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Lay summary 

Plants absorb soil resources, usually heterogeneously distributed, through their roots. 

Thus, their distribution is critical for their nutrition. Rhizobia are bacteria that establish 

beneficial interactions with legume roots, where they provide nitrogen (N) in return for 

nutrients such as carbon. To better understand their impact on legume root 

distribution, this was investigated in chickpea. 

A large rhizobox (RB) system was developed and achieves almost unrestricted root 

growth and allows to visualise over 90% of the root system through one transparent 

side. Major root traits that inform of soil resource acquisition can be measured. The 

system can differentiate between varieties with distinct root systems, important if 

rhizobia modify root distribution. Nodulation was optimised in RBs, achieving high 

number of nodules of big dimensions with high N-fixation capacity.  

Rhizobia that greatly contribute to plant N nutrition increase every organ biomass and 

allocate biomass in favour of the shoot which further increases its development. 

Superior rhizobia provide more N, and thus result in increased benefits to the plant.  

Changes in root traits due to rhizobia depend on demand for other resources once N 

is not so limiting. For example, if water and non-N nutrients are abundant, shallow 

and dense root systems will develop while extensive and deeper root systems will be 

observed when they are scarcer. Besides N, rhizobia improve mineral nutrition which 

might also impact root distribution.  

Thus, rhizobia alter root distribution through improved N nutrition, and other benefits 

to the host, which decreases its need to forage for N.   
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Abstract 

Since most soil resources are heterogeneously distributed, root distribution, termed 

root system architecture (RSA), is critical for plant nutrition. Rhizobia are bacteria that 

establish symbioses with legume roots, where they provide N in return for C, thus 

satisfying most of their hosts’ N requirements. To better understand their impact on 

legume RSA, this was investigated in chickpea. 

A large rhizobox (RB) system allows almost unrestricted root growth and to capture 

up to 90% of the root system against one transparent side. Local and global traits 

that inform on soil resources acquisition strategies can be measured. The system can 

differentiate between varieties with somewhat contrasting root systems, important if 

rhizobia modify chickpea RSA. Nodulation was optimised in RBs to obtain a high 

number of nodules of big dimensions with high N-fixation capacity.  

Experiments in RBs, and other systems, evidenced that rhizobia that significantly 

improve plant N nutrition increase every organ biomass and result in a higher 

proportion of shoot allocated biomass since the plant has less need to forage for N. 

Superior strains provided more N and used the C invested in the symbiosis more 

effectively. Changes in roots traits due to rhizobia depend on demand for more-

limiting soil resources once adequate N levels have been provided by the symbiont: 

When water and non-N nutrients are abundant, shallow and dense root systems will 

be observed; while deeper and extensive roots will develop when they are scarcer. 

Rhizobia also improve P nutrition, which might impact plant development and root 

distribution.  

Thus, rhizobia modulate RSA through improved N nutrition, and other benefits to the 

host, which decreases the plant´s need to forage for N.   
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Summary 

Legumes form symbiotic relationships with soil bacteria known as rhizobia, which fix 

N2 in return for C. This improves overall plant development, specifically in soil 

environments low in nitrogen. However, it is poorly understood how this impacts the 

distribution of the root in the soil, known as root system architecture (RSA), which is 

critical for soil resource acquisition. Thus, the objective of this work is to develop and 

utilise a suitable system to monitor the development of RSA over time in nodulated 

and control plants. Such data would then enable studies focussing on how resource 

allocation between shoot and root organs dynamically changes in response to 

varying levels of external resource limitation. 

Thus, the structure of this thesis is as follows: First, I describe the development of a 

rhizobox (RB) system to study how chickpea development and RSA are impacted by 

symbiosis with rhizobia. This system allows to characterize and experimentally 

manipulate resource allocation within the plant. The system was optimised to 

maximise root visibility, cost and ease of use; and validated with two chickpea 

varieties by assessing the ability of the system to distinguish key parameters of their 

not so dissimilar root systems. Next, different nodulation parameters (rhizobia 

application, soil N levels and watering) were optimised to achieve high levels of 

nodulation, nodule development and activity to maximise the impact of the symbiosis 

on chickpea development and RSA. Finally, the effect of rhizobia on chickpea 

development, mineral nutrition, biomass partitioning and RSA was studied in RBs, 

and other systems. 
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Chapter 1. Introduction and Background 

 

1.1 Introduction 

Legumes form symbiotic relationships with soil bacteria known as rhizobia, which 

provide N in return for C and thus improve plant development in environments low in 

this nutrient. However, it is poorly understood how this impacts the distribution of the 

roots in the soil, known as root system architecture (RSA) and critical for soil 

resource acquisition in a nutrient sensitive context. This limited understanding is 

mainly because legume x rhizobia research has focused on the shoot, and to analyse 

RSA special growth systems and equipment are required. Therefore, the reported 

impact of rhizobia on legume development, C-fixation, N and non-N nutrition, C-

allocation, and hormonal regulation was examined to better understand how rhizobia 

might impact legume RSA. 
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1.3 Conclusion 

Legumes form symbioses with rhizobia to obtain N in return for C which increases 

their photosynthetic rate, shoot development, and shoot allocated biomass. This 

reduces the plant’s need to forage for N and increases its demand for other soil 

resources. Rhizobia can also improve plant P and Fe nutrition which might stimulate 

shoot development if these nutrients were limiting, thus also modifying its RSA. They 

also modulate hormonal signalling which can have broad positive impacts on both 

the host (root development) and symbiont (N2-fixation capacity).  

The developed model suggests that the symbiosis will alter legume RSA if it greatly 

satisfies the plant’s demands for N and increases its shoot biomass. Said changes 

should reflect higher requirements for other, then, more limiting resources such as 

water and non-N nutrients. This should result in an extensive and deep root system if 

these resources are scarce, or shallow and dense one if they are abundant. Strains 

that provide more benefits to the host (e.g. enhanced P and Fe nutrition, auxin 

biosynthesis) should have a larger impact than those that do not; while rhizobia that 

provide little N to the plant likely will not impact its RSA significantly. 
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Chapter 2. Material and methods 

 

2.1 Rhizobia strains 

Seven rhizobia strains compatible with chickpea were provided by Professor Douglas 

Cook from the University of California, Davis (USA). The species and country of 

origin for each is shown in Table 2-1. 

 

Table 2.1. Species and country of origin of the rhizobia used in this study 

Species Country Code 

Mesorhizobium plurifarium Ethiopia 43P2 

Mesorhizobium plurifarium Ethiopia 43P5 

Mesorhizobium mediterraneum Turkey RSE20 

Mesorhizobium mediterraneum Turkey RSE19  

Mesorhizobium ciceri Turkey RSE 17 

Mesorhizobium ciceri Not reported USDA 3383 

Mesorhizobium ciceri Turkey KAR203 

 

2.2 Rhizobia culture  

Rhizobia were grown on solid (petri dish) or liquid (250 ml flasks with shaking) Yeast 

Mannitol (YM) medium (pH 6.8) (Table 2-2) at 28 °C, as recommended. 
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Table 2-2. Yeast mannitol medium  

Component g/L 

Mannitol 10 

K2HPO4 0.5 

MgSO4 0.1 

NaCl 0.1 

Yeast extract 0.5 

Agar (for solid medium) 15 

 

2.3 Rhizobia strain isolation 

Rhizobia from the received stocks were streaked on YM plates. After colonies were 

observed, some were selected and streaked in fresh plates. This step was repeated, 

and single-colony isolated glycerol stocks (glycerol (0.5M) : liquid culture (OD600) = 

1:1) were made and stored at -80 ºC. 

 

2.4 Rhizobia phosphate solubilization 

20 µL of a rhizobia liquid culture (OD600=0.84) were plated as a single drop in petri 

dishes with 25 ml of soluble P-free medium (Table 2-3), a Pikovskaya P-free media 

(Pikovskaya, 1948), with modifications, at pH 6.8. Four concentrations of soluble 

(K2HPO4) (0.0-0.5 g/L) with constant levels of insoluble P (CaHPO4) (0.7 g/L) of were 

tested. Drops were allowed to dry a bit to avoid cross-contamination. Seven strains 

were grown in every plate, and two repetitions of each condition were done. The 



36 

 

plates were grown with the agar facing down for 5 days at 28 ºC. Afterwards, the 

diameter of the halo around each colony was measured. 

 

Table 2-3. P-free medium to study rhizobia P-solubilization 

Component g/L 

Glucose 10 

NaCl 0.2 

KCl 0.295 

MgSO4. 7H2O 0.41 

NH4NO3 0.373 

CaHPO4 0.7 

FeSO4. 7H2O 0.054 

Yeast extract  3 

Agar 20 

 

2.5 Soil preparation  

The soil (John Innes Seed (JIS) (Westland, UK) or a peat (Clover, Ireland) and sand 

(Strawberry corner, UK) mix (80:20; w/w)) was dried on plastic trays, then sieved 

through a 2mm mesh to remove branches and small rocks. 
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2.6 Selection of the symbioses  

The different chickpea varieties (3) treated with the rhizobia strains (7) (plus an un-

inoculated control) were grown individually in 2L pots (20 cm in height and 10 cm in 

diameter) with un-sieved JIS soil in greenhouse. A total of 24 conditions were 

analysed, with three repetitions each. After four weeks, plants were harvested and 

characterised.  

 

2.7 Peat washing 

Peat was washed with water and KCl to remove N. 185 L of fresh peat and 4.4 Kg of 

food grade KCl (Peacock Salt, UK) were added to 300 L of water in a 500 L water 

butt (100 cm in height and 100 cm in diameter) (Primrose, UK). This was mixed with 

a long paddle-like tool till the peat was completely saturated in water then left 

overnight. The following day the peat had separated into two layers, and the water 

between both was removed by opening the top valve of the system. The system was 

again filled, mixed, and left to rest for 1 hour. This was repeated seven times, and left 

overnight. The bottom valve was opened, and the peat recovered with a 1 mm 

circular sieve (50 cm in diameter). The peat was then dried in the greenhouse in 

plastic containers with holes. 

