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Abstract: Rhizobial associations with leguminous plants are some of the most important symbioses
on Earth, and they have economic relevance in agriculture. Because their interactions are positive and
have advantages for both partners, nitrogen-fixing rhizobia also demand significant carbohydrate
allocation in exchange for key nutrients, and this demand is reflected in the anatomy of roots. In the
current scenario of climate change, rhizobia–legume interactions can be affected, and plants may
need to compensate for carbon loss when light availability is not correct. Under such conditions, roots
can modify their anatomy to accommodate symbionts’ needs, and the outcome of an interaction can
switch from mutualism to parasitism, resulting in changes in root allocation. We experimented with
two legume species originating from well-irradiated environments (Coronilla juncea L. and Ornithopus
compressus L.) and two species from shaded environments (Trifolium repens L. and Vicia sativa L.). We
applied high radiation, intermediate radiation, and low radiation to two treatments of microbial
inoculation (inoculation and control). After an incubation period of 105 days, we quantified the root
area, size, and complexity, as well as the nodule production and mass, plant relative growth, and
below-ground allocation. For plants originating in shaded environments, nodulation, root complexity,
and below-ground allocation were enhanced in inoculated plants when they were transferred to
conditions of high irradiance. Strikingly, plants from environments exposed to high light radiation
were less plastic when exposed to changing light availability, and the symbionts were less beneficial
than expected in stress-free environments. Our study proved that the stress imposed on plants due to
high irradiance is overcome when plants are inoculated, and the positive effect is more evident in
plants that are usually grown in shaded environments (e.g., Trifolium repens and Vicia sativa).

Keywords: legumes; light availability; symbionts; root anatomy

1. Introduction

Mutualistic interactions between plants and soil-borne microorganisms are an im-
portant component of agricultural productivity [1]. One of the most important groups
of plant-associated microbial mutualists is that of rhizobia. It is estimated that symbiotic
interactions can produce 90 Tg of nitrogen per year [2]. The symbiosis between leguminous
plants and rhizobia is widespread, and the mechanism of action is well known. Root
colonization with rhizobia results in the formation of nodules [3] in which bacteria fix
atmospheric nitrogen (N2). Nodulation and nitrogen fixation are dependent on the ade-
quate supply of P to a plant [4–6]. Nitrogen-fixing rhizobia and their legume counterparts
have been demonstrated to critically determine the productivity and species composition
of ecosystems [7]; because of their key function in global nitrogen cycles, legumes are
considered ecosystem engineers [8,9] and keystone species in both natural ecosystems and
agriculture [10]. The benefits of symbiotic interactions include increased plant growth
in terms of increases in height [11,12], total biomass production [13,14] shoot–root ra-
tio [14–16], and the production of flowers. Increases in seed yield and total crop biomass
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have been observed in Cicer arietinum, Phaseolus vulgaris, and Glycine max, among oth-
ers [1,11,15,17]. Similarly, the presence of legumes and their symbionts critically enhances
the sustainability of agroforestry systems [18] and pastures [19]. In legumes, the effects of
rhizobial nitrogen fixation on plant growth and crop yield [7], as well as plant chemical
defensive traits, have been well-studied [17,20,21].

Although legume–rhizobia associations can be clearly beneficial for plants in most
cases, they can incur costs for plants, as microbial symbionts may consume up to 16% of the
photosynthetically fixed carbon to maintain their growth and reproductive functions [22].
However, recent research has demonstrated that plants are able to compensate for this cost
through the sink stimulation of photosynthesis, which is thought to be an adaptation that
takes advantage of the nutrient supply that is provided without compromising the total
amount of photosynthates available for plant growth and development [23]. The tradeoff
between benefits and costs can be modified due to environmental changes. In addition,
cultural practices have been shown to cause strong variations in plant performance [24],
resulting in variations in root branching with critical effects on crop productivity. Vari-
ability in root architecture can be of use in agriculture for the selection of genotypes that
require less nutrients by using root architecture to increase production and focusing on
the lateral development of roots [25]. In legumes, when N is limited, the first known
adaptation is the formation of nodules to increase BNF at the expense of total root biomass
production. Apart from inorganic N, free amino acids, such as glutamine, can modify
root architecture. High glutamine contents inhibit root growth by acting as an internal
N-status signal for the mediation of root development [26]. Soil salinity stress modifies root
anatomy and function [27]. Salt stress is responsible for the formation and development of
root hairs [28]. In phosphorus-deficiency-tolerant Oryza sativa, protein kinase acts as an
enhancer of early root growth, enabling the plant to maximize its uptake of P and other
nutrients [25]. In the current situation of global climate change, in which less rainfall is
expected, coupled with increased radiation and temperatures [29], plants need to adapt to
the new system, and farmers have to replace old cultivars with better-adapted ones. In this
sense, knowledge of how crop plants respond to increased radiation would help to identify
better cropping practices.

