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Abstract: Legumes provide multiple ecosystem services in agricultural systems. The objectives of
this study were to evaluate the influence of different legumes through C rhizodeposition on the
dynamics of C, N and P in soil and on microbial communities’ resource requirements. Legumes
pea (Pisum sativum L.), faba bean (Vicia faba L.), white clover (Trifolium repens L.), crimson clover
(Trifolium incarnatum L.) and non-legume wheat (Triticum aestivum L.) were grown in pots. Carbon
rhizodeposition was quantified by using 13CO2 labeling, and six soil enzyme activities were measured:
β-glucosidase (BG), arylamidase (ARYLN), N-acetyl-glucosaminidase (NAG), phosphatases (PHO)
and alkaline and acid phosphatases (AKP and ACP). Enzyme stoichiometry approaches were applied.
The results showed that BG, NAG and ACP activities were positively influenced by faba bean and
clovers. Enzyme stoichiometry analysis revealed a limitation of microorganisms in C and P resources
at the plant reproductive stage. These results were explained by plant functional traits. Plant biomass
production, root total length, the ability of plants to rhizodeposit C and the C and N content of plant
tissues were the main explicative factors. This study also shows that N and C nutrient supplies
positively contribute to nutritional requirements and the growth of microorganisms and P availability
in soil.

Keywords: C rhizodeposition; enzyme activities; microbial communities; C, N, P cycling; legume
crops; plants functional traits

1. Introduction

For several decades, the intensification of agricultural activity and the use of chemical
fertilizers have generated significant environmental changes, pollution and biological dis-
turbances [1–4]. These negative effects have resulted in the emergence of new sustainable
agricultural practices aimed to reduce environmental changes and improve soil quality
while ensuring food and nutritional security for a growing population [5–7]. The sustain-
ability of agricultural systems requires better use of ecological functions and a valorization
of natural resources through ecological intensification of agriculture [8–12]. Among the
agroecological solutions, the integration of legumes in crop rotations contributes to the
sustainability of agricultural systems. The presence of legumes in agricultural production
provides multiple ecosystem services [13]. Legumes contribute to the increase in soil
organic matter, improve soil structure, maintain soil biodiversity and have the ability to fix
atmospheric nitrogen (N2) through root symbiosis with rhizobiaceae [14–16]. The specific
use of N2 fixed by legume crops for their nutrition can allow the reduction in chemical
fertilization and the provision of N to succeeding crops in a rotation [17–19]. The processes
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by which legumes enrich soil with N include the burial of non-harvested organs and rhi-
zodeposition [20–22]. This process is defined as the emission of a wide range of compounds
from plant roots during growth including root senescence, secretion of border cells and
exudation of various compounds [23]. In addition to N compounds, rhizodeposition is also
the pathway by which carbon compounds enter in the soil [24–26]. On average, 17% of
carbon (C) fixed by the plant is allocated to rhizodeposition, and this figure varies widely
among plant species [27]. This C may shape microbial community composition, structure
and activity [28–30].

Soil microbial communities play an important role in agroecosystem functioning and
are essential for plant nutrition and health [31]. They contribute to global element cycling
and are involved in turnover processes of organic matter, breakdown and the formation
of soil aggregates [31–34]. Soil microbial communities support 80–90% of biochemical
reactions in soil [35], largely driven by the presence of enzymes catalyzing the different
reactions [36–41]. The enzyme activity of rhizospheric soil is usually higher than that of
bulk soil. The higher enzyme activity in the rhizosphere is due not only to the stimulation of
root-related microbial activity through rhizosphere deposition but also due to the release of
enzymes by the root or by lysing root cells. These enzymes usually catalyze the formation
of products absorbed by plant roots or rhizosphere microorganisms [42–44]. Therefore,
the enzyme activities at the plant–soil interface may reflect improvement of the highly
integrated microorganism–plant associations (symbiotic and plant growth promoting
rhizobacteria) and control of plant pathogens and pests. The spectrum of rhizosphere
enzyme activities is considered as a footprint of plant–microorganism interactions [45].
Moreover, soil enzyme activities (including rhizosphere ones) can be useful indexes of
changes occurring in the microbial functioning in soil, as affected by various and different
factors [46–50]. Enzyme activities are controlled by the availability of resources in soil and
plants demands. Recent studies have shown that legumes can regulate soil enzymatic
activities [51–53]. Legumes such as chickpea and cowpea have been shown to increase
phosphatase activities compared with non-legumes [54,55]. Additionally, it has been
shown that the activities of β-glucosidase, N-acetyl glucosaminidase and arylamidase
are greater under pea, faba bean and vetch crops than under wheat and oat crops [56,57].
Siczek et al. [58] have shown that the activities of dehydrogenase, protease and urease were
higher under faba bean than wheat at the reproductive stage.

Soil extracellular enzyme activities and associated enzymatic stoichiometry are consid-
ered as sensitive indicators of nutrient availability and microbial substrate limitation [59–61].
Indeed, the partitioning of C between anabolic and catabolic processes affects the rate of C
accumulation in soils [62] and also changes the levels of N and P rates, which are limiting fac-
tors for the growth of plant and microorganisms in soils [63]. The use of the C:N, C:P and N:P
ratios could help to better understand resource allocation in soil–plant interactions [64,65].
Enzymatic stoichiometry ratio of C, N or P-acquiring enzymes can, thus, determine the
relationships between microbial nutrient demands and soil nutrient supplies [66,67] and has
been suggested as an efficient method for indicating the relative resource limitation of soil
microorganisms [68–76]. A meta-analysis conducted by Sinsabaugh et al. [69] concluded
that microbial C:N:P acquisition ratios converge on a 1:1:1 scale based on the activities of
ln (β-1,4-glucosidase): ln (Leucine-aminopeptidase + β-1,4-N-acetylglucosaminidase): ln
(phosphatase). Studies dealing with enzymatic stoichiometry have highlighted that using a
single enzyme activity as an indicator of nutrient dynamics in soil is not representative of
the complexity of metabolic activities in agrosystems. As the degradation of organic matter
in soil requires the interaction of several enzymes, it could be more effective and relevant to
combine a wide variety of soil enzymes [59,77]. These enzymes include those involved in
the decomposition of different substrates with varying complexity in relation to C, N and
P cycling.

