three water regimes were established: well-watered control (~80 % pot capacity),
2/3 of available soil water (~66 % pot capacity) and 1/3 of available soil water (~33 % pot
capacity). The experiment was harvested on 15 June 2021 when plants reached the late

flowering stage. Daily maximum photosynthetic photon flux density ranged from 1019 to 203

114



umol m2 s and photoperiod from 12 h to 14 h. Maximum temperature averaged 32.9 + 1.9

and minimum temperature averaged 15.3 £ 1.5 °C (Figure S1 a, b).

2.1.2. Experiment 2: interaction between drought and herbivory

We selected six varieties that showed contrasting leaf exudates under drought in experiment
1: Drummond, Howzat, Kyabra, Genesis836, Captain and Slasher. Water regimes included a
well-watered control (~80 % pot capacity) and 1/3 of available soil water (~33 % pot
capacity) applied at 28 DAS. At 36 DAS, we established two herbivore treatments: fifteen H.
armigera 2" instar larvae per plant, and untreated controls. The decision to use fifteen larvae
per plant was based on a previous study that demonstrated optimal leaf damage in chickpea
occurred within a range of ten to fifteen H. armigera larvae (Sharma et al., 2005). Plants were
placed in transparent nets (base diameter 45 cm, top diameter 45 cm, height 65 cm)
(Cunningham et al., 1998). The experiment ended on 5 June 2022 when plants reached the
late flowering stage. The larvae were provided by the Commonwealth Scientific and
Industrial Research Organisation, Narrabri, Australia. Daily maximum photosynthetic photon
flux density ranged from 1452 to 172 pmol m s. The maximum temperature averaged 34.4

+ 3.0 and minimum temperature averaged 13.1 + 2.3 °C (Figure S1 c, d).

2.2.Measurements

2.2.1. Leaf exudates

In both experiments, we measured leaf exudates from fully matured leaves using the

approach of Yoshida et al. (1997) with slight modifications,

Leaf exudates (g cm) = (FWL- WPL)/LA (eq. 1)
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where FW\_ is leaf fresh weight, WP_ is the weight of tissue-wiped leave, and LA is the leaf
area. We determined the leaf area using a scanner (Canoscan 9000F Canon Inc.) and Image J

software.

In experiment 2 we measured the organic acids from water-washed extracts of mature leaves
through high-performance liquid chromatography (Cawthray, 2003; Uloth et al., 2015).
Leaves were excised from plant at harvest and placed into test tubes containing 5 ml distilled
water and vortexed for 1 minute. The leaves were removed from test tubes, oven-dried at 70
°C for 48 h, and weighed. Leaf-washed extract was freeze-dried and sent to the laboratory for
analysis. The freeze-dried samples were redissolved in 2.5 ml of mobile phase, filtered
through a 0.2 um filter and injected into high-performance liquid chromatography (Prevail
organic acid column 250x4.6 mm with 5 um particle size, Grace, USA). The mobile phase
consisted of 25 mM potassium phosphate (pH 2.50) and flow rate was 1 ml min. We
evaluated oxalic and malic acids, as they were consistently detected in all samples. The
amounts of oxalic and malic acids were calculated from linear calibration curves based on
peak area. Positive identification of malic and oxalic acids was based on retention time, and
photodiode array (Waters) spectral properties of peaks compared to standards and expressed

in umol g on dry weight basis.

2.2.2. Plant and insect traits

In experiment 1, we used a portable photosynthesis system (CIRAS-3, Amesbury, USA) to
measure net photosynthesis (umol CO, m s, transpiration (mmol H,0O m2 s?), stomatal
conductance (mmol H,0 m*2 s1), and sub-stomatal CO, concentration (umol mol™) on the
day of harvest. The system was set at 1000 p mol m 2 s * light source, 100 umol mol*
analyser flow, 50 % stomatal ratio, and 400 p. mol mol* reference CO, concentration.
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Photosynthetic traits were measured on the youngest fully expanded leaf between 10:00 AM
and 2:00 PM. Three leaves per replicate were measured. Plants were harvested at 40 DAS
and dissected into shoots and roots. Roots were washed with water to remove soil, and
carefully placed on a plexiglass tray with a 2 to 3 mm water layer. This tray was transferred
to root Epson perfection V700 photo scanner. After scanning, we used WinRHIZO (Version
2007d, Regent Instrument Inc., Canada) software to determine total root length, surface area,
root volume and diameter (Hussain et al., 2019). Shoot and root were oven-dried at 70 °C for

48 h and weighed.