Of particular importance in plant development is light availability. In both natural
and agricultural ecosystems, light availability is not constant for plants due to competition
among plant species. However, the effect of light on root architecture has only been
marginally considered, despite the fact that this will be one of the greatest threats that
plants will have to face due to the already obvious effects of climate change [21]. We
propose that legume–Rhizobium interactions could serve as an extra aid for plants to thrive
when the irradiance goes beyond the ideal for plant performance.

In the present study, we carried out an experiment to study the relationships between
the amount of irradiance and the root architecture of four legumes that would be ideal
candidates as new crops for human food and animal fodder. Two of the chosen species,
Coronilla juncea L. and Ornithopus compressus L., have their natural range of distribution
in well-irradiated areas, whereas the other two, Trifolium repens L. and Vicia sativa L., are
usually found in shaded areas. The four species are native to the Mediterranean region. V.
sativa prefers temperate climates and has a vegetative period of 74–120 days. The intensity
of radiation is also an important variable in plant performance, as densely planted crops
have reduced productivity. These plants are moisture-loving, producing strong crops in
areas where precipitation for May–June is no less than 175–200 mm. The soil pH should
be neutral or close to neutral, as acidic soils suppress nodule formation. T. repens is best
adapted to humid temperate climates and has a vegetative period of 90–100 days [30]. It
flowers from May to July or throughout the summer in cool, moist areas [31], but it becomes
semidormant in hot, dry, and highly illuminated areas. It grows in the partial shade of
aspen and oak woodlands [32,33]. It can grow in soils with a pH from 5.5 to 8.0. C. juncea
grows well on stony and sandy soils with a large range of pH values. It is common in
dry and sunny scrublands from sea level to about 800 m above sea level. Plants of this
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species may have difficulty thriving and drop leaves without ample sunlight. They do not
tolerate shadow and can be resistant to drought and calcareous soils [34]. O. compressus
has a Mediterranean–Atlantic distribution. It is usually found in open pasturelands with
high light intensity. In fact, this species does not tolerate shadow. It is resistant to very
pronounced thermal variations, with a preference for high temperatures and low rainfall.
The species is considered a drought and acidity indicator. It has a vegetative period of
around 110 days [35].

These four species are commonly used in pasturelands and are well-adapted to grazing.
They contribute protein to animal fodder. In the scenario of climate change, the lack of
rainfall and the increase in irradiation reduce the amount of fodder available for animals,
thus jeopardizing meat production.

We firstly hypothesized that morphological and symbiotic root traits associated with
the four legumes would change in response to light irradiance, with plants originating
from shaded environments, showing better performance than their counterparts. Secondly,
we hypothesized that these responses would vary between inoculated and non-inoculated
plants, with rhizobia enhancing plant performance when plants were outside of their
natural level of irradiance. The results of our study allowed us to choose appropriate plant
species with appropriate inoculants to establish new crops under varying levels of light
intensity due to global changes. Thirdly, we hypothesized that the stress imposed on plants
by high irradiance is easily overcome when plants are inoculated, and the positive effect is
more evident in plants that usually grow in shaded environments (i.e., Trifolium repens L.
and Vicia sativa L.). Conversely, plants growing in highly irradiated areas benefit less from
inoculation when exposed to light conditions that are different from those under which
they grow in nature (i.e., Coronilla juncea L. and Ornithopus compressus L.).

2. Materials and Methods

A total of 24 tanks (45 cm in length × 32 cm in width × 40 cm in depth) were set
up. Eight tanks were placed in a growing cabinet under a 12 h light–dark regime at
900 µmol·m−2s−1 (intermediate irradiance intensity). Another eight tanks were located
in a second cabinet with the same light–darkness regime and with a light intensity of
1800 µmol·m−2s−1 (high irradiance intensity). The remaining eight tanks were placed on
a lab bench in front of a window to have natural irradiance, which was measured with
a lux meter (Uceri MT 912 Light Meter); irradiance was 450 µmol·m−2s−1. Light was
supplied by lamps covering the whole range of photosynthetically active range (Samsung
LED LM301, MN-W450, and MN-W1800, respectively). The lab and the two cabinets had
similar temperatures of 24 ± 1 ◦C during the light period and 17 ± 1 ◦C during the night,
mimicking the average spring temperature in the Iberian Peninsula [36] (Figure 1). Every
two tanks in each treatment harbored one of the four plant species under study: Vicia sativa
L., Trifolium repens L., Coronilla juncea L., and Ornithopus compressus L.

