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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 quantitative 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. 
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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 



4 
 

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 (Maqbool 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 
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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 (Cıkman 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.  
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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).   

• 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.  

• Chapter 3:  Investigates the interactions between chickpea variety, Mesorhizobium strain, 

and environment, on plant growth and nitrogen fixation from the perspective of 

phenotypic plasticity. 

• Chapter 4: Identifies the effects of rhizobia on the growth dynamic of chickpea varieties, 

nodulation and bacteroid morphology under different water regimes. 

• 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. 

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

research. 
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Fig. 1. Thesis structure illustrating the connection among research questions explored in the 

experimental chapters. 
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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 µmol m-2 s-1, 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, 

mailto:yi.zhou@adelaide.edu.au
mailto:matthew.denton@adelaide.edu.au
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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 (López -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 

(Martínez-Romero 2009; Divito and Sadras 2014; Iqbal 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 (Iqbal 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; Iqbal 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
-1, 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 µmol m-2 s-1. The 

photothermal ratio was calculated by dividing the PPFD by temperature and varied between 3 

to 31 µmol m-2 s-1 °C-1. 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 109 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 KNO3 (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 (%) =
DW inoculated 

 𝐷𝑊𝑁− 
×  100  (eq. 1) 

𝑁 𝑐𝑜𝑠𝑡 (%) =
 DW inoculated

 𝐷𝑊𝑁+
×  100  (eq. 2) 

 

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 = -log2(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 = - log2(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 µmol m-2 s-1 in early 

spring, 574 µmol m-2 s-1 in late spring, and 484 µmol m-2 s-1 in summer (Fig. S2b). The 

photothermal ratio varied between 3 to 13 µmol m-2 s-1 °C-1 in early spring, 5 to 29 µmol m-2 

s-1 °C-1 in late spring, and 6 to 31 µmol m-2 s-1 °C-1 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 × 10-14, s = 44.6), nitrogen source 

(p = 1.30 × 10-107, s = 355.0), photothermal environment (p = 3.10 × 10-68, s = 224.3), and 

with all two-way interactions (p = 4.20 × 10-20, s = 64.3), (p = 4.80 × 10-26, s = 84.1) and (p = 

1.60 × 10-2, 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-1 in summer with N fertiliser to 0.31 g plant-1 in early spring with negative control (Fig. 

S3 a-c). It ranged from 0.74 g plant-1 for Sonali with N fertiliser to 0.33 g plant-1 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 

V 4 3.7×10-14 44.6 

N 8 1.3×10-107 355.0 

E 2 3.0×10-68 224.3 

V × E 8 4.2×10-20 64.3 

N × E 16 4.8×10-26 84.1 

V × N 32 1.6×10-2 5.9 

V × N × E 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 × 10-

6, s = 17.1), nodules per plant (p = 6.50 × 10-10, s = 30.5) and nodule colour (p = 1.90 × 10-27, 

s = 88.7) (Table 2). Nodule dry weight decreased from 33.7 mg plant-1 for PBA Slasher with 

M075 to 5.9 mg plant-1 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 × 

10-2, s = 4.2), symbiotic efficiency (p = 4.0 × 10-6, s = 17.9) and nitrogen cost (p = 2.22 × 10-

5, 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 × 10-3, s = 7.4), symbiotic efficiency (p = 1.30 × 10-5, s = 16.1) and nitrogen 

cost (p = 4.20 × 10-7, s = 21.1) (Table 2). Nodule dry weight decreased from 26 mg plant-1 in 

early spring PBA Slasher to 15 mg plant-1 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 × 10-7, 

s = 21.3) (Table 2). Nodules per plant reduced from 22 in early spring PBA Slasher with 

M075 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.    

Source of 

variation 
df 

Nodule 

dry weight 

Nodules per 

plant 

Nodule 

colour 

Symbiotic 

efficiency 

Nitrogen 

cost 

p 

V 4 1.8×10-8 1.1×10-7 2.4×10-8 8.6×10-2 2.0×10-18 

S 6 2.6×10-56 1.0×10-49 1.9×10-111 2.5×10-18 1.4×10-22 

E 2 1.4×10-5 1. 1×10-3 2.7×10-20 4.4×10-3 1.8×10-39 

V × E 8 5.6×10-3 0.2 0.1 1.3×10-5 4.2×10-7 

S × E 12 0.3 0.2 5.3×10-2 4.0×10-6 2.2×10-5 

V × S 24 7.0×10-6 6.5×10-10 1.9×10-27 0.9 0.7 
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V ×S × E 48 0.4 0.0 3.8×10-7 0.9 0.9 

s 

V 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 × E 8 7.4 2.1 2.8 16.1 21.1 