In experiment 2, plants were harvested at 44 DAS and dissected into shoots and roots. We
counted the number of larvae that survived, the number of damaged and undamaged leaves,
and estimated the percentage of leaf damaged as the total number of damaged leaves/total
number of leaves x 100. We took the image of larvae using a scanner (Canoscan 9000F), and
the larvae size was estimated by measuring their length and width using ImageJ® image
analysis software (Collins, 2007). Larvae were weighed with a high-resolution balance

(readability = 0.1 mg, Ohaus corporation, USA).

2.3.Statistical analysis

We used a general linear model with factorial design to assess the effects of plant variety,
water regime and their interactions on plant traits (experiment 1), and the effects of plant
variety, water regime, herbivory and their interactions on plant traits, and the effect of plant
variety, water regime and their interactions on insect traits (experiment 2). Following updated
statistical recommendations, we avoid the wording “statistically significant”, “non-
significant”, or the variations thereof, thus avoiding dichotomisation based on an arbitrary
discrete p-value (Wasserstein et al. 2019). Instead, we report p as a continuous quantity, and

Shannon information transform [s = -logz(p)] as a measure of the information against the
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tested hypothesis (Greenland, 2019). Although s is a function of p, the additional information
provided is not redundant. With base-2 log, the units for measuring this information are bits
(binary digits). For example, p = 0.05 conveys only s = - l0og2(0.05) = 4.3 bits of information,
“which is hardly more surprising than seeing all heads in 4 fair tosses” (Greenland, 2019).
We used OriginPro, 2022. (OriginLab Corporation, Northampton, MA, USA) and SigmaPlot

11.0 (Systat Software Inc., San Jose, CA, USA) for data analysis and figures.
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3. Results
3.1.Experiment 1

3.1.1. Variation in plant traits with plant variety, water regime and their interaction

Plant biomass, leaf exudates, transpiration and stomatal conductance varied with plant variety
and water regime, except for net photosynthesis and sub-stomatal intercellular CO., that only
varied with water regime (Table S1). The interaction of plant variety and water regime
influenced leaf exudates (p = 0.02, s = 5.6), plant biomass (p = 2.49 x 10, s = 11.9), net
photosynthesis (p = 0.02, s = 5.6), transpiration (p = 2.83 x 103, s = 8.4) and stomatal
conductance (p = 1.55 x 10, s = 12.6) (Table S1). Drought stress at 1/3 of available soil
water decreased all plant traits in comparison to well-watered and 2/3 of available soil water
(Fig. 1a-f). To illustrate the interactions, the amount of leaf exudates varied 3.4-fold in
Captain compared with 1.5-fold in Seamer in response to water stress. Plant biomass varied
2.0-fold in Seamer compared with 1.3-fold in Boundary, net photosynthesis varied 2.5-fold in
Striker compared with 1.6-fold in Kyabra, transpiration varied 3.0-fold in Striker compared
with a 1.6-fold in Sonali and stomatal conductance varied 3.2-fold in Striker compared with a

1.7-fold in HatTrick under 1/3 of available soil water (Fig. 1a-f).
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3.1.2. Variation in root traits with plant variety, water regime and their interaction
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Root length, average root diameter, root surface area, and root volume varied with variety
and water regime (Table S2). The interaction of variety and water regime modified root
surface area and root volume (p = 0.03, s = 5.0) (Table S2). Root length, average root
diameter, root surface area, and root volume decreased under 1/3 of available soil water
compared with well-watered and at 2/3 of available soil water (Fig. 2a-d). To illustrate the
interactions, root surface area varied 2.3-fold in Slasher compared with a 1.3-fold in Sonali
(Fig. 2¢) and root volume varied 2.8-fold in HatTrick compared with a 1.5-fold in Captain in

response to water stress (Fig. 2d).
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Fig 2 The effect of drought stress on (a) root length, (b) root surface area, (c) root average
diameter, and (d) root volume in twelve chickpea varieties exposed to three water regimes:
80, 66 and 33 % pot capacity in experiment 1. Values are means * standard errors, and errors

are not shown when smaller than symbol

3.1.3. Associations between traits
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Growth traits and leaf exudates were unrelated in well-watered plants (p > 0.4, s > 1.3) (Fig.
3a, Supplementary Table S5). There was a weak, negative correlation between leaf exudates
and net photosynthesis (p = 0.08, s = 3.6) and stomatal conductance (p = 0.09, s = 3.4) under