The objective of this study was to evaluate the influence of different forage and seed
legumes through C rhizodeposition on the dynamics of C, N and P elements in terms of
soil and microbial communities’ resource requirements. We hypothesized the following:
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(1) soil enzymatic profiles would differ between legume species, and the variability could
be related to their functional trait and rhizodeposition of C and (2) soil microbial communi-
ties will be less energy limited (C) and nutrient limited (N, P) due to C rhizodeposition.
Therefore, we tried to understand the determinism of enzymatic activities and microor-
ganisms’ nutrient limitation under different legumes cover crops. Enzymatic activities
related to C, N and P cycling and C rhizodeposition under the different legumes crops
were monitored. A study of enzymatic stoichiometry was then carried out to determine
the resource limitation of the microorganisms.

2. Materials and Methods
2.1. Soil and Plant Material

Soil used in this study was a loamy soil collected at 0–20 cm depth from an arable
soil (Seine et Marne, France 49◦33′ N, 0◦46′ W) and sieved at 5 mm with the following
characteristics: clay 207 g·kg−1, silt 706 g·kg−1, sand 87 g·kg−1, total carbon content
9.03 g·kg−1, total nitrogen content 1.06 g·kg−1 and available P (Olsen) 85.51 mg·kg−1,
pH 7.85 (water).

The experiment was conducted using four legume species: pea (Pisum sativum L.), faba
bean (Vicia faba L.), white clover (Trifolium repens L.), crimson clover (Trifolium incarnatum
L.) and wheat (Triticum aestivum L.) used as a non-N2 fixing species.

2.2. Growing Conditions and Experimental Design

The experiment was carried out under controlled conditions in a greenhouse until the
plant reproductive stage (Figure 1a,b). After seed sterilization and ten days of germination
(including 2 to 3 days for seedlings emergence), seedlings were transferred to a 2 L pot
(20 cm depth) containing 1.8 kg soil adjusted between 70 and 80% of the soil water holding
capacity (WHC). Twenty replicates of each species were grown. The seedlings were sown
according to their field sowing density adapted to the area of the pots: 380 seeds·m−2

(four seedlings per pot) for wheat, 40 seeds·m−2 for faba bean (one seedling per pot),
70 seeds·m−2 (one seedling per pot) for pea, 500 seeds·m−2 (six seedlings per pot) for white
clover and 600 seeds·m−2 (eight seedlings per pot) for crimson clover. The spacing varied
between 3 and 6 cm between the seedlings depending on the species. The plants were
grown until the reproductive stage for each species: wheat (14 weeks after transplanting),
faba bean (16 weeks), pea (13 weeks) and 15 weeks for white and crimson clovers. The first
harvest took place one month after the transplanting corresponding to the vegetative stage
(VS), and the second harvest took place at the reproductive stage (RS) when aboveground
biomass had reached more than 50% of senescence. The pots were automatically watered
with a flow rate of 60 mL.pot−1.day−1 and were manually adjusted to maintain the WHC
between 70 and 80%. Additional light was provided by sodium lamps (400 W Philips
SON T-PIA Agro, providing 400 µmol m−2 s−1 photosynthetic active photons) with a
photoperiod of 16 h day at 20 ◦C and 8 h night at 18 ◦C.

2.3. 13CO2 Labeling of Plants

In order to estimate C rhizodeposition of the different crops, plants were introduced
once a week for 24 h into a growth chamber for 13CO2 labeling (Figure 1c,d). This labeling
started 3 weeks after transplanting and lasted for 10 weeks. The growth chamber was
equipped for automatic control of light, temperature, moisture, CO2 concentration and
13CO2 enrichment (Froids et Mesures, Beaucouze, France). The photoperiod and the
day and night temperatures were similar to those used in the greenhouse. Control soil
samples (five replicates) were harvested before the beginning of the labeling for 13C natural
abundance determination. Crop labeling lasted for 16 h per day, and the equipment was
similar to that used by Cliquet et al. [78]. After labeling, the plants were taken back to the
greenhouse. Before beginning labeling, the CO2 concentration of the chamber was reduced
to 50 ppm by compressing atmospheric air with a compressor and removing CO2 with
a soda cartridge that trapped CO2 and reinjected air into the chamber. 13CO2 was then
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injected into the chamber to reach a CO2 concentration of 400 ppm and an 13C atom excess
of 4.88%. Constant CO2 concentrations and 13C enrichment were obtained by continuously
mixing a small amount of 13CO2 (1 > 99%) with industrial 13CO2 (1.07825%13C) through the
use of two mass flow controllers. These controllers were piloted by a master box (2MProcess,
le Plessis-Trévise, France) connected to an infrared CO2 analyzer (ADC MGA3000). The
final 13C levels of the atmosphere were determined by using triplicate samples of the gas
inside the growth chamber collected through an exit valve at 11 a.m. and 16 p.m.
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2.4. Harvest and Analyses

At both harvest points (VS and RS with 5 replicates per species at each harvest), plant
shoots were cut. Roots were carefully separated from the soil by hand and washed with
demineralized water. At each harvest (VS and RS), 5 more replicates were harvested to
collect the entire root system. This root system was kept in an alcoholic solution and
scanned the following day by using an EPSON EXPRESSION 10000XL scanner. WinRHIZO
version 2007d (Regent Instruments Inc., Canada) was used to determine root traits. The
harvested plant tissues were then dried at 60 ◦C for 72 h and weighed for dry mass
determination. All tissues were then ball milled. The %C and %N were determined by using
an elemental analyzer (EA3000, EuroVector, Milan, Italy) coupled with an isotope ratio
mass spectrometer (IRMS, Nu Instruments, Manchester, UK). Different plant functional
traits were determined: (1) total dry mass (g), (2) shoot to root ratio, the ratio of total shoot
dry biomass to total root dry biomass, (3) total root length (cm) and (4) shoot and root
C:N ratio.

For each harvest, soil was collected, passed through a 5 mm sieve, frozen with liquid
N and stored at −80 ◦C prior to enzymatic activities analyses. Some soil samples were
also dried, ball milled and submitted to EA-IRMS in order to determine total C, N and 13C
enrichment. Soil extractable phosphates were also determined by extraction in NaHCO3 (P
Olsen; according to ISO 11263:1994). Soil C:N, C:P and N:P ratios were then determined.
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2.5. C Rhizodeposition Determination

Data from IRMS analyses allowed the determination of the amounts of C present in the
soil compartment and were fixed during the labeling period with the following equation.