S × E 12 1.5 2.0 4.2 17.9 15.4 

V × S 24 17.1 30.5 88.7 0.0 0.4 

V × S × E 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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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 M075, 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   

M075 -0.19±0.10 1.53±0.20 

M036 -0.18±0.05 1.43±0.11 

+ Control 0.01±0.14 1.38±0.28 

M078 0.00±0.07 0.93±0.15 

CC1192 0.05±0.06 0.90±0.12 

M067 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 

M065 0.12±0.07 0.56±0.15 

Variety   

Howzat -0.04±0.03 1.10±0.06 

Sonali -0.04±0.02 1.06±0.04 

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 
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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 Intercept Slope Intercept Slope Intercept Slope Intercept Slope Intercept Slope 

M036 -0.21±7.06 1.08±0.37 -5.78±5.31 1.48±0.44 1.06±1.40 0.82±0.37 -53.50±46.71 1.49±0.35 22.53±13.97 0.76±0.19 

CC1192 2.68±5.89 1.09±0.31 11.79±5.74 0.25±0.47 1.93±1.25 0.67±0.33 -41.07±33.09 1.34±0.25 11.47±9.45 0.86±0.13 

M067 1.41±7.16 1.09±0.37 -3.38±5.53 1.40±0.46 1.95±1.56 0.67±0.41 6.05±23.52 0.98±0.17 -5.27±7.97 1.10±0.11 

M078 10.20±3.81 0.57±0.20 5.71±5.14 0.61±0.42 1.54±1.71 0.70±0.45 6.75±33.40 0.91±0.25 -24.79±6.60 1.32±0.09 

M082 -10.01±7.50 1.11±0.39 -0.55±5.70 0.70±0.47 -5.33±2.18 2.05±0.58 -1.33±44.77 0.88±0.33 -26.48±12.08 1.25±0.17 

M075 -1.73±0.35 1.43±0.35 -7.06±5.04 1.83±0.41 2.58±0.79 0.56±0.21 38.81±67.17 0.86±0.50 40.28±18.05 0.57±0.25 

M065 -2.11±4.25 0.58±0.22 -0.72±5.25 0.70±0.43 -3.73±1.43 1.50±0.38 44.28±43.80 0.50±0.33 -17.73±13.21 1.10±0.18 

Variety           

PBA HatTrick 2.83±2.33 0.81±0.11 3.71±1.59 0.62±0.12 0.31±0.54 0.90±0.13 -33.84±21.74 1.28±0.16 -20.66±11.61 1.23±0.16 

Sonali 5.39±3.00 0.73±0.15 4.44±1.64 0.65±0.13 0.94±0.48 0.74±0.12 -1.57±13.98 1.01±0.10 -2.81±6.25 0.96±0.08 

Howzat -4.07±1.99 1.11±0.10 -4.93±2.00 1.32±0.16 -1.19±0.24 1.26±0.06 -2.23±14.99 0.96±0.11 16.26±10.69 0.73±0.15 

PBA Slasher -1.65±2.43 1.27±0.12 -0.36±2.11 1.16±0.17 0.93±0.33 0.84±0.08 9.19±28.72 0.95±0.21 -10.57±5.06 1.17±0.07 

PBA Striker -2.50±1.53 1.07±0.07 -2.85±1.11 1.24±0.09 -0.99±0.36 1.24±0.09 25.45±14.23 0.77±0.10 17.78±9.48 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 (Iqbal 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 µmol m-2 s-1 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 
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(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 (Iqbal 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 

et al., 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 

dry 

weight 

Nodule 

dry 

weight 

Nodules 

per 

plant 

Nodule 

colour 
Symbiotic 

efficiency 

Strain Nodule dry weight 
0.62         

 Nodules per plant 
0.72 0.58       

 Nodule colour 
-0.59 -0.21 -0.35     

 Symbiotic efficiency 
0.51 0.39 0.06 -0.43   

 Nitrogen cost 
-0.79 -0.70 -0.59 0.50 -0.40 

  
     

Variety Nodule dry weight -0.47         
 Nodules per plant 

-0.02 0.87       
 Nodule colour 

0.40 0.42 0.75     
 Symbiotic efficiency 

-0.05 -0.54 -0.75 -0.50   
 Nitrogen cost 

-0.77 -0.13 -0.57 -0.69 0.60 

  
     