1/3 of available soil water (Fig. 3c, Table S5). Leaf exudates correlated positively with root

volume under 2/3 of available soil water (p = 0.08, s = 3.6) (Fig. 3b, Table S5).
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Fig 3 Slopes of linear regressions relating plant and root traits with leaf exudates in chickpea
varieties grown under three water regimes; 80, 66 and 33 % pot capacity in experiment 1.
Error bars are two standard errors. Traits were normalised relative to maximum value in each

treatment for comparison

3.2.Experiment 2:

3.2.1. Variation in plant and larvae traits with plant variety, herbivory, water regime, and

their interactions

Plant bhiomass, amount of leaf exudates, and concentration of malic and oxalic acids varied
with variety, water regime, herbivory and their interaction (Table S3). The concentration of
both oxalic acid (p = 2.05 x 10, s = 12.2) and malic acid (p = 7.74 x 10, s = 10.3) varied

with the interaction between variety and herbivory. The concentration of oxalic acid ranged
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from 771 umol g* in Slasher with no larvae to 262 umol g* in Captain challenged with H.
armigera (Fig. 4e, f). The concentration of malic acid ranged from 138 pmol g in Genesis-

836 with no larvae to 18 pmol g in Kyabra challenged with H. armigera (Fig. 4g, h).

The interaction of water regime and herbivory altered leaf exudates (p = 4.38 x 10, s =
11.1), and the concentration of both oxalic acid (p = 5.80 x 10, s = 10.7) and malic acid (p =
6.45 x 103, s = 7.2) (Table S3). Leaf exudates increased from 0.02 g cm in water-stressed
plants with no larvae to 0.09 g cm in well-watered plants challenged with H. armigera (Fig.
4c, d). Oxalic acid was reduced from 651 umol g in well-watered plants with no larvae to
287 umol gt in water-stressed plants challenged with H. armigera (Fig. 4e, f). Malic acid
was reduced from 101 umol g in water-stressed plants with no larvae to 27 umol g in well-

watered plants challenged with H. armigera (Fig. 4g, h).

The three-way interaction between plant variety, water regime and herbivory affected the
concentration of oxalic acid (p = 8.12 x 103, s = 6.9) (Table S3), which reduced from 963
umol gt in well-watered Slasher with no larvae to 129 pmol g in water-stressed-Captain

challenged with H. armigera (Fig. 4e, f).

Larval survival varied with plant variety and water regime, and percentage leaf damage only
varied with water regime (Table S4). The interaction of plant variety x water regime affected
the percentage leaf damage (p = 0.03, s = 5.0) and larval survival (p = 5.54 x 103, s = 7.4)
(Table S4). Leaf damage ranged from 18 % in water-stressed Captain to 6 % for well-watered
Drummond (Fig. 5a). Larval survival ranged from 11 plant  in water-stressed Captain to 5

plant - in well-watered Drummond (Fig. 5b).
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3.2.2. Association between plant and larvae traits and leaf exudate

Plant biomass was unrelated to the amount of leaf exudates in well-watered (p = 0.98, s =
0.0) and water-stressed plants (p =0.72, s = 0.4) (Fig. 6a, Supplementary Table S6). Leaf
damage and larval survival correlated negatively with leaf exudate under both water regimes
(Fig. 6b, ¢, Table S6). Larval weight correlated negatively with leaf exudate, particularly

under water stress (Fig. 4d, Table S6).
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Fig. 6 Relationship of (a) plant biomass, (b) leaf damage, (c) larval survival and (d) larval
weight with leaf exudates of six chickpea varieties exposed to two water regimes: 80 %

(black) and 33 % (grey) pot capacity under Helicoverpa armigera application in experiment 2

4. Discussion

4.1. Hypothesis 1: drought increases the leaf exudation of organic acids

Drought can decouple photosynthesis and growth, leading to an accumulation of reduced
carbon (Granier et al., 2006; Hummel et al., 2010; Muller et al., 2011; Kérner, 2013).
Accordingly, we hypothesised that drought could increase leaf exudates in chickpea. In this
study, water stress decreased the amount of leaf exudates by 98 to 72 %, compared with a
reduction in shoot biomass of 48 to 64 % (Fig. 1, 2). The hypothesised increase in exudates
was not realised in our experiments, where water deficit reduced exudates proportionally

more than growth. This could be ascribed to a combination of factors. First, the plant can
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produce more exudates under drought, but stomatal closure may limit the release of exudates
from the leaves (Flexas et al., 2006). Second, the stressed plant may increase root exudates at

the expense of leaf exudates (Yang et al., 2002).