Soil CdfR (mg) =
(

atom excess % of soil
atom excess % of the atmosphere

)
× Soil total C (mg) (1)

CdfR was C derived from rhizodeposition, atom excess % of the atmosphere was
4.88% and unlabeled control compartments were used to determine the atom excess % of
soil. This amount of labeled C was calculated for each harvest.

2.6. Enzyme Activities and Stoichiometry

The enzymes activities analyzed in this study were involved in C, N and P rich
compound degradations. For the C cycle, β-glucosidase activity (BG; EC: 3.2.1.21) was
assessed; for the N cycle, N-acetyl-glucosaminidase (NAG; EC: 3.2.1.30) and arylamidase
(ARYLN; EC: 3.5.1.5) activities were evaluated. For the P cycle, total phosphatases (PHO;
EC 3.1.4.1), acid and alkaline phosphatases (ACP; EC 3.1.3.2 and AKP; EC 3.1.3.1) were
assessed. These enzymes activities were measured by using colorimetric substrates in
96-wells in triplicate using the procedure detailed in the ISO 20130:2018. Briefly, 4 g of
fresh soil was homogenized for 10 min at 250 rpm with 25 mL of deionized water for
BG, NAG and PHO activities or Trizma buffer (50 mM) at pH 7.5 for ARYLN, at pH 5.5
for ACP and at pH 11 for AKP activities. Soil solutions were incubated, respectively,
with 4-nitrophenyl β-D-glucopyranoside 0.05 M (301.3 g·mol−1, Sigma), 4-N-acetyl-β-D-
glucosaminide 0.01 M (342.3 g·mol−1, Sigma) and 4-nitrophenylphosphate disodium salt
hexahydrate 0.05 M (371.1 g·mol−1, Sigma) for PHO, ACP and AKP. The reaction was
stopped with 0.5 M CaCl2 and 0.1 M Tris at pH 12, each plate was centrifuged for five min
at 1500× g and absorbance was measured on a Varioskan Flash-Thermo microplate reader.
The amounts of p-nitrophenol were obtained by measuring the absorbance at λ = 405 nm,
with comparison to calibration curves. For ARYLN activity, four gram soil samples were
mixed for 10 min at 250 rpm with 25 mL with Trizma base (50 mM, pH 7.5). Soil solutions
were incubated with L-leucine β-naphthylamide hydrochloride 0.008 M (292.8 g·mol−1,
Sigma). The β-naphthylamine produced was extracted with acidified ethanol and con-
verted to an azo compound by reacting with p-dimethylaminocinnamaldehyde (DMCA)
(DMCA: 175.23 g·mol−1 and ethanol 96%). The amount of β-naphthylamine was obtained
by measuring the absorbance at λ = 540 nm and comparing it with calibration curves.
Three replicates were performed for each treatment. The activities of soil enzymes were
expressed as nmoles of hydrolyzed substrate per minute per gram of dry soil. For each soil
sample, the geometric mean (GMea) of enzyme activities was calculated as described by
García-Ruiz et al. [79].

GMea = 6
√

BG × NAG × ARYLN × PHO × AKP × ACP (2)

Enzymatic stoichiometry was also determined as the ratio of enzyme activities in-
volved in C, N and P compounds degradation (C:N, C:P and N:P acquiring enzyme ratios),
according to Hill et al. [71]. Two other indices described by Moorhead et al. [80] were
determined. They illustrate the microbial metabolic limitations by plotting the proportional
C:N vs. C:P acquiring enzymes. After connecting a line between the plot origin and point
represented by these proportions, the length and angle of the vector were used to quantify
relative C limitation and relative P vs. N limitations, respectively. The following equations
were used:

Vector length (L) =
√
(x2 + y2) (3)

Vector angle (A) = DEGREES (ATAN2(x, y)) (4)



Agronomy 2021, 11, 2131 6 of 23

where x and y correspond, respectively, to acquiring enzyme C:P and C:N ratios. Longer
vector length indicates greater C limitation. A vector angle <45◦ denotes N limitation; an
angle of >45◦ denotes P limitation.

2.7. Statistical Analysis

Statistical analyses were carried out by using the software R (R Development Core
Team, 3.5.0 version). Data were analyzed by ANOVAs after verifying data normality
(Shapiro–Wilk test, 95%) and variance homogeneity (Bartlett’s test, 95%). Multiple mean
comparisons were then carried out with the Tukey test. The effects of the interaction
between the plant species and the two development stages (VS and RS) on the measured
parameters were tested by using two-way ANOVA. Correlations between plant functional
traits, soil characteristics, enzyme activities and stoichiometry components (enzyme, soil
C:N:P ratios and vectors) were assessed with Pearson’s correlation test. Principal compo-
nent analyses (PCA) were performed in order to analyze the changes in all the measured
data to evaluate the effects of the species and their development stage on soil enzymes
activities and microbial resources requirement. The Kaiser–Meyer–Olkin measure (KMO)
of sampling adequacy and Bartlett’s test of sphericity were used to test the validity of PCA.

3. Results
3.1. Soil Characteristics

The total soil C and N contents and available P were determined at the two devel-
opment stages using an isotope ratio mass spectrometer (IRMS) and P Olsen extraction,
respectively. The results are presented in Table 1 and showed little variations among plant
species regarding total soil C and N contents at the vegetative stage (VS). However, the
values of C and N contents varied slightly at the reproductive stage (RS). Indeed, higher
soil C and N were observed under crimson clover and the lowest ones under pea and
wheat. Regarding phosphorus, P Olsen showed a very different variation pattern and was
strongly dependent on the plant phenological stage. At VS, P Olsen was higher under
legume crops (on average 149.85 ± 4.49 mg·kg−1) compared to wheat (143.53 ± 3.31).
At RS, P Olsen decreased under all crops in comparison to VS. This decrease was more
pronounced under faba bean (from 147.84 ± 3.21 to 100.69 ± 5.75 mg·kg−1), white clover
(from 150.92 ± 4.16 to 88.63 ± 5.14 mg·kg−1) and crimson clover (from 155.48 ± 7.86 to
92.96 ± 1.91 mg·kg−1). The amount of C, N and P elements were used to determine soil
C:N, C:P and N:P ratios. The soil C:N ratios were on average close to 8.57 ± 0.79 and
similar for the two development stages, with few differences observed between species
(legumes vs. wheat). Soil C:P ratios were higher under wheat than legumes at VS, while
at RS, faba bean and the two clovers presented the highest C:P ratios. The same variation
patterns were observed for soil N:P ratios.