 

2.8 Soil preparation for RBs 

JIS or peat:sand mix was watered with water or a non-N nutrient solution to achieve 

the desired percentage of water to soil mass (60% for the JIS and 260% for the 

peat:sand mix). The wet JIS soil was sieved through a 5 mm mesh sieve (BMC 
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Rotary Garden Soil Compost Sieve Riddle, UK) to remove the clumps that form after 

watering. 

 

2.9 Rhizobox platform 

2.9.1 Construction of the rhizobox support 

Metallic supports, designed to hold the rhizoboxes (RBs) at 45 ° were built using 

components described in Bontpart et al., (2020). The dimensions of the support are 

1.15 x 0.9 x 1.3 m (depth, height and width). 

 

2.9.2 Construction of the imaging station 

The station to image the big RBs was built as described in Bontpart et al., (2020). Its 

dimensions are 0.95 x 0.7 x 1.7m (depth, height and width). A small 22 cm extension 

at the front allows the RB to be firmly placed at 15º. Two 150 cm LED strips were 

glued on the inside of two metallic frames to illuminate the RBs, connected to a 

power supply with dimmer. Four pieces of aluminium trunkings were arranged in 

parallel inside the imaging station to hold the metallic frames.  

An aluminium U-channel, parallel and central to the position of the RB, was inserted 

into the imaging station as a support for the cameras. Five Raspberry Pi computers 

were connected to one compatible camera each, which were spaced 30 cm apart. 

The distance between camera lens and RB was set at 78 cm. The imaging station 

was isolated from daylight by covering it completely with a black felt. The interior of 

the imaging station frame that flanks the aperture for the RB was covered in ArUco 

markers (4 cm2) over its whole length (150 cm). 
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2.9.3 RBs materials 

Each big RB consist of the following (except soil): 

-A 150 x 45 x 0.6 cm glass frame (Alba Glass, UK). 

-A 150 x 45 x 0.6cm polyvinyl chloride (PVC) sheet of 0.6 cm of thickness (Direct 

Plastics, UK). It has one 150 x 1 x 0.6cm silicon strip on each vertical side to support 

the soil when preparing the RB. The silicon strip was glued with a strong adhesive 

(Gorilla, UK). 

-A U-shaped metallic frame (150 cm in length, 1.8 cm inner width, 2.0 cm depth) 

(Aluminium warehouse, UK). The inner sides are lined with tape (autoclave or cloth 

tape) to make sure it fits properly into the system and is not loose. 

-A 43 x 5 x 0.5 cm mesh made from a 43 x 32 cm mesh folded 8 times to achieve the 

desired thickness, and tied with thin strips of the same material (Buzzstop, UK). 

 

Each small RB consist of the following (except soil): 

-A 30 x 20 x 0.6 cm glass frame. 

-A 30 x 20 x 0.6 cm PVC sheet. It has one 30 x 1 x 0.6 cm silicon strip on each 

horizontal side to support the soil when preparing the RB. The silicon strip was glued 

with a strong adhesive (Gorilla, UK). 

-U-shaped black rubber bands of 30 cm in length and inner dimensions of 1.2 cm. 
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2.9.4 Preparation of the RBs 

A styrofoam sheet (130 x 35 x 5 cm) was placed below the PVC sheet to acts as 

support for it, silicon strips pointing up and mesh at the bottom. Two other styrofoam 

sheets (60 x 10 x 5 cm) were placed to support the top and bottom of the PVC sheet. 

The ready to use wet soil was spread homogeneously and then compressed with a 

PVC roll (65 cm in length and 6 cm in diameter). The soil was levelled at the height of 

the silicon strips (6 mm) across the whole RB area, so no differences or gaps where 

roots may dry were evident. Afterwards, the glass sheet was placed on top. The 

small styrofoam sheets were removed to attach the metallic U-frames to each vertical 

side. These were then gently hit with a hammer to make sure they fit tight, and the 

RB was closed properly. Electrical tape was used to cover the top of the RB to 

reduce evaporation. A QR code was glued on the top left side of each RB to assure 

its recognition by the root analysis software. 

The RBs were placed on top of a plastic tray (110 x 55 x 4 cm) (Garland UK) with an 

anti-slip mesh (150 x 50 cm) (Amazon, UK). They were then laid on a styrofoam 

sheet (120 x 60 x 6 cm) (Custompac, UK), glass side facing down, over the metallic 

support. Another styrofoam sheet placed at the back provided support and space for 

the next RB. During summer, the whole system was wrapped with white-black 

sheeting to insulate against heat. The tray would be watered several times during the 

experiments to provide water to the plants through soil capillarity. The length of the 

different experiments ranged from four to eight weeks. 
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The small RBs were built as the big ones, with minor differences. They are covered in 

insulation tape on all four sides to avoid evaporation, then covered with the rubber 

bands, and placed on boxes at 45 º. 

 

2.9.5 Acquisition of images from the big RBs 

To compensate for lens distortion, camera calibration was performed using a 

chessboard of ArUco markers to determine the intrinsic camera parameters (Zhang, 

2000; Romero-Ramirez et al., 2018). RBs were imaged twice per week. The following 

camera parameters were used (Resolution: 3280 x 2464, ISO: 800, Exposure Mode: 

Night Preview, Automatic White Balance (AWB): Tungsten), and the images were 

uploaded to the cloud to be analysed.  

 

2.9.6 Root traits acquisition 

The procedures used to obtain the root system from the RB images, and the 

following analysis to obtain the desired root traits, including the algorithms and code, 

were obtained and performed as described by Bontpart et al., (2020): 

The five images, corresponding to the whole length of a single RB (Fig. 2-1A), were 

stitched to generate one image. This is done with the Python software (version 3.9.0), 

which first removes lens distortion by using the camera/lens parameters determined 

when the cameras were initially set up, then stitches the images by using the ArUco 

markers on the inner side of the imaging station to connect them (Brown and Lowe, 

2003). Finally, the parts that correspond to the mesh at the bottom of the RBs, the 
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inner part of the imaging station and the QR code are removed digitally to leave only 

the root system (Fig. 2-1B).  

The stitched image was then used to segment the root system from the soil. This is 

done with the MATLAB software (version R2018a) in two steps: First, Foreground-

Background segmentation is performed that converts images to grayscale and 

smoothed with a Gaussian filter to reduce clutter. Then images are scanned line by 

line from the bottom, and the background is removed by applying an intensity 

threshold to the roots since they are far brighter. Afterwards, noise (e.g. presence of 

droplets inside the RB) is reduced by a) removing small isolated mostly round regions 

of very bright pixels, and b) identifying the densest regions in non-overlapping 

sections. This allows to obtain the segmented root system with little artifacts (Fig. 2-

1C), which matches the one in the stitched imaged (Fig. 2-1D).  

The segmented images are then analysed with MATLAB to obtain the following root 

traits: length, area, convex hull, solidity, depth, vertical density, root growth rate, 

maximum lateral extension. These are extracted as reported in Table 2-4, and data in 

pixels is converted into the corresponding unit. For the vertical density, the RBs are 

divided into 9 vertical segments and the absolute (total cm2) and relative (percentage 

of total root area) vertical density of each segment is obtained in the same way total 

area is calculated. 
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Figure 2-1. Detection of the root system. A) Picture of a RB, as taken by each 

individual camera, B) Stitched, cleaned and distortion-free image of the full RB, C) 

Background removal and root detection, D) Overlapping of roots detected in C (red) 

on the roots from image B (note how almost all roots are detected). Plant 

corresponds to chickpea variety ICC 8261 grown with JIS soil. 

  



44 

 

Table 2-4. Methods used to obtain different root system architecture traits.  

Parameter Unit Computing method 

Area cm2 Number of pixels detected as root 

Convex hull  cm2 Area of the smallest convex hull enclosing the root 

system 

Length cm Number of the pixels of the skeletonized root system 

Root growth rate cm2 d-1 Difference of root system area over unit of time 

Depth  cm Maximal vertical extension 

Maximum lateral 

extension 

cm Maximal horizontal extension 

Absolute vertical 

density 

cm2 Number of root pixels within a defined square region 

Relative vertical 

density 

% Percentage of root pixels within a defined square 

region of total root pixels 
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Figure 2-2. Visualization of some acquirable root traits. These include the convex 

hull (which represents the area the roots are exploring) (magenta), maximum lateral 

extension (the maximum lateral extension of the root system) (green), vertical root 

density (the intensity of soil exploitation in a given space) (shown between the yellow 

lines). Plant corresponds to chickpea variety ICC 8261 grown with JIS soil. Image 

modified from Concha & Doerner (2020). 
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2.10 Chickpea varieties 

Chickpea (Cicer arietinum L.) varieties ICC 8261, ICC 283 and ICC 1882 were 

provided by the International Crops Research Institute for the Semi-Arid Tropics 

(ICRISAT), India. These varieties are of the Kabuli (ICC 8261) and Desi (ICC 1882 

and 283) type. Kabuli is characterised for its larger plant dimensions, and low number 

of seeds of a large dimension and pale coloration. Desi is characterised for its 

smaller size, and abundant and small seeds, usually dark brown in colour. 

 

2.11 Chickpea seed germination and selection 

Chickpea seeds were left in water for 3 hours, washed two times with tap water and 

left overnight in a horizontally placed 500 ml glass bottle filled with 250 ml of water to 

provide enough oxygen. The next day seeds were washed two times with tap water, 

and disinfected with 0.8 % HClO4 for 10 minutes in a roller. Seeds were washed 

several times to remove the chlorine, and each was planted horizontally with its beak-

like radicle looking down in a container with 8 cm of a wet mix of peat : perlite (60 : 40 

v/v). Seeds were covered with 2 cm of the mix, gently pressed and sprayed with 

water. The container was covered with a lid with a small aperture to allow air flow. 

Seeds were left to grow for 3 days in a 22 / 16 ºC greenhouse room (day/night) with 

supplementary lightning and 50-70 % relative humidity. 

Germinated seedlings were gently removed, and those with a straight root were 

selected and gently washed in water to remove the peat and perlite. 
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2.12 Infection of chickpea with rhizobia 

Seedlings were incubated for 3 hours at 30 RPM in 100 ml of a single strain rhizobia 

solution (OD600=0.1). As a control, fresh YM medium was used. 