4.2.Hypothesis 2: herbivory increases the exudation of organic acids

Herbivory increased the amount of leaf exudates (Fig. 4) consistent with a direct role in plant
defence (War et al., 2012), and a putative indirect role mediating interactions with predators
and herbivore parasitoids (Dicke et al., 2009). This response indicates the production of
inducible leaf exudates in response to H. armigera, which implies a complex signalling
pathway (Kessler and Baldwin, 2002). Plants challenged with herbivory release hormones
such as jasmonic acid and salicylic acid, which in turn activate a number of genes associated
with defence compounds, including leaf exudates (War et al., 2011a; War et al., 2012). Under
the experimental conditions of War et al. (2011b), salicylic acid was linked to high activities
of peroxidase, polyphenol oxidase, total amount of phenols, and hydrogen peroxide that
induce defence against biotic stress in chickpea. However, the specific composition of
exudation of organic acids varies depending on the plant species, the type of herbivore, and

the intensity of the attack (Walters, 2014; Schweiger et al., 2014).

4.3.Hypothesis 3: drought modulates the effect of herbivory

Herbivory increased the amount of leaf exudates and water regime modulated this response,
which also varied with variety (Fig. 4). Well-watered plants challenged with H. armigera
increased the amount of leaf exudates by 60 % in comparison to plants with no larvae (Fig.
4c, d). However, water-stressed plants challenged with H. armigera increased the amount of

leaf exudates by 43 % in comparison to plants with no larvae (Fig. 4c, d). Some plants
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allocate more resources to defence when challenged with herbivory (Sampedro et al., 2011;
Huot et al., 2014), and defences tend to involve high carbon cost under both herbivory and
drought stresses (Cipollini, 2010). Therefore, plants shift resources away from costly
defensive compounds and increase nutrient content to maintain growth under drought.
Drought-resistant species inherently prioritise resource allocation towards responding to
drought rather than investing in defences against herbivore attacks (Montesinos-Navarro et
al., 2020; Carvajal Acosta et al., 2023). Tissue turgor, transpiration and stomatal opening also
influence the exudation of organic acids (Lu et al., 2020). The production of exudates is
constrained due to limitations in gas exchange before resource allocation under drought (Lu

et al., 2020).

The percentage of leaf damage and larval survival varied between water regime, plant variety
and their interaction, suggesting an antifeeding effect of acid exudates in response to H.
armigera under well-watered and severe stress (Fig. 5 and Table S4). Antifeedant effects of
acid exudates that reduced larval survival have been reported in chickpea (Yoshida et al.,
1995; Devi et al., 2013). In our study, Captain recorded higher leaf damage and larval
survival than Drummond across water regimes, suggesting that host plant resistance in
combination with water availability had a greater effect on H. armigera. This is consistent
with previous studies showing a variety-dependent effect of drought on resistance to

herbivory (Mao et al., 2004; Grinnan et al., 2013).

4.4. Hypothesis 4: trade-off between exudation of organic acids and growth

A trade-off between growth and defence has been described in plant-insect and plant-
pathogen interactions (Huot et al., 2014). In our study, growth traits (shoot and biomass, and

photosynthetic traits) were largely unrelated to leaf exudates, except for a weak correlation
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under 1/3 of available soil water (Fig. 3c, Fig. 6a, Table S5). A trade-off, if any, might be
contingent on water availability. In milkweed (Asclepias curassavica) and pinus pinaster
(pinheiro bravo), a trade-off between growth and defence was pronounced under low nutrient
conditions, but not in well-fertilised plants (Sampedro et al., 2011; Lopez-Goldar et al.,

2022).

The negative correlations of leaf damage, larval survival and larval weight with leaf exudates
under both water regimes (Fig. 6, Table S6), confirm the defence role of exudates. Oxalic
acid in an artificial diet inhibited the growth of H. armigera larvae while no such effects were
shown by malic acid (Yoshida et al., 1995; 1997). We did not find correlations between
herbivory related traits (leaf damage and larval survival) and concentration of oxalic acid and
malic acid (Table S6), suggesting the potential involvement of some unknown compounds. A
study that characterized the organic acid profiles in the leaf exudates of chickpea showed that
some unknown compounds were positively correlated with larval survival, while citric acid,
acetic acid and few unknown compounds were negatively correlated with leaf damage, larval

survival and larval weight (Narayanamma et al. 2013).