 Pooled Nodule dry weight 0.47         

 
Nodules per plant 

0.63 0.64       

 
Nodule colour 

-0.51 -0.10 -0.19     

 
Symbiotic efficiency 

0.45 0.19 -0.07 -0.44   

 
Nitrogen cost 

-0.75 -0.55 -0.58 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, c) 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
-1. 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, c) 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 KNO3 L
-1. 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 

mailto:yi.zhou@adelaide.edu.au
mailto:matthew.denton@adelaide.edu.au
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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 (Maqbool 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 (López -

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 

et al., 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 (Iqbal et al., 2023a unpublished). The seeds were obtained from 

Agriculture Victoria Research, Australia. Nitrogen sources were two Mesorhizobium strains 

M075 and CC1192, and two uninoculated controls: a positive control, fertilised with 0.5g 

KNO3/L, and a negative control, with no fertilisation. Strain M075 was selected based on 

symbiotic performance with chickpea in previous experiments (Zaw, 2022; Iqbal 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 109 

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 KNO3 (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 × 24 positions plus two blocks in 4 lanes × 16 positions.  Each block occupied 4 lanes × 

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 ln (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): 

    

𝑆𝑦𝑚𝑏𝑖𝑜𝑡𝑖𝑐 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦  (%) =
DW inoculated 

 𝐷𝑊𝑁− 
×  100  (eq. 1) 
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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 µm 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 10µl of Nile Red stock to cells in one tube (final 

concentration 100µg/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 ASReml-R (Butler et al, 2020) and asremlPlus (Brien, 

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

𝐲 = 𝟏𝜇 + 𝐗𝑡𝛕 + 𝐗s𝛃 + 𝐙 𝐮 + 𝐞, 

where 𝐲 is the response vector of values for the trait being analysed; 𝜇 is the overall mean in 

this experiment for the response; 𝛕 is the vector of fixed effects of interest; 𝛃 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 𝐗𝑡, 𝐗s and 𝐙 are the design matrices for the corresponding 
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effects; 𝐞 is the vector of residual effects. The vector 𝛃 of fixed spatial effects consists of the 

Block effects and the vector 𝛕𝑡 of fixed effects of interest is partitioned as 

[𝛕V
⊤𝛕W

⊤ 𝛕R
⊤𝛕V:W

⊤ 𝛕V:R
⊤ 𝛕W:R

⊤ 𝛕V:W:R
⊤ ], 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 [𝐮B:L
⊤  𝐮B:P

⊤ ], where 𝐮B:L and 𝐮B: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 (𝛼 = 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 𝛼 = 0.05 

[LSD (5 %)] were calculated for determining the significance of pairwise differences between 

the EMMs. 

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 M075, 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 × nitrogen sources 

interaction at 41 and 53 DAP, and plant variety × 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). 

 

 

Figure 1. Projected Shoot Area (sPSA) 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. 

 

 

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-2 in well-watered Pistol inoculated with CC1192 to 0.02 g cm-2 

in water-stressed Kyabra as a negative control (Figure 3a). Plant biomass ranged from 1.2 g 

plant-1 in severe-stressed plants with negative control to 3.0 g plant -1 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 M075 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 M075 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 M075 (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 5a, 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). 

 



 

88 
 

 

Figure 5. (a) Bacteroid size and (b) the amount of polyhydroxybutyrate 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. 
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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 

M075 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 

M075, 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 V:W V:N W:N V 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 0.86     

Plant biomass -0.78 -0.71    

Symbiotic efficiency -0.63 -0.56 0.94   

Nodules per plant 0.40 0.31 -0.78 -0.79  

Nodule dry weight 0.06 0.00 0.06 0.24 0.33 

 
      

Drought 
Polyhydroxybutyrate 0.82     

Plant biomass -0.14 -0.18    

Symbiotic efficiency -0.81 -0.94 0.31   

Nodules per plant 0.61 0.91 -0.02 -0.86  

Nodule dry weight -0.57 -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 (EMMs) 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 (Iqbal et 
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al., 2019), leaf turgor (Gutbrodt et al., 2011), and above-ground biomass (Iqbal 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.Overview 