Big RBs were homogenously sprayed on their upper half with 45 ml of a single strain 

rhizobia solution (OD600=0.1), while for small RBs 7 ml were sprayed all over its 

surface. As a control, fresh YM medium was used. 

For experiments in pots, 3 ml of a single strain rhizobia solution (OD600=0.1) were 

applied to the soil after planting the seedling. Afterwards, this was watered to 

facilitate rhizobia penetration. 

 

2.13 Seedling planting in RBs 

A 1 cm in length cut was made in the middle of the insulation tape. Afterwards, a 

seedling was placed against the glass and a hole the length of its root was made in 

the soil along the glass side with a thin metallic wire (3 mm in diameter). The root 

was then carefully placed inside and watered with 2 ml of the required solution (water 

or rhizobia) with a plastic Pasteur pipette. Afterward, a small amount of soil was 

added and compressed to leave no gaps between the root and the soil. The seedling 

was covered with soil and watered with 2 ml of water, making sure the developing 

shoot was not covered. The soil was kept wet for 3 days to ensure optimum 

establishment of the developing seedling, and afterwards removed. 
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2.14 Nutritional medium 

A N-free solution (Hoagland No. 2 Basal Salt Mixture (HiMedia, India) plus 

micronutrients) was used for different experiments (Table 2-5). 

 

Table 2-5. N-free nutrient solution for different growth systems. Media is N-free 

modified Hoagland macronutrients with micronutrients. Macronutrients are expressed 

in mM, while micronutrients are expressed as µM.  

Salt Root pouch RB Pot 

Potassium phosphate monobasic 0.3 0.4 0.5 

Calcium chloride. 2H2O 1.3 1.6 1.9 

Potassium chloride 1.7 2.1 2.5 

Magnesium sulphate 0.7 0.8 1.0 

Boric acid 192.5 99.5 192.5 

Cobalt (II) chloride. 6H2O 0.4 0.2 0.4 

Copper (II) sulphate. 5H2O 0.2 0.1 0.2 

Manganese (II) chloride. 4H2O 191.5 99.0 191.5 

Sodium molybdate. 2H2O 2.1 1.1 2.1 

Sodium iodide 9.3 4.8 9.3 

Zinc chloride 96.1 49.7 96.1 

FeNa2EDTA. 2H2O 383.5 198.2 383.5 
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2.15 Semi hydroponic  

Root pouches (18 x 16.5cm, Mega International, USA) were used, which are made of 

a semi-rigid brown cardboard-like material which absorbs water and serves as 

support for root growth, wrapped in a transparent plastic film. Two small holes at the 

bottom of each pouch ensured roots were constantly wet. Pouches were fully 

covered in aluminium foil to avoid direct light and supported vertically in Styrofoam 

containers, also covered with aluminium foil to avoid algae growth and heat. The 

nutrient solution was filled/replaced 2-3 times per week as necessary. 

 

2.16 Image acquisition 

Pouches were cut, roots gently removed and washed with tap water and dried a bit. 

Afterwards, cotyledons were removed, and the shoot and root system were 

separated and scanned in a tabletop scanner (CanoScan LiDE 210, Canon, USA) 

with the following settings (filetype: JPEG; Colour mode: Colour; Resolution: 300 dots 

per inch (DPI)). A black felt was placed on top to improve contrast. Length and area 

were obtained with a custom-made algorithm using the MATLAB software (version 

R2018a).  

 

2.17 Acquisition of nodule traits 

Nodules bigger than 2 mm in diameter were manually separated from the roots and 

scanned as described for the plant material. Nodule number and area were obtained 

using the FIJI software (1.52q). 
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2.18 Organ biomass quantification 

The different organs (shoot, roots and nodules) were wrapped in aluminium foil and 

dried in an oven at 80 ºC for two days to obtain their dry mass. 

 

2.19 Soil N quantification 

Dry sieved JIS (50 g) or peat : sand mix (8-10 g) were mixed with 2 and 10 times 

their weight of a 2 M KCl solution, respectively, for 2 hours in an orbital shaker at 100 

RPM. Samples were then filtered with paper towel, then either centrifuged at 10000 

RPM for 30 minutes (JIS) or passed through a 0.45 µm filter (peat : sand mix) to 

recover a clean supernatant. This was analysed with a continuous flow auto-analyser 

(SKALAR San++, Scottish Rural College, Edinburgh, UK) to determine total N 

content per g of soil used. 

 

2.20 Shoot macro and micronutrient content 

Dry leaflets were grounded in a coffee mill, and 1-2 g were processed with a nitric 

acid digestion, and samples were analysed with inductively coupled plasma optical 

emission spectrometry and mass spectrometry at the Scottish Rural College 

(Penicuik, United Kingdom). N, P and Fe were quantified. 

 

2.21 Soil pH measurements 

50 g of wet soil were manually squeezed, and the recovered solution filtered with 

paper towel. The recovered solution was measured with 4.0-10.0 and 3.5-7.0 pH 

strips (Macherey-Nagel, Germany) to obtain an estimated pH. 
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2.22 Plant growth conditions  

Chickpea plants were maintained in a greenhouse room with controlled environment. 

Day/night temperatures ranged from 22-30 / 16-18 ºC across the whole year, with a 

40-80 % relative humidity. PAR radiation ranged from 1000-2000 µmol/m2/s during 

summer. During winter 600W HPS lamps were used to achieve 500-600 µmol/m2/s 

and a 16-hour daylength. 

 

2.23 Statistical analysis 

Results from the different experiment was analysed using the INFOSTAT software 

(ver. 2018I). Treatments were first checked for normality using the SHAPIRO-WILK 

test, then analysed for statistical differences using either ANOVA or Student's T-test. 

If differences were found with the ANOVA, a post-hoc TUKEY test was performed 

with a p value of <0.05.  
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Chapter 3. Development of a system to study chickpea RSA 

 

3.1 Introduction 

The lack of a simple and inexpensive growth system to image chickpea’s large root 

system in soil as it develops over time, and to quantify root traits that describe its 

architecture is a major limitation in studying chickpea RSA. Soil provides a complex 

abiotic and biotic environment, unlike a nutrient solution, and thus allow to better 

understand root development under more real conditions but it is opaque and as 

such limits root visualization. To study the RSA of soil-grown plants, rhizoboxes 

(RBs) can be used. In these, the root system develops mostly in 2D on a thin layer of 

soil, and a transparent side allows to image the roots. In this chapter, the 

development and validation of a RB-type growth system to study chickpea RSA is 

described.  

  



53 

 

 

 



54 

 

 



55 

 

 



56 

 

 

 



57 

 

 

 



58 

 

 

 



59 

 

 

 

 



60 

 

 

 



61 

 

 

 



62 

 

 



63 

 

 

 



64 

 

 

 



65 

 

 



66 

 

 



67 

 

3.3 Conclusion 

The established RB allows the development of chickpea’s large root system with few 

constraints while maximising root visibility. The imaging station and algorithms allow 

to obtain and quantify several root traits that inform of its architecture and foraging 

strategies, such as length, root growth rate, area explored, root density in different 

soil layers, among others. The results reveal two growth modes: root development to 

expand the total soil area explored, and increased exploitation within said area. 

Furthermore, the system was able to differentiate between two chickpea varieties 

with not so dissimilar root systems, which demonstrates its usefulness to study the 

impact of rhizobia on chickpea RSA. 
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Chapter 4. Optimization of nodulation and nodule development in RBs 

 

4.1 Summary  

A vigorous symbiosis is necessary to study the impact of rhizobia on chickpea RSA. 

Since this wasn’t observed in the RBs, a systematic approach to optimise the 

symbiosis was undertaken. Homogeneously spraying the rhizobia on the upper half 

of the RBs assures every sample develops nodules; washing the soil to reduce its N 

levels improves nodule development and N2-fixation; and regular watering results in 

high number of nodules. A peat:sand mix is used instead of soil since it achieves 

better water retention which improves the symbiosis, and lime is applied to counter 

the former’s acidity which damages shoot and roots. Together, these steps resulted 

in a good symbiosis in RBs.  

 

4.2 Introduction 

To study the effect of rhizobia on chickpea RSA, plants should develop many 

nodules, of relatively big dimensions and of a red colouration indicating good N2 

fixation. After selecting the chickpea varieties and rhizobia strains for this study, it 

became evident that the symbiosis in RBs was not adequate, indicating the need for 

improvements. In this chapter, said optimisations are discussed.  
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4.3 Results 

4.3.1 Selection of the symbiosis partners 

Several rhizobia strains and chickpea varieties were characterised in pots (2L) with 

un-sieved JIS soil to select the most interesting for further study. ICC 8261 had the 

highest shoot mass, but the lowest nodule number, while ICC 283 and ICC 1882 had 

the same nodule number but ICC 283 had higher shoot mass (Figure 4-1A). 

Regarding nodule number, the strains had marked differences between them, from 

very low (RSE 19) to slightly more than 12 (43P5) (Figure 4-1B). ICC 1882 and ICC 

8261 were selected to study the effect of rhizobia on two contrasting chickpea 

genotypes. For the rhizobia strains, 43P5, USDA 3383, RSE 19, RSE 17 were 

selected based on their differences to produce distinct nodule numbers in the 

different chickpea varieties. 

 

4.3.2 Inadequate nodulation and nodule development in RBs 

After the strains and varieties were selected, a first test in RBs evidenced poor 

nodulation. After 4 weeks, just 1-5 small nodules of white colouration were seen in 

20% of the RBs (Fig. 4-2). Meanwhile, most sources (publications, our USA and 

Ethiopian collaborators, and online chickpea resources) indicated that 20-60 nodules 

and of larger dimensions should be observed, with a red colouration due to high 

levels of leghemoglobin, a proxy for optimum N2-fixation (Tajima et al., 2007). 

Therefore, to understand and solve these limitations several approaches were 

undertaken.  
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Figure 4-1. Characterisation of the different chickpea varieties and rhizobia 

strains. A) Shoot biomass of the different chickpea varieties, B) Nodule number 

produced by each rhizobia strain (average of all chickpea varieties). Chickpea plants 

of three different varieties treated with seven different rhizobia strains were grown in 

pots with JIS soil. Means and standard error (SE) bars are shown (n=9). Means 

followed by a different letter are statistically different according to ANOVA followed by 

post hoc Tukey test (p<0.05). 
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Figure 4-2. Nodulation in a rhizobox. A) General view of the root system (35 DAS). 