In conclusion, drought decreased, and herbivory increased the amount of leaf exudates. Water
regime modulated the response of leaf exudates to herbivory, potentially leading to change in
plant-herbivore relationships. A trade-off between defence and growth was not apparent

under our experimental conditions.
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Table S1 p and s from ANOVA for leaf exudates, plant biomass, net photosynthesis, transpiration, stomatal conductance, and sub-stomatal CO>

of chickpea in response to plant variety (V), water regime (W) and their interactions in experiment 1

Sources df Leafexudates Plantbiomass Net photosynthesis Transpiration Stomatal conductance Sub-stomatal CO2
p

Vv 11 6.30 x 10* 412 x 1013 0.08 2.28 x 10°° 1.05 x 10”7 0.15

W 2 2.21x1070 8.11 x 102 1.61 x 101 1.88 x 10716 1.93x 102 493 x 10

V xW 22 0.02 2.49 x 10 0.02 2.83x10° 1.55 x 10 0.96
s

Vv 10.63 41.14 3.64 15.42 23.18 2.73

W 32.07 73.38 42.50 52.24 75.46 17.63

V xW 5.64 11.97 5.64 8.46 12.65 0.05
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Table S2 p and s from ANOVA for root length, root surface area, root average diameter and

root volume of chickpea in response to plant variety (V), water regime (W) and their

interactions in experiment 1

Sources df Rootlength Rootsurface area Root average diameter  Root volume
p
V 11 3.82x10° 5.11 x 10°° 7.84 x 108 1.74 x 108
W 2 842x10% 215x107° 5.10 x 1032 7.88 x 10%
V xW 22 0.05 0.03 0.74 0.03
s
Vv 27.96 27.54 23.60 25.77
W 40.11 62.01 103.95 80.07
V xW 4.32 5.05 0.43 5.05
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Table S3 p and s from ANOVA for plant biomass, leaf exudates, oxalic and malic acids of

chickpea in response to plant variety (V), water regime (W), herbivory (H) and their

interactions in experiment 2

Sources df Plantbiomass Leafexudates Oxalicacid Malic Acid
p
V 5 1.97x10° 2.21x 103 1.37x102 188 x 10
W 1 351x10% 7.99 x 10 1.14 x 102" 2.27 x 10
H 1 6.74x101 8.78 x 1014 1.63 x 108 1.14 x 1019
V xW 5 0.76 0.11 0.12 0.23
V xH 5 0.08 0.25 2.05 x 10 7.74 x 10
W xH 1 0.10 4,38 x 10 5.80 x 10 6.45 x 1073
VxWxH 5 0.22 0.11 8.12 x 1073 0.67
s
\Y/ 5 8098 8.82 75.95 45.6
W 1 84.56 76.73 89.50 15.42
H 1 47.08 43.37 25.87 62.93
V xW 5 0.39 3.18 3.05 2.12
V xH 5 3.64 2.00 12.25 10.33
W xH 1 332 11.15 10.75 7.27
VxWxH 5 218 3.18 6.94 0.57
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Table S4 p and s from ANOVA for percentage leaf damage, larval survival, larval weight,
and larval length of chickpea in response to plant variety (V), water regime (W) and their

interactions under Helicoverpa armigera application in experiment 2

Sources df

% Leaf damage

Larval survival

Larval weight

Larval length

\Y/ 5
W 1
V xW 5
\Y/ 5
W 1
V xW 5

0.34
3.43 x 107
0.03

1.55
21.47
5.05

p
3.52 x10°

5.07 x 10

5.54 x 10
S

8.15

10.94

7.49

0.07
0.10
0.61

3.83
3.32
0.71

0.85
0.56
0.97

0.23
0.83
0.04
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Table S5 Matrix of Pearson’s correlation coefficients (r) for plant biomass, leaf exudate, photosynthetic and root traits under well-watered,

moderate, and severe drought in experiment 1. Shading indicates the strength of correlations, with darker shading denoting stronger positive

(blue) or negative (red) correlations

Plant Leaf Net Transpiration Stomatal Sub- Root Root Root
biomass exudates photosynthesis conductance stomatal length  surface  average
CO2 area diameter
Well-
watered Leaf exudates 0.25
Net
photosynthesis 0.47 -0.11
Transpiration 0.43 0.01 0.87
Stomatal
conductance 0.65 0.22 0.41 0.70
Sub-stomatal
CO2 0.30 0.25 0.42 0.69 0.79
Root length 0.71 0.10 0.21 0.29 0.50 0.32
Root surface -
area 0.54 0.06 0.13 0.29 0.45 0.29
Root average
diameter -0.34 -0.09 -0.16 0.10 -0.01 0.00 0.18 0.46
Root volume 0.38 0.02 0.07 0.27 0.38 0.23 0.86 - 0.65
Moderate
drought Leaf exudates 0.14
Net
photosynthesis 0.08 -0.35
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Transpiration 0.24 -0.10 0.28
Stomatal
conductance
Sub-stomatal
CO2

Root length
Root surface
area

Root average
diameter

Root volume 0.37

Severe

drought Leaf exudates 0.10
Net
photosynthesis

Transpiration
Stomatal
conductance
Sub-stomatal
CO2

Root length
Root surface
area

Root average
diameter

Root volume
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Table S6. Matrix of Pearson’s correlation coefficients (r) for plant biomass, exudation of organic acids and larval traits in response to well-

watered and severe stress under Helicoverpa armigera application in experiment 2. Shading indicates the strength of correlations, with darker

shading denoting stronger positive (blue) or negative (red) correlations.