Seeds were sterilized with NaClO at 50% for 5 min and germinated on plain agar
plates at 22 ◦C in full darkness. Thirty-three-day-old seedlings were placed in each tank
and suspended in a distilled water and culture solution with an autoclaved square sponge
rubber that acted as a seedling holder. Each individual sponge rubber that held a seedling
was introduced into autoclaved plastic cylinders (4 cm in diameter × 30 cm) that had
open bottoms to let the solution freely circulate and to guarantee that the roots received
enough oxygen. Every tank was filled with a Hoagland nutrient solution at 5% in distilled
water (Table 1). The use of N in the Hoagland solution was necessary because it is well-
documented that the formation of effective symbiosis is hindered when nitrogen is absent
or very high in soils or in growing media. On the other hand, low nitrogen levels in soils
trigger nodule formation and N2-fixing symbioses [37–39]. This fact was taken into account
in the current study, so legumes were supplied with a low concentration of N to guarantee
plant growth and the formation of effective nodules throughout the experiment.



Agronomy 2023, 13, 2058 4 of 15
Agronomy 2023, 13, x FOR PEER REVIEW 5 of 16 
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and low natural radiation (450 µmol·m−2s−1)—with inoculation with rhizobia. 

The final harvest occurred after a total of 105 days of plant growth in the tanks. Be-
low-ground allocation was calculated for plants in all treatments. Below-ground alloca-
tion is the fraction of new biomass formed in terms of roots and nodules over the growth 
period. This was calculated according to [40]: 

df/dt = RGR(ð − Br/Bt) (1)

where RGR is the relative growth rate (mg·g−1·day−1) and ð is the fraction of new biomass 
gained during the growth period. 

Br/Bt is the root weight ratio, which is based on the total plant biomass (Bt) and root 
biomass (Br). 

Figure 1. Setup of C. juncea, O. compressus, T. repens, and V. sativa in tanks for growth at three different
radiation levels—high radiation (1800 µmol·m−2s−1), intermediate radiation (900 µmol·m−2s−1),
and low natural radiation (450 µmol·m−2s−1)—with inoculation with rhizobia.

Table 1. Concentrations of stock Hoagland nutrient solution applied to seedlings of C. juncea, O.
compressus, T. repens, and V. sativa, which were grown in hydroponics at three different radiation
levels—high radiation (1800 µmol·m−2s−1), intermediate radiation (900 µmol·m−2s−1), and low
radiation (450 µmol·m−2s−1)—with inoculation with rhizobia.

Nutrient Concentration (mg/L)

KH2PO4 123.35

KNO3 257.05

CaSO4 0.020

MgSO4 322.51

H3BO3 0.14
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Groups of 60 seedlings each were treated with one of the three different radiation
levels, which were those of high radiation (1800 µmol·m−2s−1), intermediate radiation
(900 µmol·m−2s−1), and low natural radiation (450 µmol·m−2s−1); the different radia-
tion levels were imposed by using different lightbulbs that were placed above the plants
(Figure 1). Half of each tank (i.e., 30 seedlings) was inoculated with the appropriate rhizo-
bial strain, and the other half remained non-inoculated as a control. The inoculants were
Rhizobium leguminosarum USDA2370T for V. sativa and C. juncea, Rhizobium leguminosarum
and Rhizobium leguminosarum subsp. trifolii ATCC1440 for T. repens, and Rhizobium fredii for
O. compressus. The bacteria were chosen according to their affinity to plant species found in
the literature and according to their availability in our bacterial collection. The bacterial
inoculants consisted of a heavy suspension of YMA broth with an average cell count of
9 × 109 mL, with an amount of 330 mL per plant. The tanks used for the three treatments
were randomly placed on benches and relocated every week to guarantee the similarity of
conditions throughout the experiment.

After 75 days of growth, 15 seedlings per species and treatment were harvested so as
to be able to calculate the relative growth rate.