B) Close-in of section shown in red. Yellow arrows indicate small white nodules. 

Chickpea variety ICC 8261 plants treated with rhizobia strain 43P5 were grown in 

RBs with JIS soil. Bar=10mm. 

 

4.3.3 Effect of rhizobia distribution on nodulation and nodule development 

In field and pots, small amounts of rhizobia suspensions are applied to the soil after 

planting. Because of regular watering and rain, rhizobia are redistributed to deeper 

layers where most roots develop, which results in all plants developing nodules. 

However, in the RBs water enters the soil from the bottom (Chapter 3), so there is no 

redistribution of the rhizobia applied to the very top which results in inadequate 

nodulation and nodule development. 
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To solve this, 45 ml of the 0.1 OD600 rhizobia suspension were homogeneously 

applied with a sprayer to the upper half of the RBs, simulating their natural 

distribution in the top 70 cm of soil. This greatly enhanced the number of plants 

developing nodules and their numbers. 25 DAS, 100% of the RBs had on average 15 

nodules, increasing to 22 by day 35 (Fig. 4-3). However, nodules were still small (1-2 

mm in length) and completely white, indicating no N2-fixation.  

 

 

Figure 4-3. Percentage of nodulated plants and nodule number. Chickpea variety 

ICC 8261 plants treated with rhizobia strain 43P5 were grown in RBs with JIS soil. 

Blue bars indicate percentage of plants developing nodules, while nodule number 

and SE bars are shown in orange (n=8).  
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4.3.4 Effect of N on nodule development  

Another factor that could explain the limited nodule development and activity is soil N, 

since high levels inhibit both to a different degree (Regus et al., 2015; Goh et al., 

2016). Soil N levels were 2.88 mM of total N (95% NO3
-), higher than expected and 

recommended for an adequate symbiosis in many legumes (0.5-1.0 mM of total N). 

However, studies in chickpea indicated that these levels shouldn’t negatively impact 

nodule number, biomass or activity (Jessop, 1984; David & Khan, 2001).  

Thus, the effect of different N levels (0.1, 0.5, 1.0, 1.75 and 2.5 mM of NO3
-) on 

several nodulation traits were evaluated in a semi-hydroponic experiment. Plants 

were grown for 35 days in root pouches with the corresponding nutrient solution 

(Table 2-5). Increasingly higher N levels increased nodule number and mass (Figure 

4-4A-B) but decreased their size (area) (Figure 4-4A). Additionally, the percentage of 

total biomass invested in the nodules decreased as the concentration of N increased 

(Figure 4-5A). Their colour was also reduced from a pink-red colouration at 0.1-0.5 

mM to a light pink at 2.5 mM. Furthermore, the proportion of nodules of larger 

dimensions, with higher N2-fixation activity, decreased as N levels increased (Figure 

4-5B). Therefore, it was concluded that the N in the soil was inhibiting nodule 

development and their activity.  
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Figure 4-4. Impact of N levels on nodule traits. A) Nodule number and area, B) 

Nodule biomass. Chickpea variety ICC 8261 plants treated with rhizobia strain 43P5 

were grown in root pouches with a nutrient solution with different KNO3 

concentrations. Means and SE bars are shown (n=10). Means followed by a distinct 

letter are statistically different according to ANOVA followed by Tukey post hoc test 

(p<0.05). Upper case is used for nodule number and lower case for nodule area in 

panel A. 
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Figure 4-5. Impact of N levels on the percentage of biomass invested in the 

symbiosis and on nodules of different dimensions. A) Percentage of total 

biomass in the nodules, B) Percentage of nodules of different dimensions of total 

nodule number. Chickpea variety ICC 8261 plants treated with rhizobia strain 43P5 

were grown in root pouches with a nutrient solution with different KNO3 

concentrations. Means and SE bars are shown (n=10). Means followed by a distinct 

letter are statistically different according to ANOVA followed by Tukey post hoc test 

(p<0.05), and in B for the same nodule dimension. 
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4.3.5 Obtaining a soil low in N 

Soils low in N, with good water absorption and dark colour, as needed for this work, 

could not be obtained. Thus, it was studied if washing the soil with water, similar to 

the procedure used to extract it for quantification of N content (Chapter 2), could 

decrease soil N levels. Washing twice with two times its weight in water reduced it to 

0.82 mM of total N, adequate for nodulation. To efficiently wash high volumes of soil, 

a washing system was developed which results in comparable soil N levels (0.8-1.0 

mM of total N).  

 

4.3.6 Impact of washing the soil and watering on nodulation  

The washed soil, without addition of nutrients, was tested in small RBs. Higher 

nodule mass, number, size and percentage of total plant mass in the nodules was 

observed, as well as an increase in the proportion of nodules of bigger dimensions 

(Fig. 4-6). 

Furthermore, the impact of regular watering (once per week) was also tested, since 

the semi-hydroponic experiment and the literature suggested that this has a major 

role in the symbiosis, likely in the infection of the roots by rhizobia (Williams and 

Mallorca, 1984; Goergen et al., 2009). Watering the washed soil led to a considerable 

increase in nodule mass, number and size, as well as higher percentage of total plant 

mass in the nodules (Fig. 4-6).  
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Figure 4-6. Impact of washing the soil and watering on several nodulation traits. 

A) Nodule number and area, B) Percentage of nodule biomass of total biomass and 

of nodules between ≤5<10mm2. Chickpea variety ICC 8261 plants treated with strain 

43P5 were grown in small RBs with JIS soil. Means and SE bars are shown (n=4). 

Means followed by a distinct letter are statistically different according to ANOVA 

followed by Tukey post hoc test (p<0.05). Upper case is used for nodule number and 

lower case for nodule area in A. 
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These results evidence that watering is important for an adequate symbiosis, but this 

is challenging in the big RBs since water only reaches till roughly the middle of the 

system. Yet, it is in the upper half where most roots will develop during the first 

weeks and where the rhizobia are applied. Thus, to assure adequate watering to this 

half, the JIS soil was changed to a peat : sand mix (80:20%, w/w) due to its superior 

water absorption and transport capacity. It is also washed to reduce N levels, and a 

non-N nutrient solution (Table 2-5) is added to not impact plant and nodule 

development. 

 

4.3.7 Validation and optimisation of the new substrate in RBs 

This new mix was tested in small RBs, and all samples developed a good number of 

nodules, of big dimensions and red colouration (Fig. 4-7). However, shoot and root tip 

damage was seen 28 DAS (Fig. 4-7A and B), likely due to the low pH of the peat (4-

4.5) which damages the plant and fixes nutrients such as P and Fe. This was solved 

by applying a small amount of garden lime (Westland, UK) (0.32g/ big RB) which 

increased soil pH to 5.0-5.5. 
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Figure 4-7. Nodule development in the peat:sand mix. Chickpea variety ICC 8261 

plants treated with rhizobia strain 43P5 were grown in peat: sand mix (80:20%, w/w) 

supplemented with non-N nutrients. A) Many nodules of big dimensions and red 

colour, indicating good N2-fixation, can be seen. However, the peat acidity produces 

root tip damage (yellow arrow), and B) severe shoot damage.  

 

4.4 Discussion 

To study the impact of rhizobia on chickpea RSA a vigorous symbiosis is paramount, 

but this was not observed in the first test in RBs. Thus, the most likely factors to 

affect nodulation were investigated in order to improve it. Rhizobia need to be close 

to the roots to infect them, but in the first test these were located only at the top, far 

away from most roots due to poor redistribution to deeper layers from a lack of 

watering. Spraying them on the upper half achieved 100% of the samples developing 

nodules and in greater numbers (Fig. 4-3). However, these were still of small 
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dimensions and white, indicating they were likely fixing very low levels of N2 (Tajima 

et al., 2007).  

The results of the semi-hydroponic experiment (Fig. 4-4 & 4-5) indicated that high N 

levels negatively impacted nodule development, as in most legumes (Regus et al., 

2015; Goh et al., 2016) and in disagreement with chickpea literature (Jessop, 1984, 

David & Khan, 2001). Thus, soil N levels (2.8mM of total N) were likely negatively 

impacting nodule biomass and N2-fixation activity. Washing the soil to remove the N 

improved nodule number, size and proportion of bigger nodules since it achieved 

levels of 0.82 mM of total N, adequate for the symbiosis. Though no nutrients such as 

K or P were resupplied, it is unlikely they explain these changes since they are 

required for an adequate nodulation and do not inhibit it unlike high levels of N 

(Regus et al., 2015; Goh et al., 2016). 

Regularly watering the RBs greatly increased the number of nodules and percentage 

of biomass invested in the symbiosis (Fig. 4-6) without impacting plant biomass (not 

shown), suggesting it might be critical for infection of the roots by rhizobia. Similar 

results were achieved by others (Sprent, 1971; Graham, 1992), independent of soil N 

levels (Goergen et al., 2009). To maximise available soil water, the soil was changed 

for a peat : sand mix. A small amount of lime is added to counter the peat acidity, 

which negatively impacts shoot and root development (Fig. 4-7). 

Thus, spraying the rhizobia over the upper half, using washed peat : sand mix (with 

added non-N nutrients and lime) and watering regularly maximises the symbiosis. 

This should be adequate to study rhizobia impact on chickpea RSA in this study.  
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Chapter 5. Effect of rhizobia on chickpea development and RSA 

 

5.1 Summary 

Rhizobia provide legumes with N which the plant uses for growth and development, 

yet its impacts on RSA are poorly understood. The effects of rhizobia on chickpea 

development, nutrition and RSA were studied in different growth systems. Rhizobia 

enhanced N nutrition which altered biomass-partitioning in favour of the shoot, 

increasing shoot and total biomass. Strains that provided more N had a bigger 

impact, and plants infected with these usually developed less nodules and of bigger 

dimensions. Rhizobia also enhanced P nutrition, which might improve plant 

development when this nutrient is more limiting.  