Plant Leaf Oxalic Malic  Leave Larval  Larval
biomass exudate acid acid damage survival weight
Well-watered  Leaf exudate 0.01
Oxalic acid -0.85 0.38
Malic acid -0.61 0.10 0.58
Leave damage -0.46 -0.81 0.19 0.08
Larval survival -0.77 -0.55 0.49 0.57 0.80
Larval weight -0.79 -0.43 0.43 0.49 0.61 -
Larval length -0.54 0.48 0.84 0.52 0.01 0.16 -0.03
Severe stress  Leaf exudate 0.19
Oxalic acid -0.23 0.51
Malic acid -0.61 0.57 0.62
Leave damage -0.74 -0.54 -0.31 0.19
Larval survival -0.78 -0.58 -0.14 0.19 ‘
Larval weight -0.82 -0.67 -0.16 0.17
Larval length -0.17 -0.18 0.60 0.11 0.15 0.35 0.26

147



CHAPTER 6: General discussion and conclusion

Genetic factors related to rhizobia and host plant, along with environmental conditions,
impact plant growth and defence, nitrogen fixation and its related traits. This thesis
investigated the effects of genetics and environmental factors and their interactions on plant
traits. This research provides insights into the phenotypic plasticity of the legume-rhizobia
interaction, advancing our understanding of the function of the chickpea-Mesorhizobium
symbiosis and the consequences of genetic and environmental factors for growth and defence

of chickpea.

Drought constrains crop yield, and is projected to increase in frequency and severity with
climate change (Stewart and Lal, 2018). The effects of drought on growth, nodulation and
nitrogen fixation of legumes vary depending on host, rhizobial strain and their interaction
(Brockwell and Hely, 1966; Israel et al., 1986; Hafeez et al., 2000; Esfahani and Mostajeran,
2011; Duc et al., 2015). We reviewed the relative variation of shoot growth, nitrogen fixation
and its related traits in the light of a hierarchy of phenotypic plasticities (Chapter 2). Drought
reduced total nitrogen fixation and average nodule mass more severely than plant shoot mass,
and elicited a hierarchy of plasticities whereby number of nodules per plant varied
substantially, and average nodule mass and nitrogen fixation per unit nodule mass were
relatively conserved (Chapter 2). It suggests that the plant prioritizes the maintenance of
shoot growth over nodule development and maintains the function of existing nodules in
preference to forming new nodules. This information can be used to develop management
strategies that balance the need for plant growth and nitrogen fixation under drought. To
achieve this, it is essential to consider implementing precise irrigation techniques,
intercropping systems, or the use of soil amendment strategies, which could enhance water
availability and improve nitrogen fixation efficiency in legume crops. In addition, this study

adds to the existing list of number-size hierarchies in various biological systems. For
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example, annual plants adjust their seed production to accommodate environmental variations
while conserving seed size (Sadras, 2007; Gambin and Borras, 2010; Sadras and Slafer,
2012). Similarly, in cell biology, the number of organelles scales with cell size, while the

average size of organelles remains relatively conserved (Okie et al. 2016).

Other environmental factors such as moisture, radiation and temperature also modulate the
responses of plant growth, nodulation and nitrogen fixation (Hungria & Kaschuk, 2014;
Hansen, 2017; Jemo et al., 2017). Considering, the variation in nitrogen fixation among
chickpea varieties and efficiency among rhizobial strains that have implications for plastic
responses to environmental conditions, we investigated the phenotypic plasticity among
chickpea varieties and Mesorhizobium strains under varying environments (Chapter 3).
Nodulation showed greater phenotypic plasticity than shoot dry weight under varying
environments, which aligned with previous studies showing higher plasticity of nitrogen
fixation traits than shoot dry matter in response to drought (Igbal et al., 2022) and nutrient
deficit (Divito and Sadras 2014). This also suggests developing the management strategies
that balance the need for plant growth and nitrogen fixation not only under drought (Chapter
2) but in different photothermal environments. Further, the plasticity of plant growth and
nitrogen fixation traits was influenced by strain-related factors to a greater extent (Chapter 3),
indicating that the dominance of strains benefitted from favourable environments, resulting
from the combination of chickpea variety and photothermal environment (Bano et al., 2010).
These findings suggest the implementation of strain-specific management strategies to create
favourable environments for strains that can mitigate the negative impact of environmental
factors on nitrogen fixation and productivity. Further, this study provides insights on the
phenotypic plasticity of the chickpea-rhizobia symbiosis that led us to further investigate the
dynamics of chickpea growth, nodule traits and bacteroid morphology with different rhizobial