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 
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µmol m-2 s-1 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 2nd 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 µmol m-2 s-1. 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-2) = (FWL- WPL)/LA   (eq. 1) 
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where FWL is leaf fresh weight, WPL 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 µm filter and injected into high-performance liquid chromatography (Prevail 

organic acid column 250×4.6 mm with 5 µm particle size, Grace, USA). The mobile phase 

consisted of 25 mM potassium phosphate (pH 2.50) and flow rate was 1 ml min-1. 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 µmol g-1 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 (µmol CO2 m
-2 s-1), transpiration (mmol H2O m-2 s-1), stomatal 

conductance (mmol H2O m-2 s-1), and sub-stomatal CO2 concentration (µmol mol-1) on the 

day of harvest. The system was set at 1000 μ mol m−2 s−1 light source, 100 μmol mol−1 

analyser flow, 50 % stomatal ratio, and 400 μ mol mol−1 reference CO2 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 × 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 = -log2(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 = - log2(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 CO2, 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 × 10-4, s = 11.9), net 

photosynthesis (p = 0.02, s = 5.6), transpiration (p = 2.83 × 10-3, s = 8.4) and stomatal 

conductance (p = 1.55 × 10-4, 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). 

 



 

120 
 

 

   

Fig 1 The effect of drought stress on (a) leaf exudate, (b) plant biomass, (c) net 

photosynthesis, (d) transpiration, (e) stomatal conductance, and (f) sub-stomatal CO2 

concentration 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 

3.1.2. 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. 2c) and root volume varied 2.8-fold in HatTrick compared with a 1.5-fold in Captain in 

response to water stress (Fig. 2d). 

 

 

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).  

 

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 biomass, 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 × 10-4, s = 12.2) and malic acid (p = 7.74 × 10-4, s = 10.3) varied 

with the interaction between variety and herbivory. The concentration of oxalic acid ranged 
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from 771 µmol g-1 in Slasher with no larvae to 262 µmol g-1 in Captain challenged with H. 

armigera (Fig. 4e, f). The concentration of malic acid ranged from 138 µmol g-1 in Genesis-

836 with no larvae to 18 µmol g-1 in Kyabra challenged with H. armigera (Fig. 4g, h).  

The interaction of water regime and herbivory altered leaf exudates (p = 4.38 × 10-4, s = 

11.1), and the concentration of both oxalic acid (p = 5.80 × 10-4, s = 10.7) and malic acid (p = 

6.45 × 10-3, s = 7.2) (Table S3). Leaf exudates increased from 0.02 g cm-2 in water-stressed 

plants with no larvae to 0.09 g cm-2 in well-watered plants challenged with H. armigera (Fig. 

4c, d). Oxalic acid was reduced from 651 µmol g-1 in well-watered plants with no larvae to 

287 µmol g-1 in water-stressed plants challenged with H. armigera (Fig. 4e, f). Malic acid 

was reduced from 101 µmol g-1 in water-stressed plants with no larvae to 27 µmol g-1 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 × 10-3, s = 6.9) (Table S3), which reduced from 963 

µmol g-1 in well-watered Slasher with no larvae to 129 µmol g-1 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 × water regime affected 

the percentage leaf damage (p = 0.03, s = 5.0) and larval survival (p = 5.54 × 10-3, 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 -1 in water-stressed Captain to 5 

plant -1 in well-watered Drummond (Fig. 5b).  
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Fig. 4 The effect of drought stress and Helicoverpa armigera herbivory on (a) plant biomass, 

(b) leaf exudate, (c) oxalic acid and (d) malic acid of six chickpea varieties in experiment 2. 

Values are mean ± standard error, and errors are not shown when smaller than symbol 
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Fig. 5 The effect of drought stress on (a) leave damage per plant, (b) larval survival per plant, 

(c) larval weight and (d) larval length of six chickpea varieties exposed to two water regimes: 

80 and 33 % pot capacity in experiment 2. Values are means ± standard errors, and errors are 

not shown when smaller than symbol 

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, c, 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; Körner, 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; López‐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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 Supplementary data 

 

 

Fig S1 Daily maximum and minimum temperature and photosynthetic photon flux density 

(PPFD) during experiment 1 (a-b) chickpea varieties x water regimes and experiment 2 (c-d) 

chickpea varieties x water regimes x herbivory treatments 

 



 

141 
 

Table S1 p and s from ANOVA for leaf exudates, plant biomass, net photosynthesis, transpiration, stomatal conductance, and sub-stomatal CO2 