Rhizobia altered root development and RSA, and changes were associated to the 

availability of water and non-N nutrients once N was not limiting. When these 

resources were abundant, shallow and dense root systems were observed while 

abundant growth in depth was seen when they were more limiting. A biotic stress 

affected some experiments, limiting the quantitative study of rhizobia impact on 

chickpea RSA. 

Thus, rhizobia improve chickpea N, and P nutrition, which increases shoot 

development under N limited conditions. This results in changes to RSA from the 

decreased need to forage for N and increased demand for non-N soil resources, 

which depends on their availability. 
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5.2 Introduction 

Rhizobia enter symbiosis with modified legume roots where they provide N in return 

for C. This allows legumes to satisfy most of their N needs in N-limited environments, 

increasing shoot development and yields. However, less understood is how this 

impacts legume RSA. Since N is a major regulator of root development, it is likely 

that rhizobia alter RSA due to their positive impact on N nutrition. In this chapter, the 

effect of rhizobia on chickpea development, biomass-allocation, mineral nutrition, and 

RSA in several growth systems are discussed. Factors that affected the experiments 

are also mentioned.  

 

5.3. Results 

5.3.1 Effect of rhizobia on chickpea development in hydroponic conditions 

While nodulation was being optimised for RBs, a semi-hydroponic experiment using 

the root pouches was done to understand the effect of rhizobia on chickpea 

development, and select the most interesting strains to be further studied in RBs. 

Chickpea variety ICC 283 was used, along with strains 43P5, RSE 19, RSE 17 and 

USDA 3383, and a non-inoculated control. 20 plants per treatment were used. Plants 

were grown for 35 days in the same hydroponic solution used before, with 0.5mM of 

NO3
- since it maximised the impact of the symbiosis on chickpea (Fig. 4-4 & 4-5). 

Variety ICC 1882 was also used, but because the control nodulated results are not 

presented. Variety ICC 8261 was not used since only ~20% of seedlings had a 

straight root adequate to study RSA. Since it also produced few seeds, this meant 

that there wasn’t enough material to work with this variety, so it wasn’t used anymore. 
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Organ biomass 

Nodulated plants were healthier and bigger than the control (Fig. 5-1), and those 

treated with strains RSE 19 and USDA 3383 had higher shoot biomass and 

percentage of biomass invested in it than the control (Fig. 5-2A and 5-2B). Nodulation 

decreased root biomass, as well as the plant investment in the root system (Fig. 5-2A 

and 5-2B). No differences in nodule biomass between the different rhizobia 

treatments were observed (Fig. 5-2A), but strains RSE 19 and USDA 3383 resulted 

in plants investing a lower percentage of biomass in the symbiosis (Fig. 5-2B). No 

differences in below-ground mass (roots and nodules) were observed between the 

treatments (Fig. 5-2A), but RSE 19 and USDA 3383 treated plants invested a lower 

percentage (Fig. 5-2B). Furthermore, nodulation increased the shoot/root ratio 

compared to the control, and RSE 19 and USDA 3383 treated plants had the highest 

ratio of all treatments (Fig. 5-3).  

 

Shoot N 

All strains increased the percentage of shoot N compared to the control (Table 5-1). 

Because of an error only the average for each treatment was obtained, so statistical 

comparisons cannot be made. Rhizobia also increased specific shoot N, the amount 

of shoot N obtained per g of biomass invested in below-ground organs (Table 5-1). 
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Figure 5-1. Shoot development of hydroponic-grown rhizobia-treated chickpea. Chickpea ICC 283 plants treated with different 

rhizobia strains were grown in root pouches with a nutrient solution with 0.5mM NO3
-. A representative shoot of each treatment is 

shown. From left to right: Control, 43P5, USDA 3383, RSE 17 and RSE 19. Bar= 5cm. 
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Figure 5-2. Organ and biomass partitioning in hydroponic-grown rhizobia-

treated chickpea. Chickpea ICC 283 plants treated with different rhizobia 

strains were grown in root pouches with a nutrient solution with 0.5mM NO3
-. 

(n=20). Means and SE bars are shown. Means followed by a distinct letter are 

statistically different according to ANOVA followed by Tukey post hoc test 

(p<0.05) for the same organ. 
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Figure 5-3. Shoot/root ratio in hydroponic-grown rhizobia-treated 

chickpea. Chickpea ICC 283 plants treated with different rhizobia strains were 

grown in root pouches with a nutrient solution with 0.5mM NO3
-. (n=20). Means 

and SE bars are shown. Means followed by a distinct letter are statistically 

different according to ANOVA followed by Tukey post hoc test (p<0.05). 

 

Table 5-1. N nutrition and acquisition efficiency in hydroponic-grown 

rhizobia-treated chickpea. Chickpea ICC 283 plants treated with different 

rhizobia strains were grown in root pouches with a nutrient solution with 0.5mM 

NO3
-. Only one value per treatment was obtained. Specific shoot N is the total 

amount of shoot N (mg) (percentage of shoot N x shoot biomass) divided by 

below-ground mass. Values are related to the control (arbitrarily 1). 

Strains Shoot N (% of mass) Specific shoot N  

Control 0.83 1.00 

RSE17 1.95 2.82 

RSE 19 3.34 6.68 

USDA 3383 2.93 5.85 

43P5 2.40 3.35 
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In terms of root traits, RSE 19 treated plants had the lowest root length of all 

treatments, while 43P5 treated plants had the highest root length and area (Fig. 

5-4A and 5-4B). 43P5 treated plants also had both a higher length and area per 

g of biomass invested in the root system compared to the control and other 

rhizobia (Fig. 5-4A and 5-4B), while RSE 17 treated plants had a higher area 

compared to the control (Fig. 5-4B).  

In terms of nodule traits, USDA 3383 treated plants had the lowest number of 

nodules of all the rhizobia treatments (Fig. 5-5A), as well as the highest number 

and percentage of nodules of bigger dimensions (>10mm2) (Fig. 5-5B). No 

differences in average size (nodule area) were observed between the different 

rhizobia treatments (Fig. 5-5A). 
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Figure 5-4. Root traits in hydroponic-grown rhizobia treated chickpea. A) 

Root length and specific length, B) Root area and specific area. Chickpea ICC 

283 plants treated with different rhizobia strains were grown in root pouches 

with a nutrient solution with 0.5mM NO3
- (n=20). Means and SE bars are shown. 

Means followed by a distinct letter are statistically different according to ANOVA 

followed by Tukey post hoc test (p<0.05) for the same trait. Upper case is used 

for absolute length/area and lower case for specific length/area. 
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Figure 5-5. Nodulation traits in hydroponic-grown rhizobia treated 

chickpea. Chickpea ICC 283 plants treated with different rhizobia strains were 

grown in root pouches with a nutrient solution with 0.5mM NO3
- (n=20). Means 

and SE bars are shown. Means followed by a distinct letter are statistically 

different according to ANOVA followed by Tukey post hoc test (p<0.05) for the 

same trait. Upper case is used for nodule number and lower case for nodule 

area in A. 
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Correlations 

The percentage of shoot N had a positive correlation with shoot mass (R2= 

0.72), total mass (R2= 0.62) and shoot/root ratio (R2=0.92) (Fig. 5-6), while it 

was negative one with root mass (R2=0.69) (Fig. 5-6). 

 

 

Figure 5-6. Correlation between organ biomass and shoot N in hydroponic-

grown rhizobia treated chickpea. Chickpea ICC 283 plants treated with 

different rhizobia strains were grown in root pouches with a nutrient solution 

with 0.5mM NO3
-. All values are average of each treatment. 
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Figure 5-7. Correlation between nodule traits and shoot N in hydroponic-

grown rhizobia treated chickpea. Chickpea ICC 283 plants treated with 

different rhizobia strains were grown in root pouches with a nutrient solution 

with 0.5mM NO3
-. All values are average for each treatment. Correlation for all 

five treatments (green line), all strains (blue line) and all strains minus RSE 19 

(orange line) are shown.  
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Only some nodule traits showed a correlation with percentage of shoot N, such 

as a negative one with nodule number (R2=0.27) and a high positive one for the 

fraction of nodules between 5-10 mm2 (R2=0.76). Surprisingly, no correlation 

was observed between percentage of shoot N and percentage of nodules 

between 10-20 mm2 and nodule mass. However, when the RSE 19 treatment 

was removed both showed very high positive correlations (R2>0.97) (Fig. 5-7A 

and 5-7B). RSE 19 treated plants had the lowest percentage of nodules 

between 10-20 mm2 and average nodule mass of all rhizobia treatments even 

though its percentage of shoot N levels was the highest (Fig. 5-7, Table 5-1), 

which explained why it considerably affected the correlation. Adding the control, 

which didn’t develop nodules, reduced the correlation but the tendency stayed 

the same (Fig. 5-7). 

 

5.3.2 Phosphate-solubilization capacity of the rhizobia strains 

The capacity of the different strains to solubilise CaHPO4, an insoluble P form, 

was tested in vitro. All could, and RSE 17 and USDA 3383 solubilised a 

significantly higher amount of P than others (Figure 5-8). Furthermore, this 

capacity did not depend on the amount of soluble P present in the media. 
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Figure 5-8. In vitro P-solubilisation capacity of the different rhizobia 

strains. Several rhizobia strains were grown in modified Pikovskaya media with 

different concentrations of KH2PO4
- (g/L) to determine if it influenced CaHPO4 

solubilisation. Means and SE bars are shown. Means followed by a distinct 

letter are statistically different according to ANOVA followed by Tukey post hoc 

test (p<0.05) for the same KH2PO4
- concentration (n=2). 

 

5.3.3 Effect of rhizobia on chickpea C-allocation and RSA in big RBs 

Once nodulation was optimised for big RBs (Chapter 4), an experiment in this 

growth system was performed to compare plant development and RSA between 

a control and rhizobia-treated plants (43P5 and RSE 19) in chickpea ICC 283. 

The strains were selected based on the results from the experiment in root 

pouches. The soil was washed peat : sand with non-N nutrients and lime. 10 

samples per treatment were done, and the plants were watered from the bottom 

regularly. Root images were taken twice weekly starting one week after 
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planting. 49 DAS, chlorosis and shoot damage were observed in many plants, 

so these were harvested and analysed.  