3.2. Enzymatic Activities

Different enzymatic activities related to C, N and P biogeochemical cycles were
measured in the soils under the different plant species at two development stages. The six
tested enzymes did not respond in similar ways under the plant species. The BG activity
varied between 18.66± 1.15 and 23.15± 3.41 nmol PNP/min/g dry soil under the different
plants and the two development stages (Figure 2a). At VS, this activity was similar in all
soils, and it was equivalent to 19.24 ± 1.11 nmol PNP/min/g dry soil on average. This
activity increased significantly between VS and RS under faba bean and crimson clover.
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Table 1. Soil chemical characteristics under all studied plants species at the two development stages.

Total C (g·kg−1) Total N (g·kg−1) P Olsen (mg·kg−1) C:N C:P N:P
VS RS VS RS VS RS VS RS VS RS VS RS

Wheat 11.77 ± 0.18 b 11.37 ± 0.28 ab 1.77 ± 0.47 b 1.29 ± 0.02 ab 143.5 ± 3.3 a 137.7 ± 2.3 b 6.94 ± 1.56 a 8.80 ± 0.28 a 82.1 ± 1.8 b 82.6 ± 3.1 b 12.40 ± 3.36 b 9.39 ± 0.24 b
Faba bean 11.64 ± 0.22 ab 11.73 ± 0.10 bc 1.36 ± 0.10 a 1.33 ± 0.03 b 147.8 ± 3.2 ab 100.6 ± 5.7 a 8.56 ± 0.52 b 8.78 ± 0.18 a 78.8± 2.3 ab 116.8± 6.0 c 9.22 ± 0.59 a 13.30 ± 0.56 c

Pea 11.25 ± 0.36 a 11.01 ± 0.24 a 1.29 ± 0.11 a 1.28 ± 0.04 a 151.5 ± 3.5 ab 130.9 ± 10.5 b 8.73 ± 0.56 b 8.58 ± 0.28 a 74.3 ± 3.0 a 84.5 ± 7.0 b 8.54 ± 0.80 a 9.83 ± 0.57 b
White clover 11.51 ± 0.18 ab 11.81 ± 0.26 cd 1.25 ± 0.02 a 1.34 ± 0.02 b 150.9 ± 4.1 ab 88.6 + 5.1 a 9.14 ± 0.11 b 8.81 ± 0.14 a 76.3 ± 2.9 a 133.6 ± 6.4 d 8.35 ± 0.37 a 15.16 ± 0.65 d

Crimson clover 11.39 ± 0.26 ab 12.20 ± 0.29 d 1.33 ± 0.07 a 1.39 ± 0.03 c 155.4 ± 7.8 b 92.9 ± 1.9 a 8.54 ± 0.60 ab 8.74 ± 0.12 a 73.4 ± 3.6 a 131.4 ± 3.3 d 8.62 ± 0.49 a 15.02 ± 0.30 d
Plants species ×

development
stages

F = 9.35 *** F = 5.43 ** F = 55.42 *** F = 5.17 ** F = 93.85 *** F = 29.64 ***

VS: Vegetative stage; RS: Reproductive stage. Statistical data are expressed as means ± SD, (n = 5). Means in a column followed by the same letter are not significantly different (p < 0.05), different letters
mean significant difference according to the Tukey test. Two-way ANOVA analysis (F values) showing the effect of the interaction between the plant species and the two development stages on soil chemical
characteristics. ** p ≤ 0.01; *** p ≤ 0.001.
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Figure 2. Enzyme activities under all plants species at the two development stages. (a) β-glucosidase,
(b) N-acetylglucosaminidase, (c) Arylamidase, (d) Total phosphatases, (e) Alkaline phosphatase,
(f) Acid phosphatse. VS: vegetative stage; RS: reproductive stage. Data are mean± SD (n = 5). Letters
indicate statistically significant difference between plants species and development stages at p < 0.05
according to Tukey’s test.

The NAG activity (Figure 2b) varied between 2.62 ± 0.47 and 8.33 ± 1.96 nmol
PNP/min/g dry soil. At VS, NAG activity did not vary between plant species (it was
on average equivalent to 2.90 ± 0.21 nmol PNP/min/g dry soil). At RS, faba bean and
the clovers showed consistently higher NAG activity values compared to VS. (F = 12.44,
p < 0.001). The NAG activity values were three times higher at RS, such as for faba bean
(6.76 ± 1.99 nmol PNP/min/g dry soil) and white and Crimson clovers (8.33 ± 1.96
and 7.45 ± 0.64 nmol PNP/min/g dry soil, respectively). ARYLN activity (Figure 2c)
ranged from 2.66 ± 0.34 to 3.23 ± 0.14 nmol PNP/min/g dry soil and was similar for both
development stages (VS and RS) and plants species.

The results of the PHO, AKP and ACP activities are presented in Figure 2d–f, re-
spectively. The three phosphatase activities showed similar ranges of variation (from
53.83 ± 1.18 to 75.12 ± 1.78 nmol PNP/min/g dry soil), but they presented different re-
sponse patterns. The AKP activity was not affected by the two development stages (VS
and RS) and plant species, while PHO and ACP activities increased significantly only
under crimson clover at RS. Among phosphatase, ACP was the sole activity that varied
significantly between plant species at RS. Indeed, faba bean and the clovers showed higher
ACP activity compared to wheat and pea.