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

Sources df Leaf exudates Plant biomass Net photosynthesis Transpiration Stomatal conductance Sub-stomatal CO2 

p 

V 11 6.30 × 10-4 4.12 × 10-13 0.08 2.28 × 10-5 1.05 × 10-7 0.15 

W 2 2.21× 10-10 8.11 × 10-23 1.61 × 10-13 1.88 × 10-16 1.93 × 10-23 4.93 × 10-6 

V × W 22 0.02 2.49 × 10-4 0.02 2.83 × 10-3 1.55 × 10-4 0.96 

s 

V  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 × W  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 Root length Root surface area Root average diameter Root volume 

p 

V 11 3.82 × 10-9 5.11 × 10-9 7.84 × 10-8 1.74 × 10-8 

W 2 8.42 × 10-13 2.15 × 10-19 5.10 × 10-32 7.88 × 10-25 

V × W 22 0.05 0.03 0.74 0.03 

s 

V  27.96 27.54 23.60 25.77 

W  40.11 62.01 103.95 80.07 

V × W  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 Plant biomass Leaf exudates Oxalic acid Malic Acid 

p 

V 5 1.97 × 10-3 2.21 × 10-3 1.37 × 10-23 1.88 × 10-14 

W 1 3.51 × 10-26 7.99 × 10-24 1.14 × 10-27 2.27 × 10-5 

H 1 6.74 × 10-15 8.78 × 10-14 1.63 × 10-8 1.14 × 10-19 

V × W 5 0.76 0.11 0.12 0.23 

V × H 5 0.08 0.25 2.05 × 10-4 7.74 × 10-4 

W × H 1 0.10 4.38 × 10-4 5.80 × 10-4 6.45 × 10-3 

V × W × H 5 0.22 0.11 8.12 × 10-3 0.67 

s 

V 5 8.98 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 × W 5 0.39 3.18 3.05 2.12 

V × H 5 3.64 2.00 12.25 10.33 

W × H 1 3.32 11.15 10.75 7.27 

V × W × H 5 2.18 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 

p 

V 5 0.34 3.52 × 10-3 0.07 0.85 

W 1 3.43 × 10-7 5.07 × 10-4 0.10 0.56 

V × W 5 0.03 5.54 × 10-3 0.61 0.97 

s 

V 5 1.55 8.15 3.83 0.23 

W 1 21.47 10.94 3.32 0.83 

V × W 5 5.05 7.49 0.71 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 

biomass 

Leaf 

exudates 

Net 

photosynthesis 

Transpiration Stomatal 

conductance 

Sub-

stomatal 

CO2 

Root 

length 

Root 

surface 

area 

Root 

average 

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 0.96   
 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 0.97 0.65 
 

          
Moderate 

drought Leaf exudates 0.14         
 Net 

photosynthesis 0.08 -0.35        



 

146 
 

 
Transpiration 0.24 -0.10 0.28       

 Stomatal 

conductance 0.49 0.09 0.27 0.73      
 Sub-stomatal 

CO2 0.21 0.41 -0.70 -0.31 0.08     
 

Root length 0.74 0.32 -0.22 0.12 0.61 0.62    
 Root surface 

area 0.61 0.45 -0.29 0.16 0.58 0.63 0.93   
 Root average 

diameter -0.42 0.30 -0.16 0.02 -0.21 -0.03 -0.30 0.06  
 

Root volume 0.43 0.52 -0.32 0.17 0.48 0.57 0.77 0.95 0.37 
 

          
Severe 

drought Leaf exudates 0.10         
 Net 

photosynthesis 0.04 -0.52        
 

Transpiration 0.38 -0.41 0.76       
 Stomatal 

conductance 0.17 -0.50 0.73 0.90      
 Sub-stomatal 

CO2 0.56 -0.17 -0.09 0.51 0.46     
 

Root length 0.73 -0.14 -0.10 0.44 0.24 0.73    
 Root surface 

area 0.44 0.12 -0.30 0.27 0.13 0.59 0.86   
 Root average 

diameter -0.59 0.47 -0.38 -0.40 -0.24 -0.32 -0.37 0.16  
 

Root volume 0.10 0.31 -0.40 0.06 0.00 0.34 0.55 0.90 0.57 
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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 

biomass 

Leaf 

exudate 

Oxalic 

acid 

Malic 

acid 

Leave 

damage 

Larval 

survival 

Larval 

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 0.92  

 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 0.97   

 Larval weight -0.82 -0.67 -0.16 0.17 0.93 0.96  

 Larval length -0.17 -0.18 0.60 0.11 0.15 0.35 0.26 
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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; Gambín and Borrás, 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 (Iqbal 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; 

López‐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 Azcón-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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