strains under well-watered and drought conditions (Chapter 4). In this study, chickpea
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inoculated with CC1192 showed temporal response in growth rate, depending on the water
availability, and continued to accumulate high plant biomass and express high symbiotic
efficiency at harvest than other sources of nitrogen (Chapter 4). This suggests the potential of
commercial strain CC1192 to fix high nitrogen in early stages (pre-drought phase) and
influence chickpea’s capacity to benefit from unfavourable environments later (drought
phase). In this study, we expected nitrogen-fertilised treatment to produce high shoot growth
rate compared with rhizobial and un-inoculated negative control treatments. However, both
rhizobial strains showed high shoot growth rate compared to the nitrogen-fertilised treatment
presumably due to inadequate nitrogen supplied in the fertilised treatment during the first

three weeks of chickpea growth.

Symbiotic rhizobia differentiate into nitrogen fixing bacteroid in nodules and genetic and
environmental factors influence the morphology of bacteroid (Mergaert et al., 2006; Oono
and Denison., 2010; Oono et al., 2009; Rangarajan et al., 2020). In the present research,
bacteroid size and the amount of polyhydroxybutyrate varied between rhizobial strains and
varieties (Chapter 4), suggesting genetic variations inherent within each variety and strain
that interact with environmental conditions influencing bacteroid morphology (Larrainzar et
al., 2009). In addition, the negative correlation of bacteroid size and amount of
polyhydroxybutyrate with total plant biomass under well-watered conditions suggests a
potential compromise in plant growth due to bacteroid differentiation (Chapter 4). This may
be due to the allocation of resources within the plant, where increased investment in bacteroid
size and polyhydroxybutyrate synthesis could reduce overall plant biomass (Kiers et al.,
2003; Lodwig and Poole, 2003). These findings indicate that there might be a regulatory
feedback mechanism, where the plant modulates bacteroid size and amount of
polyhydroxybutyrate in response to environmental or physiological cues. It is worth

mentioning that this correlation does not indicate a cause-and-effect relationship, as other
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factors such as environmental conditions and host-strain interaction may also contribute to

the observed compromise in plant growth (Chapter 3).

The interaction between chickpea variety, water regime and nitrogen source influenced the
amount of leaf exudates (Chapter 4). Leaf exudates directly contribute to plant defence and
affect interactions with herbivores (Dicke et al., 2009; War et al., 2012). The influence of the
Mesorhizobium strain on leaf exudates and subsequent plant defence provide valuable
insights into development of inoculant to enhance plant resilience against herbivory. These
findings prompted us to further investigate the effects of drought and herbivory on chickpea
growth and defence (Chapter 5). Drought decreased the amount of leaf exudates likely due to
stomatal closure limiting the release of exudates and prioritization of root exudates in stressed
plant (Yang et al., 2002; Flexas et al., 2006). However, herbivory increased the amount of
leaf exudates and water availability modulated this response (Chapter 5). These findings
suggest that plants allocate resources to defence (Sampedro et al., 2011; Huot et al., 2014),
but defences tend to involve high carbon cost under both herbivory and drought (Cipollini,
2010). Further, the negative correlations of leaf damage, larval survival and larval weight
with leaf exudates under well-watered conditions and drought confirm the defence role of
exudates (Chapter 5). However, growth traits were largely unrelated to the amount of leaf
exudates, except for a weak correlation under severe stress (Chapter 5), suggesting a trade-off
between growth and defence contingent on water availability. Studies in milkweed (Asclepias
curassavica) and pinus pinaster (Pinheiro bravo) showed a trade-off between growth and
defence under low nutrient conditions, but not in well-fertilised plants (Sampedro et al., 2011;
Lopez-Goldar et al., 2022). This study contributes to a better understanding of the effects of

herbivory and drought on the defence and growth of chickpea.
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6.1. Conclusion