The final harvest occurred after a total of 105 days of plant growth in the tanks. Below-
ground allocation was calculated for plants in all treatments. Below-ground allocation is
the fraction of new biomass formed in terms of roots and nodules over the growth period.
This was calculated according to [40]:

df/dt = RGR(ð − Br/Bt) (1)

where RGR is the relative growth rate (mg·g−1·day−1) and ð is the fraction of new biomass
gained during the growth period.

Br/Bt is the root weight ratio, which is based on the total plant biomass (Bt) and root
biomass (Br).

All plants were measured for root dry mass production, size, and complexity. The
size and complexity were estimated after scanning the roots immediately after harvest.
The images that were obtained were analyzed using the J-Image program [41], which is an
image-processing program for multidimensional image data; scanning the roots allowed
for the images to be transformed into pixels and the calculation of the root complexity.
The pixels were transformed into linear units so they could be reported as cm or mm. The
fractal index calculated with the J-Image program was used as a measurement of the root
complexity. The total number of nodules per plant and the dry weight were also taken.

Statistical Analysis

Statistical analyses were performed using the free SPSS software (Version 26) [42]. The
analysis used was the Kruskal–Wallis test, as the data did not meet normality according to
the Shapiro–Wilk test or equal variance after Levene’s test. Comparisons between pairs
were performed using the Kruskal–Wallis ANOVA (one factor). Significant differences
were accepted at the level of p ≤ 0.05.

3. Results

Visual analyses of the roots revealed that there was no nodulation on the non-inoculated
plants, thus proving the maintenance of the sterile conditions throughout the experiment.
Inoculated roots were successfully nodulated, and there were significant differences related
to the light treatments under which the plants grew. The nodulation in the high-radiation
(HR) treatment was significantly higher than in any of the other treatments, regardless of
the species considered, except for T. repens, which did not show differences in nodulation
between high and intermediate levels of radiation. Variations in the nodule number and
nodule mass were observed among the legumes originating from light (C. juncea and O.
compressus) and shaded environments (T. repens and V. sativa) (Figure 2a) (Table S1). A
similar pattern was observed in the nodule biomass (weight), which was significantly lower
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in the low-radiation (LR) treatment for the four species, with the minimum nodule biomass
being found in the two legumes from well-irradiated areas (Figure 2b) (Table S1).
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Figure 2. Number of nodules (a) and nodule biomass (b) in the roots of C. juncea, O. compressus, T.
repens, and V. sativa when grown under three regimes of light (HR: high radiation; IR: intermediate ra-
diation; LR: low radiation). The results are only for inoculated plants. The values are the means ± SE
of 15 individuals per treatment. Different letters indicate significant differences among treatments
(p ≤ 0.05).

The root area of the species originating from areas with high radiation was generally
lower than that found in species coming from shaded areas. The former significantly
increased their root masses in the intermediate radiation (IR) treatment when inoculated,
whereas the latter produced significantly more biomass when grown with HR and IR after
inoculation (Figure 3). This very same pattern was followed by the shoot biomass (Table 2).
In general, inoculation better enhanced the root area at intermediate levels of radiation
for all species, as well as at high radiation for species originating in shaded environments
(Table S1). Once again, this was the pattern followed by shoot biomass production (Table 2).
In C. juncea, the pattern of root size was similar to that of root area (Figure 4). For the
other three species, the root size was significantly enhanced with the inoculation treatment,
particularly in the intermediate- and low-irradiance treatments.
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and without (C) rhizobial inoculation. The bars represent means ± sd (n = 15). The asterisks on top of the columns indicate significant differences in root area among
treatments according to the Kruskal–Wallis test (p < 0.05).



Agronomy 2023, 13, 2058 9 of 15

Table 2. Biomass production of C. juncea, O. compressus, T. repens, and V. sativa when grown at three
different radiation levels (high radiation: HR; intermediate radiation: IR; low radiation: LR) and with
inoculation with rhizobia.