The geometric means (GMea) of the assessed enzymes were used as an integrating
index of soil enzyme activities (Figure 3). GMea was calculated using only the three
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enzyme activities that varied according to the plant’s species: GMea = 3
√(BG × NAG ×

ACP). At VS, no significant difference was observed between soils under different plants
species with an average index of 14.76 ± 1.00 nmol PNP/min/g dry soil. At RS, this index
was significantly higher in soils with faba bean and white and crimson clovers (F = 19.54,
p < 0.001). This enzyme index did not vary between the two development stages for soils
under wheat and pea.
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Figure 3. Patterns of the geometric means (GMea) of BG, NAG and ACP activities at the two
development stages. BG: β-glucosidase; NAG: N-acetyl-glucosaminidase; ACP: acid phosphatase;
VS: vegetative stage; RS: reproductive stage. GMea was calculated by using only the three enzyme
activities that varied according to the plant’s species. GMea = 3

√(BG × NAG × ACP). Data are
mean ± SD (n = 5). Letters indicate statistically significant difference between plants species and
development stages at p < 0.05 according to Tukey’s test.

3.3. Enzyme’s Stoichiometry

Enzymatic stoichiometry was also determined by using only enzymes that varied
between plants species (BG, NAG and ACP), corresponding to these ratios: BG:NAG
(C- acquiring enzymes vs. N-acquiring enzymes) and NAG:ACP (N-acquiring enzymes
vs. P-acquiring enzymes). A correlation graph between these ratios was made to deter-
mine the resource requirements of microorganisms under the different crops according
to Hill et al. [71]. A ratio equal to one was considered as a balance of nutrient demand;
when above and below one we consider, for example, a transition of microorganisms from
C limitation to N limitation for the ratio BG:NAG (Figure 4). This balance point at one
was used as a horizontal and vertical baseline along the axis of enzyme activity ratios, and
four different groups of microbial resource limitation (N limitation, P limitation, C and P
limitation and N and P limitation) were categorized. At VS, microorganisms seemed to be
limited in C and P (Figure 4a). The same situation was observed at RS (Figure 4b), but the
C and P limitations were less pronounced (near the baselines).

Other indexes of microbial resource requirement according to Moorhead et al. [80]
are presented in Figure 4c,d. The vector length (Figure 4c) provides an indication of
microbial C limitation; as this vector decreases, the C limitation becomes lower. This vector
varied from 2.67 ± 0.67 to 7.56 ± 3.56 between species and their developmental stages
(F = 2.82, p < 0.05). At VS, vector length varied slightly between plants (with an average
of 6.94 ± 0.72) and was lower under crimson clover. At RS compared to VS, vector length
was lower under faba bean (3.66 ± 1.03), white clover (2.67 ± 0.67) and crimson clover
(3.05 ± 0.21). These results were in accordance with the stoichiometric analysis, indicating
lower C limitation under faba bean and clovers at RS compared to VS. The vector angle
(Figure 4d) indicating N limitation (<45◦) versus P (>45◦) varied from 82.60 ± 1.69◦ to
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87.49 ± 0.43◦ between plants and development stages (F = 6.83, p < 0.001), thus indicating
a limitation in P. No effect of plant cover was observed at VS. Conversely, at RS, the angle
was lower under faba bean and clover, indicating lower P limitation.
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Figure 4. Enzyme stoichiometry under all studied plants species for identifiyng potential ressource limitation at the two
development stages. (a,b) Scatter graphs of enzyme stoichiometry corresponding to the ratio of BG:NAG according the
ratio of NAG: ACP at VS (a) and RS (b). BG: β-glucosidase; NAG: N-acetyl-glucosaminidase; ACP: acid phosphatase; VS:
vegetative stage; RS: reproductive stage. To identify potential ressource limitation in soil according to Hill et al. [71], 1 was
used as a horizontal and vertical baseline along the axis of enzyme activity ratios, and four different groups of microbial
resource limitations (N limitation, P limitation, C and P limitation and N and P limitation) were categorized. (c) Vector
length and (d) vector angle calculated according to enzymes ratios. Longer vector L indicates greater C limitation. A
vector angle of <45◦ denotes N limitation; angles > 45◦ denote P limitation. Data are mean ± SD (n = 5). Letters indicate
statistically significant difference between plants species at p < 0.05 according to Tukey’s test.

In order to reduce the dimensionality of the data set, a PCA was performed to highlight
both the effect of plant species and their development stage on soil enzyme activities and
their link to C, N and P nutrient limitation for microorganisms (Figure 5). Both the Kaiser–
Meyer–Olkin measure of sampling adequacy (KMO = 0.578) and Bartlett’s test of sphericity
(p = 0.000) indicated the validity of PCA. The first two axes of PCA in Figure 5 explained
68.5% of the total variability, as illustrated by the separation of the two distinct clusters
along the PCA axes. PCA clearly illustrated how the ACP, NAG, BG and PHO activities;
GMea; and indexes of microbial resource requirement (based on enzymes ratios and
vectors) classified the plant species according to stage development. The distribution of
the clusters along the first axis showed that the faba bean and the two clovers at RS were
significantly different from other modalities, which did not present any differentiation.
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3.4. Plant Traits and C Rhizodeposition

Biomass production per pot (Table 2) differed between species (F = 197.6, p < 0.001 for
shoot biomass and F = 183.3, p < 0.001 for root biomass) and according to their development
stage (F = 60.66, p < 0.001 for shoot and F = 29.69, p < 0.001 root). At VS, the highest shoot
biomass production was observed for wheat and the lowest one for crimson clover. The
biomass production of the three other plants species ranged between wheat and crimson
clover. However, at RS, faba bean and the two clovers produced three and five times more
much aboveground biomass per pot than wheat and pea. Regarding root biomass, faba
bean had the highest biomass (1.52 ± 0.28 g) at VS compared to the other plants. At RS,
pea and wheat had the lowest root biomass, which was on average five times less than
clovers and faba bean root biomasses. Biomass production resulted in a lower allocation of
total plant root biomass under wheat and white clover at VS with higher shoot:root ratios
(8.63 ± 3.46 and 8.48 ± 1.14, respectively). Conversely, at RS, pea presented the highest
shoot:root ratios (10.98 ± 4.79).

Using WinRHIZO, the total root length was determined for both harvests (Table 2).
Total root length was similar in all species at VS, but faba bean and both clover species
produced much longer roots than wheat and pea did during reproductive growth.

Isotope labeling and isotope mass spectrometry (IRMS) analyses were used to de-
termine the elemental composition of plant tissues and C rhizodeposition. Total C and
N contents of the tissues were used to determine the C:N ratios of the plants (Table 3).
Due to high N concentrations, regardless of development stage, lower C:N ratios were
observed in legumes compared to wheat. No significant differences were observed between
legume species.