 

Organ biomass and biomass allocation 

Shoot biomass was not different in the rhizobia treated plants compared to the 

control (Fig. 5-9A). Regarding root mass, 43P5 treated plants had a higher root 

mass than the control (Fig. 5-9A). No differences in nodule biomass were 

observed between the rhizobia treated plants (Fig. 5-9A). Below-ground 

biomass was higher in both rhizobia treated plants than the control (Fig. 5-9A), 

while no differences in total biomass were seen between the different 

treatments (Fig. 5-9A). 

This resulted in the control having the highest percentage of biomass in the 

shoot, followed by RSE 19 treated plants (Fig. 5-9B). 43P5 treated plants had 

the highest percentage of biomass in the root and below-ground organs (Fig. 5-

9B), followed by RSE19 treated plants while the control had the lowest (Fig. 5-

9B).  

Nodule number was high in both treatments (Fig. 5-10A) and all nodules were 

very small (<5mm2) and almost no bigger nodules were observed (Fig. 5-10B). 

 



95 

 

 

Figure 5-9. Impact of rhizobia on RB-grown chickpea development. A) 

Organ biomass, B) Biomass partitioning. Chickpea ICC 283 plants treated with 

different rhizobia strains were grown in peat: sand mix (80:20%, w/w) 

supplemented with non-N nutrients (n=10). Means and SE bars are shown. 

Means followed by a distinct letter are statistically different according to ANOVA 

followed by Tukey post hoc test (p<0.05) for the same organ.  
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Figure 5-10. Nodulation traits of RB-grown rhizobia-treated chickpea. A) 

Nodule number, B) Percentage of nodules smaller than 5mm2. Chickpea ICC 

283 plants treated with different rhizobia strains were grown in peat: sand mix 

(80:20%, w/w) supplemented with non-N nutrients (n=10). Means and SE bars 

are shown. Means followed by a distinct letter are statistically different 

according to Student's T-test p (p<0.05).  
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Root system architecture traits 

A representative image of the RSA of each treatment at the end of the 

experiment is shown in Fig. 5-11. RSE 19 treated plants had higher root length 

from 38 DAS compared to the control, while in 43P5 treated plants it was higher 

from 42 DAS (Fig. 5-12A). Regarding area, RSE19 treated plants had higher 

root area from 42 DAS compared to the control, while in 43P5 treated plants 

was significantly higher from 45 DAS (Fig. 5-12B). Both strains increased root 

growth rate compared to the control from 35 DAS (Fig. 5-12C). In terms of 

depth, RSE 19 treated plants had a deeper root system than the control from 35 

DAS, while 43P5 treated plants were different only from 42 DAS (Fig. 5-12D). 

Convex hull was higher in RSE 19-treated plants compared to the control from 

24 DAS, while it was only from 42 DAS in 43P5 treated plants (Fig. 5-12E). The 

control had higher solidity than RSE 19-treated plants between 24 and 31 DAS 

(Fig. 5-12F). Finally, no differences were found for maximum lateral extension 

(not shown). 

Regarding vertical density, by the end of the experiment both strains resulted in 

higher absolute and relative root area in the 48-112 cm layers (Fig. 5-13A and 

5-13B). However, the control had a higher percentage of root area in the 0-16 

and 32-48 cm layer than the rhizobia treatments (Fig. 5-13B). 
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Figure 5-11. Skeletonized root system of RB-grown rhizobia-treated 

chickpea. Chickpea ICC 283 plants treated with different rhizobia strains were 

grown in peat: sand mix (80:20%, w/w) supplemented with non-N nutrients 

(n=10). From left to right: Control, 43P5, RSE 19. All images were taken at 49 

DAS. Scale bar is 10 cm. 
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Figure 5-12. RSA traits of RB-grown rhizobia-treated chickpea. A) Length, 

B) Area, C) Root growth rate, D) Depth, E) Convex hull, F) Solidity. Chickpea 

ICC 283 plants treated with different rhizobia strains were grown in peat: sand 

mix (80:20%, w/w) supplemented with non-N nutrients (n=10). Means are 

shown. * indicates significant differences between the control and strain RSE19, 

and + indicates differences between the control and both strains according to 

ANOVA followed by Tukey post hoc test (p<0.05) for the same trait.  
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5.3.4 Shortcomings 

Chlorosis and shoot damage appeared in all RB treatments after five weeks, 

and too many nodules of very small dimensions were also observed (Fig. 5-10). 

Both factors might have impacted the results, especially for the rhizobia 

treatments since these nodules would consumed too much C and provided low 

amounts of N. To amend this, the following modifications were done: a) The 

peat is washed with KCl to decrease its N levels to 0.5mM of total N, similar to 

how it is treated to quantify soil N levels, b) Macronutrients were increased by 

200-300% to avoid shoot stress, suggested by our collaborators to be due to a 

nutritional deficiency, c) The density of the rhizobia solution was decreased by 

half, and the amount applied to the RBs reduced to 25%. Said changes resulted 

in less nodules and of bigger dimensions in a new experiment with the same 

treatments, however plants were affected by a biotic stress that resulted in 

severe shoot and root damage (Fig. 5-14), and from the first lockdown due to 

the Covid-19 pandemic. Unfortunately, no useful data could be obtained from it. 

Several methods to control this biotic stress, assumed to be due to the 

pathogen Fusarium oxysporum, were tested. These included, oven treating the 

soil for 12 hours at 95°, autoclaving twice, and fungicides against said 

pathogen. Unfortunately, none of these methods could properly control it. The 

shoot symptoms also match the ones present at the end of the first experiment, 

which explains the damage. The JIS soil was tested again, and plants didn’t 

show any signs of infection. However, when a new experiment in big RBs was 

performed all samples suffered from this disease, and thus no results could be 

obtained. 
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Figure 5-13. Vertical density 49 DAS of RB-grown rhizobia-treated chickpea. A) Absolute and B) relative vertical density in 

different soil layers. Chickpea ICC 283 plants treated with different rhizobia strains were grown in peat: sand mix (80:20%, w/w) 

supplemented with non-N nutrients (n=10). Means and SE bars are shown. Means followed by a distinct letter are statistically 

different according to ANOVA followed by Tukey post hoc test (p<0.05) for the same soil layer. 
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Figure 5-14. Symptoms of the disease. A) Shoot damage after three weeks, 

B) Severe shoot yellowing 7-10 days after symptoms first appear. Older leaves 

are the first to show the symptoms. C) Root symptoms appear a few days later 

than in shoots, D) Close up of section in red in C). Severe damage (Arrow) of 

the root zone that connects with the shoot is seen, and the plant will die shortly 

due to the lack of connection between above and belowground organs 

Chickpea ICC 283 plants treated with rhizobia strain USDA 3383 were grown in 

peat: sand mix (80:20%, w/w) supplemented with non-N nutrients (n=10).  
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5.3.5 Effect of rhizobia on chickpea biomass allocation and mineral 

nutrition in pots 

Because the pathogen was assumed to be present in the peat, an experiment in 

pots with an inert mix (sand : perlite (70:30; w/w) twice autoclaved) was 

performed to obtain data of the impact of rhizobia on chickpea organ biomass 

and nutrition. This media was not used in RBs since it doesn’t offer enough 

contrast with the root for their imaging. Because roots are not visible when 

grown in pots, RSA traits cannot be quantified in this system. A control, four 

rhizobia strains (43P5, RSE 17, RSE 19 and USDA 3383), and a N treatment 

were tested, with 10 samples per treatment. Plants were watered every three 

days with water and every 4 days with 300ml of a N-free solution (Table 2-5), 

with either 0.5mM of NH4NO3 for the control and rhizobia treatments and 6.0mM 

of NH4NO3 for the N control.  

 

Organ biomass and biomass allocation 

The rhizobia strains and the N treatment improved the development and health 

of the shoot (Fig. 5-15, 5-16). Meanwhile, changes in root traits in the rhizobia 

and N treatments compared to the control were observed (Fig. 5-17). These 

developed a denser root system, and several of the rhizobia strains resulted in 

shorter roots compared to the control (Fig. 5-17). The exception was strain 

43P5, where plants treated with it had a long root system.  

All strains increased shoot biomass compared to the control, with RSE 19 

treated plants having the highest biomass, similar to the N treatment (Fig. 5-
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18A). This strain, and USDA 3383, were also the only rhizobia to significantly 

increase root mass compared to the control, while the N treatment had the 

highest root biomass (Fig. 5-18A). Strains RSE 17 and 43P5 treated plants had 

the lowest nodule biomass, while RSE 19 and USDA 3383 treated plants had 

the highest (Fig. 5-18A). All treatments enhanced below-ground mass 

compared to the control, and RSE 19 treated plants had the highest of all 

rhizobia treatments. Total biomass was increased by all treatments, with RSE 

17 and 43P5 treated plants having the lowest increase, followed by RSE 19 and 

USDA 3383 treated plants while the N treatment had the highest biomass (Fig. 

5-18A). 

Of the rhizobia treatments, only 43P5, RSE 19 and USDA 3383 increased the 

percentage of biomass in the shoot compared to the control (Fig. 5-18B), while 

all strains decreased the percentage of biomass invested in the roots. Both RSE 

19 and USDA 3383 treated plants had the lowest percentage of biomass in the 

nodules. All rhizobia decreased the percentage of biomass invested in below-

ground organs and also increased the shoot/root ratio (Fig. 5-18B, 5-19). 

Interestingly, the N treatment didn’t impact these traits (Fig. 5-18B, 5-19). 
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Figure 5-15. Impact of rhizobia and N on shoot development in pot-grown chickpea. Plants of chickpea ICC 283 were grown in 

pots with sand : perlite (70:30; w/w) supplemented with a nutrient solution with either 0.5mM (control and rhizobia treatments) or 

6.0mM (N treatment) of NH4NO3. A representative shoot from some treatments is shown. From left to right: Control, 43P5, USDA 

3383 and Nitrogen. Note that the shoot from the N treatment is bigger than the average of that condition. White square side=3cm. 
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Figure 5-16. Impact of rhizobia and N on shoot development in pot-grown chickpea (cont.). 