Harvest One at 75 Days Harvest Two at 105 Days

Shoot Biomass
(mg)

Root Biomass
(mg)

Total Plant
Biomass

Shoot Biomass
(mg)

Root Biomass
(mg)

Total Plant
Biomass

C. juncea HR-C 73 8 81 387 55 442
C. juncea HR-I 18 16 34 62 24 86
C. juncea IR-C 30 10 40 105 20 125
C. juncea IR-I 176 28 204 247 83 330

C. juncea LR-C 139 4 180 143 46 189
C. juncea LR-I 220 50 270 429 92 522

O. compressus HR-C 6 0 6 7 1 8
O. compressus HR-I 7 1 8 10 3 13
O. compressus IR-C 105 60 165 265 159 424
O. compressus IR-I 1019 409 1428 300 1301 4304

O. compressus LR-C 98 45 143 195 117 312
O. compressus LR-I 865 146 1011 1980 1168 3148

T. repens HR-C 2 2 4 5 5 10
T. repens HR-I 28 8 36 503 108 611
T. repens IR-C 27 13 40 203 88 291
T. repens IR-I 1292 176 1468 2986 481 3467

T. repens LR-C 1 1 2 6 1 7
T. repens LR-I 1 1 2 6 1 7

V. sativa HR-C 375 112 487 751 281 1032
V. sativa HR-I 223 88 311 2525 637 3162
V. sativa IR-C 295 80 375 1063 411 1474
V. sativa IR-I 895 191 1086 2467 448 2915

V. sativa LR-C 81 58 139 186 121 307
V. sativa LR-I 49 39 88 51 56 107

The root complexity, which was measured with the fractal index in images of the
scanned roots, varied among the types of plants and the light and microbial treatments.
Although the root complexity in the plants from shaded environments remained constant
regardless of the treatment, the plants originating from well-illuminated environments
responded differently to both the light regime and inoculation (Figure 5). C. juncea and
O. compressus had more complex root systems in the HI treatment with and without
inoculation than T. repens and V. sativa did. Intermediate and low levels of light reduced the
root complexity, which reached its minimum when the plants underwent the IR-inoculated
treatment (Figure 5). The root complexity in the plants from shaded environments did not
seem to be affected by the light intensity (Table S1).
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The relative growth rates (RGRs) for roots (Figure 6a) (Table S2) were much higher in
the plants grown with the inoculation treatment for all species. The exception was C. juncea,
for which we did not identify a benefit from either the light or the inoculation treatment
(Figure 6a). In general, the relative root growth in plants from shaded environments was
greater than that in plants from well-irradiated ones. The plants of O. compressus and T.
repens reached a significantly greater RGR with the intermediate radiation and inoculation,
whereas V. sativa grew significantly more quickly with high radiation and inoculation.
This pattern was exactly the same as that for below-ground allocation. In addition, the
below-ground allocation was significantly lower in plants coming from well-irradiated
environments, with the exception of the inoculated plants of O. compressus with IR. The
plants from shaded environments allocated significantly more of their resources to roots
with HR or IR and inoculation than those undergoing the other treatments (Figure 6b)
(Table S2).
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(p ≤ 0.05).

4. Discussion

We analyzed the simultaneous effects of light availability and rhizobial inoculation
on root anatomical indicators in 75-and 105-day-old seedlings of four legumes, with two
originating from well-irradiated areas and two originating from shaded areas. The experi-
mental design included inoculation and no inoculation of seedlings that were treated with
three levels of radiation.

We found that the root architecture, growth rate, and biomass allocation were clearly
enhanced by the inoculation. We also observed different growth patterns for the well-
irradiated and shaded plants. These patterns contribute to the plants’ adaptation to
changing environments, which were simulated with increased levels of sunlight. Our
results showed that rhizobia had the effect of enhancing both shoot and root growth and
below-ground allocation under conditions with high and intermediate irradiance in plants
coming from shaded environments. There was a reduction in root performance in the
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plants originating from well-irradiated environments, and inoculation resulted in higher
biomass production in plants irradiated with intermediate levels of light.

Nodulation was reduced by low radiation, regardless of the origin of the plants (well-
irradiated or shaded environments). However, globally, nodule production was greater
in the plants originating from shaded environments, although the nodules from plants
originating from well-irradiated environments were heavier when the plants were exposed
to high and intermediate levels of radiation, indicating that there was an interactive effect
of rhizobia, light, and plant growth. This uncommon interactive effect was previously
observed in plants of Phaseolus lunatus L. [21], and it implies that light availability mediates
plant growth in the presence of different root symbionts [43–45]. Heavier nodules were
produced at the expense of the devotion of more resources to the below-ground part
of the plant, as was the case in V. sativa and T. repens, where heavier roots and nodules
coincided with greater below-ground allocation. It is possible that these two species, which
originated from shaded environments, needed to compensate plant growth due to reduced
photosynthesis. Compensation is accomplished by devoting more carbon resources to root-
associated symbionts [33]. Compensation would provide a plant with extra nitrogen from
the soil, thus contributing to the global plant performance in the so-called sink stimulation
(up-regulation) of photosynthesis [22,46].