Plant species rhizodeposited similar amounts of C before flowering, but faba bean and
both clover species rhizodeposited more C during reproductive growth than wheat and pea
did (F = 37.92, p < 0.001 between species and their developmental stage). The highest C
rhizodeposition during reproductive growth was observed under crimson clover (Figure 6).
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Table 2. Plant traits including shoot and root total dry mass per pot, shoot to root ratio and total root length for all studied plants species.

Shoot Dry Mass (g) Root Dry Mass (g) Shoot:Root Ratio Total Root Length (cm)
VS RS VS RS VS RS VS RS

Wheat 4.14 ± 0.35 c 4.34 ± 0.34 a 0.55 ± 0.26 a 0.94 ± 0.09 a 8.63 ± 3.46 b 4.59 ± 0.37 a 2435 ± 1031 a 8961 ± 5223 ab
Faba bean 2.08 ± 0.31 b 13.95 ± 7.77 b 1.52 ± 0.28 b 6.46 ± 2.98 b 1.37 ± 0.13 a 2.12 ± 0.38 a 4569 ± 1070 a 24,329± 13,953 b

Pea 2.25 ± 0.41 b 3.75 ± 0.97 a 0.55 ± 0.26 a 0.39 ± 0.18 a 4.42 ± 1.03 a 10.98 ± 4.79 b 4441 ± 1941 a 3199± 15,292 a
White clover 2.4 ± 0.24 b 25.88 ± 1.60 c 0.28 ± 0.04 a 6.31 ± 1.66 b 8.48 ± 1.14 b 4.31 ± 1.08 a 2379 ± 438 a 82,655± 21,032 c

Crimson clover 1.19 ± 0.18 a 27.21 ± 2.03 c 0.28 ± 0.04 a 5.03 ± 0.24 b 4.19 ± 0.52 a 5.41 ± 0.44 a 2617 ± 860 a 60,859± 6339 c
Plants species ×

development stages F = 52.54 *** F = 17.04 *** F = 12.55 *** F = 42.31 ***

VS: vegetative stage; RS: reproductive stage. Statistical data are expressed as means ± SD, n = 5. Means in a column followed by different letters show significant differences (p < 0.05) ), different letters
mean significant difference according to the Tukey test. Two-way ANOVA analysis (F values) showing the effect of the interaction between the plant species and the two development stages on soil chemical
characteristics. *** p ≤ 0.001.
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Table 3. Shoot and root C:N ratios for all studied plants species.

Shoot C:N Root C:N
VS RS VS RS

Wheat 34.44 ± 2.16 c 115.92 ± 27.10 b 44.75 ± 6.09 b 49.80 ± 9.46 b
Faba bean 13.67 ± 1.07 a 33.11 ± 7.90 a 12.61 ± 0.29 a 15.61 ± 1.11 a

Pea 17.89 ± 3.10 b 48.15 ± 18.89 a 12.17 ± 0.31 a 18.19 ± 2.78 a
White clover 12.44 ± 1.05 a 21.14 ± 1.90 a 14.37 ± 0.74 a 17.47 ± 1.08 a

Crimson clover 13.05 ± 2.18 a 19.38 ± 1.05 a 14.75 ± 0.66 a 17.12 ± 1.01 a
Plants species ×

development stages F = 19.99 *** F = 0.43 ns

VS: vegetative stage; RS: reproductive stage. Statistical data are expressed as means ± SD, n = 5. Means in a
column followed by different letters show significant differences. (p < 0.05), different letters mean significant
difference according to the Tukey test. Two-way ANOVA analysis (F values) showing the effect of the interaction
between the plant species and the two development stages on soil chemical characteristics. *** p ≤ 0.001. ns:
non significant.
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Figure 6. Soil C derived from rhizodeposition (CdfR) under all plants species at the two stages
of development (mg.pot−1). VS: vegetative stage; RS: reproductive stage. Data are mean ± SD
(n = 5). Letters indicate statistical significant difference between plants species at p < 0.05 according
to Tukey’s test.

3.5. Linking Plant, Soil and Microbial Components

A correlation matrix was set up to analyze the link between plant traits (including
rhizodeposition), soil characteristics and resource requirements of microorganisms through
enzyme activities and their stoichiometry (Table 4). Plant traits linked to plant growth such
as biomass production and total root length were positively correlated with soil C:P and
N:P ratios as well as with enzyme activities (BG, NAG and ACP). The same observation was
made with GMea. Positive correlations were also observed between soil C derived from
rhizodeposition (CdfR) and plant traits. Regarding enzyme ratios, negative correlations
were observed between BG:NAG ratio and plant traits. These negative correlations were
also observed with vector indexes (length and angle). Regarding C rhizodeposition, GMea
was positively correlated with CdfR, and vectors were inversely correlated with CdfR.

Taking these correlations according to developmental stages (Figure 7), at VS, no
correlation was observed between GMea and CdfR (r = 0.16, p > 0.05) and similarly for
vector length (C limitation; r = 0.10, p > 0.05) and the vector angle (N vs. P limitation;
r = 0.15, p > 0.05). At RS, GMea was positively correlated with CdfR (r = 0.85, p < 0.05).
Vector length (r = −0.80, p < 0.05) and vector angle (r = −0.69, p < 0.05) were negatively
correlated with CdfR.
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Table 4. Pearson correlation matrix showing plant traits, enzyme activities and stoichiometry and soil component relationships among the entire experiment.