This thesis aimed to investigate the effects of genetic factors related to both rhizobia and host
plant, along with environmental conditions, on various aspects of growth, defence, nitrogen
fixation, and related traits, to advance the understanding to maximise growth and productivity
and develop the resilience of chickpea. The hierarchy of phenotypic plasticities observed
between plant growth and nitrogen fixation traits indicates that different traits exhibit varying
degrees of adaptability to changing environments. The substantial variation in phenotypic
plasticity among rhizobial strains compared to varieties highlights the influence of strain-
specific genetic factors on the chickpea-Mesorhizobium symbiosis. Furthermore, shoot
growth rate responses to Mesorhizobium strains undergoes changes over chickpea ontogeny,
and the data collected at the harvest time point reflects the plant's growth patterns throughout
its lifespan. Additionally, the importance of considering the environmental conditions to
develop strategies for enhanced chickpea productivity and resilience was revealed. The
effects of drought and herbivory on chickpea growth and defence show the modulating role
of water availability in the response to herbivory and the potential trade-off between growth
and defence under water stress. In summary, this thesis provides insights on the phenotypic
plasticity of the legume-rhizobia interaction and advances our understanding of the function
of the chickpea-Mesorhizobium symbiosis and the consequences of genetic and
environmental factors for maximising the growth and defence of chickpea. This study
provides groundwork for future studies, which are important for improving chickpea

productivity.

6.2. Limitation of the study and directions for future research
One limitation of this study is that the experiments were conducted in pots, which restricts
our ability to extrapolate the findings to the field environment. We can significantly enhance
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the practical usefulness of data acquired in controlled environments by repeating these
experiments under field conditions. Therefore, it is crucial to understand the role of genetic
and environmental factors that modulate the chickpea — Mesorhizobium symbiosis through
field studies to develop chickpea resilience in diverse environments for sustainable

agriculture. Some areas that future studies should consider are identified below.

The potential of rhizobial strains to improve chickpea resistance against herbivory

Rhizobia can increase leaf exudates and improve plant defence, likely through the provision
of additional nitrogen to the host plant (Chapter 4). Lima bean (Phaseolus lunatus) and
Rhizobium Sp. symbiosis increased nitrogen content in plant tissue, which led to the
production of nitrogen-containing cyanogenic defence compounds (Thamer et al., 2011). It
would be valuable to further investigate the mechanism and potential of Mesorhizobium
strains to improve chickpea resistance against herbivory. The mechanism of how rhizobia
produce high leaf exudate and how nitrogen that rhizobia provide allocate towards the
production of specific defensive nitrogen-containing compounds. Future studies should
explore the diversity of rhizobial strains and their differential effects on plant defence to

identify effective strains that can be used to reduce crop damage.

Current study showed that plants inoculated with rhizobial strains produced high leaf exudate
compared with fertilised and un-fertilised treatments under well-watered conditions (Chapter
4). Future studies should investigate that how rhizobia influence stomata opening to release
leaf exudates as a defence against herbivores. Future studies should investigate the effects of
rhizobia-mediated leaf exudation on herbivore behaviour and performance to highlight the
ecological consequences. In our study, nitrogen fertilised treatment had inadequate supply of
nitrogen, which poses implications for the interpretation of results (Chapter 4). Further

research is needed to compare the effects of Mesorhizobium strains and optimal nitrogen
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fertilisation to investigate whether this effect is due to fixed nitrogen per se or other

underlying mechanisms.
The role of plant associated microorganisms in plant defence

There are many microorganisms present in the rhizosphere that could influence the plant
defence mechanisms (Pozo and Azcon-Aguilar 2007; Thamer et al., 2011). Future studies
should investigate how these different microorganisms interact with each other and with the
host to affect herbivore resistance. Additionally, the root zone harbours a substantial number
of beneficial microorganisms due to the high organic derivatives originating from root
exudates (Raaijmakers et al., 2009). Similarly, chickpea resistance against insect infestation
can be attributed to the presence of leaf exudates rich in organic acids and other organic
compounds, which were not part of this study. Besides this, the high amount of leaf exudates
on the leaf surface could create favourable conditions for microbial growth, some of which
may possess beneficial properties, including suppression of pests. Therefore, the antagonistic
effects observed in the current study may be due to the organic compounds present in the leaf
exudate (Toker et al., 2004) or the presence of phyllosphere microbes on the leaf surface
(Sivakumar et al., 2020). Hence, further investigation is needed to examine the potential
benefits of phyllosphere microbiomes on the leaf surface. Additionally, further studies should
investigate whether the phyllosphere microbiomes are associated with the beneficial

microbiomes in the root zone.
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