Plants of chickpea ICC 283 were grown in pots with sand : perlite (70:30; w/w) supplemented with 

a nutrient solution with either 0.5mM (control and rhizobia treatments) or 6.0mM (N treatment) of 

NH4NO3. A representative shoot from some treatments is shown. From left to right: RSE 17 and 

RSE 19. White square side=3cm. 
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Figure 5-17. Impact of rhizobia and N on root development in pot-grown chickpea. Plants of 

chickpea ICC 283 were grown in pots with sand : perlite (70:30; w/w) supplemented with a nutrient 

solution with either 0.5mM (control and rhizobia treatments) or 6.0mM (N treatment) of NH4NO3. A 

representative root from each treatment is shown. From left to right: 43P5, Control, USDA 3383, 

Nitrogen, RSE 17 and RSE 19. The white particles observed in some roots is perlite. Nodules 

(orange) are observed in the rhizobia treatments, such as USDA 3383 (top). Bar=5cm. 
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Figure 5-18. Effect of rhizobia and N on organ biomass and biomass allocation in pot grown 

chickpea. Plants of chickpea ICC 283 were grown in pots with sand : perlite (70:30; w/w) 

supplemented with a nutrient solution with either 0.5mM (control and rhizobia treatments) or 

6.0mM (N treatment) of NH4NO3. Means followed by a distinct letter are statistically different 

according to ANOVA followed by Tukey post hoc test (p<0.05) for the same trait (n=10).  
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Figure 5-19. Effect of rhizobia and N on shoot/root ratio in pot-grown 

chickpea. Plants of chickpea ICC 283 were grown in pots with sand : perlite 

(70:30; w/w) supplemented with a nutrient solution with either 0.5mM (control 

and rhizobia treatments) or 6.0mM (N treatment) of NH4NO3. Means and SE 

bars are shown. Means followed by a distinct letter are statistically different 

according to ANOVA followed by Tukey post hoc test (p<0.05) (n=10).  

 

Leaf mineral content 

Every treatment improved shoot N (Fig. 5-20A). While RSE 19 treated plants 

had the N same levels as the N treatment, USDA 3383 treated plants had the 

highest. Regarding P, all rhizobia except strain RSE 19 increased its levels 

compared to the control (Fig. 5-20B). The application of N didn’t improve shoot 

P levels. Regarding Fe, the control and N treatment had the highest levels in 

the shoot while all rhizobia decreased them (Fig. 5-20C). All treatments 

increased specific shoot N (Table 5-2), especially RSE 19 and USDA 3383.  
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Figure 5-20. Effect of rhizobia and N on shoot N, P and Fe content in pot-

grown chickpea. Plants of chickpea ICC 283 were grown in pots with sand : 

perlite (70:30; w/w) supplemented with a nutrient solution with either 0.5mM 

(control and rhizobia treatments) or 6.0mM (N treatment) of NH4NO3. Three 

replicates per treatment (each replicate resulting from combining tissue from 

three plants) were analysed. Means and SE bars are shown. Means followed by 

a distinct letter are statistically different for the same nutrient according to 

ANOVA followed by Tukey post hoc test (p<0.05). 
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Table 5-2. Rhizobia and nitrogen impact on specific shoot N in pot-grown 

chickpea. Plants of chickpea ICC 283 were grown in pots with sand : perlite 

(70:30; w/w) supplemented with a nutrient solution with either 0.5mM (control 

and rhizobia treatments) or 6.0mM (N treatment) of NH4NO3. Specific shoot N is 

the total amount of shoot N (mg) (percentage of shoot N x shoot biomass) 

divided by below-ground mass, using the average value of each parameter. 

Values are related to the control (arbitrarily 1).  

Treatment Specific shoot N  

Control 1.00 

43P5 2.62 

RSE 17 2.23 

RSE 19 5.10 

USDA 3383 6.66 

Nitrogen 2.57 

 

Nodulation traits 

In terms of nodulation traits, differences were observed between the four 

rhizobia treatments. USDA 3383 treated plants had the lowest number of 

nodules followed by RSE 17 and 43P5 treated plants, while RSE 19 treated 

plants had the highest number (Fig. 5-21). On the other hand, the nodules in 

USDA 3383 treated plants were bigger than those from the other rhizobia 

treatments (Fig. 5-21).  
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In terms of the proportion of nodules of different dimensions, most nodules were 

smaller than 5mm2 (Fig. 5-22A). Meanwhile, USDA 3383 treated plants had the 

lowest proportion of nodules smaller than 5mm2 (Fig. 5-22A) and the highest 

proportion of nodules between 5-10mm2 and 10-20mm2. No differences in the 

proportion of nodules >20mm2 were observed (Fig. 5-22B).  

 

5.4 Discussion 

Rhizobia enhance plant development and shoot-allocated biomass due to 

improved N nutrition  

Low soil N levels reduce shoot development due to lower photosynthetic 

capacity due to decreased chlorophyll levels and higher C-fluxes to the root to 

obtain more soil N (Paul and Foyer, 2001; Körner, 2015). Meanwhile, symbiosis 

with rhizobia provide legumes with a high proportion of their N requirements, 

which improves plant development and reduces the need to forage for this 

resource (Regus et al., 2015; Goh et al., 2016). In agreement with this, in pots 

and root pouches the control had the lowest shoot mass of all treatments (Fig. 

5-2A and 5-18A) while all rhizobia strains alleviated the symptoms of N 

limitation due to improved N nutrition (Fig. 5-1, 5-15, 5-16). Furthermore, strains 

that provided the greatest amount of shoot N (Table 5-1 and Figure 5-20A) 

resulted in the highest increase in shoot and total biomass (Fig. 5-2A and 5-

18A), similar to fertilizing the plants with N and to what is reported in several 

studies (Zhou et al., 2006; Kaschuk et al., 2009; Regus et al., 2015). 
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Increased shoot mass was not observed in RBs (Fig. 5-9A). This is likely due to 

the biotic stress that affected the plants at later growth stages (which impacted 

their health), and due to the excessive number of nodules and of small 

dimensions which probably consumed too much C while contributing little to 

plant N nutrition. In agreement with this, hyper-nodulating legume mutants 

(which develop 5-10x more nodules than their wild type) usually have 

decreased shoot growth and yields under symbiosis due to the imbalance 

between below-ground demands on photosynthates and the capacity of the 

shoot to provide them (Schuller et al., 1988; Lestari et al., 2006; Novák, 2010). 

On the other hand, in root pouches and pots the strains that resulted in plants 

with lower number of nodules and of bigger dimensions (Fig. 5-5 and 5-21) 

typically contributed more to plant N nutrition and shoot development than the 

others. Furthermore, strains that don’t significantly improve plant N nutrition 

have a small or no impact on shoot biomass (Singh et al., 2011; Argaw, 2012, 

Regus et al., 2015; Quides et al., 2017). Thus, strains which result in plants with 

a balanced number of nodules and of larger than usual dimensions typically 

contribute the most to the host N nutrition, and therefore to shoot development. 
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Figure 5-21. Nodule traits from pot-grown rhizobia-treated chickpea. Plants 

of chickpea ICC 283 were grown in pots with sand : perlite (70:30; w/w) 

supplemented with a nutrient solution with either 0.5mM (control and rhizobia 

treatments) or 6.0mM (N treatment) of NH4NO3. Means and SE bars are shown. 

Means followed by a distinct letter are statistically different for the same trait 

according to ANOVA followed by Tukey post hoc test (p<0.05) (n=10). Upper 

case is used for nodule number and lower case for nodule area.  
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Figure 5-22. Proportion of nodules of different dimensions in pot-grown 

rhizobia-treated chickpea. A) Nodules smaller than 5mm2, B) Nodules from 5-

20mm2. Plants of chickpea ICC 283 were grown in pots with sand : perlite 

(70:30; w/w) supplemented with a nutrient solution with either 0.5mM (control 

and rhizobia treatments) or 6.0mM (N treatment) of NH4NO3. Means and SE 

bars are shown. Means followed by a distinct letter are statistically different for 

the same trait according to ANOVA followed by Tukey post hoc test (p<0.05) 

(n=10).
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Shoot N is also a major regulator of biomass partitioning between shoot and 

roots in legumes and non-legumes since N sufficiency signals the roots to 

reduce N foraging (Scheible et al., 1997; Goh et al., 2016; Yan et al., 2019). In 

pots and root pouches rhizobia modified biomass-partitioning in favour of the 

shoot, which resulted in higher shoot/root ratio (Fig. 5-3, 5-19). Shoot N levels 

were positively related with the intensity of said changes (Table 5-1 and Fig. 5-

20A), similar to what is reported in many symbioses (Schortemeyer et al., 1999; 

Wang et al. 2011; Goh et al. 2016). Surprisingly, this behaviour was not 

observed in the N treatment in pots (Fig. 5-19 and 5-20A), which is unexpected 

based on its shoot mass and N levels. It also wasn’t seen in RBs (Fig. 5-9B), 

though this is likely due to the biotic stress and excessive nodulation which 

limited shoot development.  

These results confirm that, as reported (Reviewed in Concha & Doerner, 2020), 

under N-limiting conditions entering in symbiosis with rhizobia is the most 

efficient way for legumes to acquire N to sustain their development, provided 

the symbiont greatly contributes to N nutrition at an acceptable C cost. 

 

Superior rhizobia create a positive feedback loop on the symbiosis 

Nodule biomass is usually proportional to the N2-fixation capacity of the rhizobia 

which creates a positive feedback loop (Regus et al., 2015; Pampana et al., 

2016; Quides et al., 2017). This was observed in pots were strains that provided 

more N, and thus had a greater positive impact on plant biomass, also resulted 

in higher nodule biomass (Fig. 5-18A) but not in root pouches (Fig. 5-2A), 
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possibly since shoot development was more constrained in said system. 

Superior strains tended to develop either a high number of nodules or lower 

number and of bigger dimensions (Fig. 5-5 and 5-21), which results in a higher 

infected area for N2-fixation which increases the amount of N provided to the 

plant (Ryosuke et al., 2007). Furthermore, nodule number and nodule mass are 

positively correlated with shoot mass while nodule mass is also correlated with 

higher shoot/root ratio (Kebede et al., 2020; Allito et al., 2021), which explains 

the positive impact of these strains on these traits (Fig. 5-2 and 5-18). 