Shoot
Dry Mass

Root Dry
Mass Shoot:Root Root

Length CdfR Soil C:N Soil C:P Soil N:P ACP NAG BG GMea BG:NAG BG:ACP NAG:ACP Vector
Length

Vector
Angle

Shoot dry mass 1.00
Root dry mass 0.87 *** 1.00

Shoot:Root −0.16 −0.39 ** 1.00
Root length 0.94 *** 0.84 *** −0.23 1.00

CdfR 0.94 *** 0.81 *** −0.16 0.86 *** 1.00
Soil C:N 0.14 0.17 −0.12 0.17 0.14 1.00
Soil C:P 0.95 *** 0.88 *** −0.21 0.90 *** 0.93 *** 0.15 1.00
Soil N:P 0.84 *** 0.75 *** −0.12 0.77 *** 0.81 *** −0.32 * 0.88 *** 1.00

ACP 0.61 *** 0.63 *** −0.19 0.55 *** 0.65 *** −0.11 0.62 *** 0.64 *** 1.00
NAG 0.87 *** 0.81 *** −0.17 0.83 *** 0.87 *** 0.15 0.88 *** 0.76 *** 0.56 *** 1.00
BG 0.67 *** 0.76 *** −0.16 0.54 *** 0.65 *** 0.09 0.64 *** 0.56 *** 0.59 *** 0.57 *** 1.00

GMea 0.90 *** 0.87 *** −0.18 0.83 *** 0.91 *** 0.11 0.91 *** 0.81 *** 0.70 *** 0.97 *** 0.72 *** 1.00
BG:NAG −0.69 *** −0.62 *** 0.09 −0.66 *** −0.71 *** −0.04 −0.73 *** −0.65 *** −0.42 ** −0.84 *** −0.33 * −0.82 *** 1.00
BG:ACP 0.19 0.26 −0.01 0.10 0.13 0.22 0.14 0.03 −0.29 * 0.13 0.59 *** 0.16 0.03 1.00

NAG:ACP 0.83 *** 0.75 *** −0.15 0.79 *** 0.82 *** 0.17 0.84 *** 0.72 *** 0.40 ** 0.98 *** 0.50 ** 0.92 *** −0.84 *** 0.20 1.00
Vector lenght −0.69 *** −0.62 *** 0.09 −0.65 *** −0.71 *** −0.04 −0.73 *** −0.65 *** −0.42 ** −0.84 −0.33 * −0.82 *** 0.99 *** 0.03 −0.84 *** 1.00
Vector angle −0.83 *** −0.75 *** 0.15 −0.79 *** −0.82 *** −0.17 −0.84 *** −0.71 *** −0.40 ** −0.98 *** −0.51 ** −0.92 *** 0.84 *** −0.20 −0.99 *** 0.84 *** 1.00

BG: β-glucosidase; ACP: acid phosphatase; NAG: N-acetyl-glucosaminidase; GMea: geometric mean; CdfR: carbon derived from rhizodeposition. Significant correlations are shown in bold (* p ≤ 0.05, ** p ≤ 0.01;
*** p ≤ 0.001; n = 50).
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4. Discussion

In this study, the objective was to evaluate the influence of different forage and seed
legumes through C rhizodeposition on the dynamics of C, N and P elements in the soil and
microbial communities resource requirements. The variation patterns of enzyme activity
and microorganism limitations on C, N and P nutrients were linked to plant functional
traits and C rhizodeposition. This reflects strong dependence on microbial communities
and their activities on C, N and P sources in soils.

4.1. Variability of Enzymatic Activities According to Plant Cover Crops

As postulated in our first hypothesis, this study shows that soil enzymatic activ-
ities may differ strongly between legume crops. Soil enzymes have been reported as
useful soil-state bioindicators because they provide information on soil’s ability to per-
form biogeochemical reactions [81,82]. We have chosen to measure β-glucosidase (BG),
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N-acetyl-β-glucosaminidase (NAG), arylamidase (ARYLN) and phosphatases activities
(PHO, AKP and ACP), which decompose various substrates with varying complexity [81].
The BG enzyme is related to the C cycle, acting in the cleavage of cellobiose into glucose
molecules [82]. The ARYLN enzyme catalyzes the hydrolysis of N-terminal amino acids
from arylamides [83]. The NAG enzymes catalyze the hydrolysis of chitin, which is im-
portant in C and N cycling in soils. Both ARYLN and NAG activities are associated with
microbial N acquisitions, and they play major roles in N mineralization in soils [84,85]. On
the other hand, phosphatases are closely related to P mineralization.

This study revealed that both plant species and plant age can modify soil enzymatic
activities. At the end of crop growth, compared to wheat and pea, faba bean and the two
clovers increased the activities of BG, NAG and ACP involved in the degradation of C,
N and P resources, respectively. Similarly, an integrative enzyme index calculated using
BG, NAG and ACP activities through the geometric mean [79] showed higher levels of
enzyme activities in the soil of these three legumes compared with wheat and pea. These
results are in agreement with other works showing high enzyme activities in legume
rhizosphere [86–88]. Maltais-Landry [56] also showed a stimulating effect of legumes on
BG and NAG activities with species such as pea, faba bean and vetch compared with wheat
and oats. It has also been shown that, in addition to BG, the presence of legumes increases
the activity of ACP [89]. Similarly, Nuruzzaman et al. [90] demonstrated increasing ACP
activity in the rhizosphere of lupin followed by faba bean, pea and wheat. These results
highlighted the stimulation of legume crops on enzyme activities and partially confirmed
the first hypothesis. However, it should be noted that pea, which is a legume crop, did
not induce a significant difference on the enzymatic activities compared to wheat. This
could be explained by the pea variety used and the functional traits developed by this
species. During this study, pea exported most of the C and N resources to the aboveground
part (data not shown) and produced less root biomass. A lower rhizodeposition of C
was observed for pea and wheat compared with the other legume species; therefore, less
resources were available in the belowground part compared to the other legumes.

The variation pattern in enzymatic activities according to the plant species seems to
be explained by plant traits. Indeed, plant traits defined as morphological and physiologi-
cal characteristics are studied in relation to many processes and ecosystem services [91].
Considered as important regulators of ecosystem processes, the functional traits of plants
influence soil characteristics, soil resources dynamic and the abundance and diversity of
microorganisms [92,93]. The differences observed between legumes and cereals are related
to particular physiological functioning that allows them to fix atmospheric N2, to have
N-rich tissues and to enrich the soil in N such as those reported in the literature [20,94,95].
For example, ACP activity in the soil is produced and released by both roots and microor-
ganisms. Similarly to proteins, phosphatases have relatively high N concentrations and
may represent a significant investment of N. Therefore, increased N availability may raise
the extracellular phosphatase activity of plants [96] and especially of legumes due to their
N-rich tissues, which can explain the difference with wheat. In our study, positive corre-
lation was observed between root N content (data not shown) and ACP activity (r = 0.65,
p < 0.001), which is in line with the previous statement and confirms the observation made
by Maltais-Landry. [56]. A positive correlation was found between root N content and BG
(r = 0.76, p < 0.001) as well as NAG (r = 0.79, p < 0.001), highlighting the contribution of the
physiological trait of legumes relative to the increase in soil enzyme activities of different
enzymes in soil.