In plants from well-irradiated environments, inoculation triggered plant root growth.
This growth was modulated by the amount of light. While under intermediate radiation
(IR), root growth and biomass were enhanced; under extreme light conditions (i.e., too low
or too high), the symbiont acted as a parasite by reducing root allocation and promoting
greater root mass. When plants from shaded environments were exposed to greater levels
of light, the presence of the symbionts seemed to prepare them to be ready to cope with
water and nutrient scarcity by devoting more resources to below-ground allocation and
the production of more and heavier nodules. The mutualism/parasitism continuum in
legumes can explain how they have evolved with regard to the environment over time [47].
It is known that rhizobial infection and nodule occupancy are due to plant sanctions on
symbionts [48]. Although plants have control of the inoculation and nodulation processes
via selective partitioning within root systems [47], changes in the abiotic environment can
disrupt the symbiotic process, as has been discussed for pH [39] and light [21]. Again, this
study points toward the fact that, under modified environmental conditions (e.g., changing
levels of radiation), mutualistic cooperation is selected by both plants and bacteria. Hence,
we propose a modification of mutualistic behavior under unfavorable abiotic conditions
that induce a symbiotic switch in the outcome of the interactions. Our study shows
for the first time that, for plants coming from predominantly shaded environments, light
availability is a key factor in determining (i) biomass allocation, (ii) root size and complexity,
and (iii) the threshold between mutualism and parasitism in plant–rhizobia interactions.

Nutrient acquisition under intermediate levels of light and temperature may limit a
plant’s sanctions on rhizobia, thus preventing infection. In fact, it is well-documented that
the benefits of root symbionts are limited when sufficient nutrients are available [39,49,50].
The reduced nodulation that we observed in plants grown under intermediate levels of light
can be explained by the plants’ rejection of symbionts when they were not required [47].

What we also proved is that plant species of different origins (well-irradiated or
shaded environments) respond differently to changes in light availability in terms of root
development. Whereas plants originating in shaded environments seem to be more plastic
in the way in which they produce roots and nodules when transferred to high irradiance,
plants from well-irradiated areas are less prone to investing in roots and symbionts when
exposed to either very high or very low radiation. We believe that plants from shaded
environments, in which they have to search for light, are ready to lavish their photosynthate
when light is not limited; instead of devoting most of their resources to their shoots, they are
homogeneously distributed throughout the entire plant [51]. Differences in light availability
are expected due to climate change, and they will have an effect on the growth of crops;
humans are already in the position of searching for alternative crops that are adapted to
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changing environments. In terms of how legumes will maintain active biological nitrogen
fixation for agriculture and the production of enough fodder, we understand that shaded
plants would be more plastic and adaptable to changing environments than those that are
already stressed by high temperatures. When searching for the best positive and effective
nodulation, variations in light availability can be interpreted as an important mediator of
such mutualistic relationships.

We are well aware of the fact that we only tested four leguminous species and their
specific symbionts at three levels of light, and more questions need to be addressed before
we can provide a general conclusion for legumes. However, we have learned that variations
between mutualism and parasitism in symbiotic interactions have significant implications
regarding the stability of mutualism and the productivity of agro-ecological systems. This is
of particular interest for legumes, as they represent around 30% of agricultural production
worldwide [52], and alternative crops of this species are needed due to the variations in
natural conditions as a result of climate change.

In conclusion, we proved our first hypothesis by showing that the morphology and
nodule production in the four studied species are strongly dependent on the level of
irradiation. The root biomass allocation, size, and complexity in plants originating from
predominantly shaded environments are determined by the amount of light. Our second
conclusion is that the below-ground allocation and relative growth rate are greater in
inoculated plants originating from shaded environments. In these plants, light determines
whether the rhizobia act as mutualistic organisms or parasites. Finally, we conclude that, as
proposed, the stress imposed on plants by high irradiance is overcome when the plants are
inoculated, and the positive effect is more evident in plants that usually grow in shaded
environments (i.e., Trifolium repens L. and Vicia sativa L.).
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Kruskal–Wallis test for the number of nodules, nodule biomass, average root area, and fractal index;
Table S2: Comparison by pairs with the Kruskal–Wallis test for relative growth rate (RGR) and
below-ground allocation (BGR).
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