 

Root development and RSA in rhizobia-treated plants is altered in 

response to the higher demand for non-N resources 

The impact of rhizobia on chickpea root mass depended on the growth system, 

specifically on whether the system was hydroponic or not. In root pouches 

rhizobia decreased root mass (Fig. 5-2A), probably since constantly available 

water and nutrients reduce the need to extensively develop the root system to 

capture those resources (Purushothaman et al., 2017a, 2017b), and likely due 

to the small dimensions of the pouches which restrict root growth. Meanwhile, in 

RBs and pots multiple strains resulted in significantly higher root mass (Fig. 5-

9A and 5-18A), similar to what is reported in some studies where only some 

rhizobia increase it (Franzini et al., 2010; Solaiman et al., 2011; Khaitov et al., 

2016). This is likely due to their non-hydroponic nature which intensifies the 

need to develop an extensive and deep root system to obtain resources 

(Purushothaman et al., 2017a, 2017b; Concha & Doerner, 2020), and greater 

dimensions allow the development of a bigger root system. Furthermore, in pots 
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the strains that greatly increased shoot mass also enhanced root and below-

ground mass (Fig. 5-18A), similar to the N treatment, likely because the bigger 

shoot increases the plant demand for water and nutrients (Concha & Doerner, 

2020). In root pouches and pots, the strains that increased shoot mass the most 

also enhanced total biomass (Fig. 5-2A and 5-18A), in agreement with several 

reports (Franzini et al., 2010; Moradi et al., 2013; Quides et al., 2017; Goh et 

al., 2019). 

The symbiosis had an impact in all experiments on several root traits that define 

its architecture. In root pouches, higher length and area were observed in plants 

treated with several strains and some also increased specific root length and 

area (Fig. 5-4). Changes didn’t correlate with shoot mass or N levels, unlike 

what is reported for chickpea grown in a bigger semi-hydroponic system (Chen 

et al., 2017). As found for root biomass, likely the pouches small dimensions 

limited changes in root traits due to rhizobia. 

In RBs a clear positive impact from the symbiosis in root traits such as mass, 

length, area, root growth rate, convex hull, depth, and growth into deeper layers 

(absolute and relative vertical density) was observed (Fig. 5-12 and 5-13). Thus, 

the symbiosis resulted in a more extensive and deeper root system, similar to 

what is reported in other studies (Solaiman et al., 2011; Goh et al., 2016; Sofi et 

al., 2017; Kallala et al. 2018). Said changes result in a larger area of soil 

explored starting 24DAS, and most RSA traits were stimulated by rhizobia 35-

38DAS, a few days after flowering started. These results indicate that rhizobia 

help the plant to acquire higher levels of soil resources during the reproductive 
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phase, of which water is very limiting, which might also explain some of its 

positive impact on yields (Kaschuk et al., 2010). 

While RSA traits can’t be quantified in pots, strains that contributed the most to 

N nutrition and shoot biomass (Fig. 5-18A and 20A, Table 5-2) resulted in plants 

with shorter and denser root systems (Fig. 5-17). This supports the hypothesis 

that rhizobia alter legume RSA to preferentially forage for non-N nutrients once 

N nutrition is adequate, and a shallower and denser root system will develop if 

water and other nutrients is not limiting (Purushothaman et al., 2017a, 2017b, 

Concha & Doerner, 2020). Nevertheless, a quantitative analysis of changes in 

root traits in rhizobia-treated legumes will provide stronger evidence in favour or 

against this hypothesis.  

43P5 resulted in the longest root system of all rhizobia treatments even though 

its impact on organ biomass and shoot N were low (Fig. 5-17, 5-18 and 5-20A). 

This strain also resulted in higher root length and area in root pouches 

compared to the other rhizobia treatments (Fig. 5-4), suggesting it might 

synthetise high levels of auxin which stimulate root development (Reviewed in 

Concha & Doerner, 2020). As with root pouches, the dimensions of the pots and 

regular provision of water and nutrients probably impacted some of the changes 

in root traits due to rhizobia, which might explain why the considerable growth in 

depth seen in the rhizobia-treated plants in RBs was not observed (Fig. 5-12 

and 5-13). On the other hand, the N-treated plants had a long and the densest 

root system (Fig. 5-17). This is probably because N didn’t increase the plant 

shoot/root ratio in this experiment (Fig. 5-19), unlike what is observed in 

legumes and other species (Wang et al., 2011; Goh et al., 2016, Reviewed in 
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Concha & Doerner, 2020), and thus high levels of biomass were still invested in 

the root system (Fig. 5-18). Thus, as suggested, other factors besides improved 

N-nutrition impact the final root system in nodulated-legumes (Concha & 

Doerner, 2020).  

 

Rhizobia modify non-N nutrition  

Besides providing N, rhizobia can improve plant P and Fe nutrition (Franzini et 

al., 2010, Li et al., 2013, Soumaya et al., 2016) since it can solubilise insoluble 

forms of these minerals (Reviewed in Concha & Doerner, 2020). Most of the 

strains were able to solubilise CaPO4, especially RSE 19 and USDA 3383 (Fig. 

5-8), and all symbioses increased leaf P levels in the pot experiment (Fig. 5-

20B). This was not observed in the N treatment, so it can be assumed that the 

improved shoot P levels in the rhizobia-treated plants are independent of their 

capacity to enhance the plant’s N-status. Thus, the symbiosis likely decreases 

the need to forage for P, which might result in alterations to root development 

and RSA depending on the plant demands for this nutrient and its availability 

(Wang et al., 2011; Reviewed in Concha & Doerner, 2020). 

Leaf Fe was lower in the rhizobia treatments compared to the other conditions 

in pots (Fig. 5-20C). Though not measured, this is probably due to re-allocation 

of this nutrient to the nodules to sustain high N2-fixation rates since many 

proteins present in it, such as the N-fixing enzyme nitrogenase, require Fe for 

their activity (Reviewed in O’Hara, 2001). Thus, high leaf Fe levels would 

contribute little if the plant was still severely N limited. It is likely that some of the 
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studied rhizobia also improve Fe-nutrition when this nutrient is scarce, as seen 

in other studies (Reviewed in Concha & Doerner, 2020), but because Fe was 

applied abundantly to not be limiting this was not observed. 

 

The data obtained in this work strongly suggests that symbioses that provide 

considerable benefits to the host N-nutrition and shoot development result in 

changes to RSA to preferentially forage for non-N soil resources. Based on this, 

a model that describes how nodulation impact legume shoot development, 

biomass allocation, RSA and mineral nutrition is shown in Fig. 5-23. 
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Figure 5-23. Model of how rhizobia modify legume RSA. In low N soil 

conditions and with no compatible rhizobia (left), legumes need to forage for N 

themselves; consequently, roots only send relatively low quantities of root-

derived resources (specifically N) to the shoot. This leads to low rates of 

photosynthesis and therefore low levels of C fixation, resulting in slow shoot 

growth. The shoot in turn will send low amounts of shoot-derived resources and 

signals to the roots (e.g. C and auxin along with high levels of cytokinins). Here, 

these resources will preferentially be allocated to forage for more N since it 

limits photosynthesis. When compatible rhizobia are present (right), legumes 

will enter into symbiosis with them and produce nodules. These consume C to 

fix N2, leading to higher amounts of root-derived resources transported to the 

shoot (e.g. N, along with increased levels of P and Fe in some cases). As a 

result, photosynthesis, and therefore C fixation, will be considerably higher, 

leading to a larger shoot area. This will result in increased amounts of C and 

auxin but lower levels of CKs transported to below-ground organs (shoot-

derived resources). Hence, the root system will invest proportionally fewer 

resources to forage for N and more to obtain water and non-N nutrients to 

satisfy the demand of the larger shoot. Consequently, changes to root 

length/area, vertical distribution, and/or exploration/exploitation of different soil 

layers are expected in nodulated legumes, which will depend on availability of 

water and nutrients. Note how the nodulated plant exploit P deposits more 

intensively since its N demands (more critical than P demands) are satisfied to 

a greater extent than in the non-nodulated one. Lines and text in bold indicate 

greater intensity of a specific process. Nodules are indicated in pink, and P 
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deposits are shown as blue circles. Image taken from Concha & Doerner 

(2020). 

 

5.5 Future research 

Several questions remain to properly understand how rhizobia impact chickpea, 

and legume, RSA. The biotic stress didn’t allow to properly quantify the changes 

in shoot and root development in RBs, as well as its impact on RSA and mineral 

nutrition, so that remains to be done. Additionally, the use of X-ray tomography 

and Magnetic resonance imaging will allow to better understand changes in 

RSA due to rhizobia in field or pots grown legumes, where roots can develop in 

3D, since it doesn’t require for roots to be visible.  

Furthermore, how the different rhizobia traits (N2-fixation, P and Fe-

solubilization, hormonal regulation, C-consumption, nodule number, among 

others) and their dynamics impact plant development and RSA in a variety of 

environmental conditions remain to be understood. Finally, studies should relate 

changes in root traits due to rhizobia to their impact on shoot development, 

water acquisition and mineral nutrition, and vice versa, to better understand how 

rhizobia impact plant development and yields. 
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5.6 Conclusion 

In conclusion, rhizobia improve chickpea N, and P, nutrition which stimulates 

shoot development and allocation of biomass to the shoot. Changes in root 

traits, visually estimated and quantified, suggest and evidence that rhizobia 

which improve chickpea nutrition and shoot development alter the root foraging 

strategy in favour of acquiring non-N resources. The data supports the 

proposed model were nodulation results in a shorter and denser root system 

when water and non-N nutrients are abundant, or in a large and deep root 

system when these are more limited. However, more data to support it is 

required. The higher the impact of rhizobia on plant nutrition, water acquisition 

and biomass accumulation, the greater changes in root traits are expected. 

Finally, non-measured traits (e.g. hormonal regulation) might explain some of 

the effects of the different strains on chickpea development and RSA.  
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