In this study, plant primary production (above and belowground biomass) was posi-
tively correlated with GMea (r = 0.90, p < 0.001 and r = 0.87, p < 0.001, respectively). The
level of soil enzyme activities also appeared to increase with root length (r = 0.83, p < 0.001).
Forage legumes, which produce long and thin roots, increase the volume of soil exploration.
According to previous studies [97,98], this property contributes by indirectly regulating
the decomposition of soil organic matter (SOM) by destabilizing soil matrix, which pro-
tects organic carbon in aggregates. In contrast, faba bean produces large root diameter,
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and it can be hypothesized that faba bean could impact soil structures such as the forage
legumes. These traits contribute to the increased availability of resources [97] for eventual
degradation by enzymes. Faba bean, white clover and crimson clover, which presented
higher relative growth rates (RGR) between VS and RS (data not shown) and the longest
roots, stimulated markedly soil enzyme activities. These species with greater N-rich tissues
had the lowest C:N ratios. Taken together, their characteristics are consistent with traits of
exploitative species that grow rapidly, with high tissue and exudate quality in contrast to
conservative species that grow slowly and have low tissue and exudate quality [99–101].
These exploitative species are also associated with microbial communities dominated by
bacteria and higher tissues decomposition rates due to their chemical composition and
lower C:N ratio [102,103]. In this study, legumes species (except pea) presented the lowest
C:N ratio in their tissues compared to wheat, and shoot C:N (r = −0.66, p < 0.001) and root
C:N (r = −0.56, p < 0.01) were negatively correlated with GMea at RS.

Another important physiological trait is the ability of plants to input C in soil through
the process of rhizodeposition. Soil C derived from rhizodeposition (CdfR) was positively
correlated with GMea (r = 0.91, p < 0.001) and with each enzyme’s individual activity
(BG; NAG; ACP). Clovers (particularly crimson clover) and faba bean rhizodeposited
the most C into the soil and resulted in higher levels of enzyme activities. This C source
represents an important energy supply for the activity of microorganisms, which is essential
in nutrient cycling [24,100,104,105]. Rhizodeposition also has a positive priming effect on
SOM decomposition, and some studies have shown the positive effect of root C supply on
enzyme activities in the soil [106–108]. Since the supply of C from the roots to the soil is
rich in sugar compounds, it has been shown that BG activities is positively influenced by
the presence of glucose-rich exudate [109]. Root C contributes to the substrate supply for
the activity of some enzymes and could be used as a good indicator to evaluate the impact
of different plant species on soil enzyme activities [100,110].

4.2. Microbial Resource Requirement under the Different Crops

In addition to the determination of the variation of enzymatic activities in soil, the
second objective of this study was to better understand the resource requirements of
microorganisms under different plant species. Enzymatic activity being a response to
metabolic needs, different indexes including measured activities and inspired by ecological
stoichiometry were determined [64,65,111]. The approach detailed in Hill et al. [71], includ-
ing enzyme ratios BG:NAG (C limitation vs. N limitation) and NAG:ACP (N limitation
vs. P limitation), was used to evaluate C, N and P limitations of microorganisms under
different plant cover crops according to their stage of development. In the present study, P
and C limitations were less pronounced at RS, especially under faba bean and clovers. This
was confirmed using other indexes. In fact, these three plants species presented the lowest
vector length (indicating C limitation) and vector angle (corresponding to P limitation
when angle > 45◦). The variation in C and P limitation of microorganisms among plants
is explained by their functional traits. The lower C and P limitations under faba bean
and both clover species are related to their strong growth, root length and their ability to
rhizodeposit C in the soil. During VS, no significant correlations were observed between
plant traits and measured limitation indexes, showing that these plants had little impact
on soil activities during vegetative growth. However, at RS, vector length and angle were
negatively correlated with plant traits. More precisely, when the amounts of C rhizode-
posited by plants increased, the vectors length and angle decreased, showing that the
microorganisms were less limited in C and P. The lower resource limitation also seemed to
be influenced by the N and C content of the roots. Indeed, vector length was negatively
correlated with the N and C content of the roots (r =−0.73, p < 0.001 and r = −0.78, p <0.001,
respectively). The same observations were made for vector angle with r = −0.59, p < 0.001
for roots N and r = −0.64, p < 0.001 for roots C. Taken together, these results confirm that
plant cover crops modulate enzymatic activities and microorganism growth, particularly
in the context of legume cultivation. Indeed, changes in plant communities can influence
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microorganism and enzyme activities [49,112–114]. This finding is consistent with previous
works showing that plant resources and their stoichiometry may strongly influence micro-
bial traits [63,64,115,116]. Using soil enzyme vector analysis, Xiao et al. [61] indicated that
the microbial community was co-limited by C and P during secondary plant succession in
a natural grassland. These limitations were mainly associated with soil nutrient status.

The resource limitation of microorganisms is essentially related to the availability
and stoichiometry of these resources in soil [61,67], and these resources are influenced
by the plant species. In this study, vector length was negatively correlated with soil
C:P (r = −0.72, p < 0.001) and soil N:P (r = −0.65, p < 0.001). The same observations
were made with vector angle. Faba bean and clover species had the highest soil C:P and
N:P. Accordingly, Cui et al. [67] found similar correlations between C and P limitation of
microorganisms (vectors length and angle) and soil resources in alpine ecosystem. The
ability of legumes such as faba bean and clovers to enrich soil with N and C explains the
lower microorganisms’ C and P limitation under these plants compared to others. Since the
production of enzymes is made from amino acids, their synthesis requires a cost in N, C
and also small amounts of P [64,117]. These elements must be available for the synthesis of
enzymes. According to Allison and Cheaters [118], a microbe absorbing 100 units of P and
allocating one unit to the production of enzymes would need 200 units of C and 57 units
of N due to the C:N:P stoichiometry of enzymes. Thus, when C and N are in abundance,
enzyme production could favor the acquisition of P resources. Based on a model developed
by Allison and Cheaters [118], the addition of C, N and P substrates results in different
ways changes can occur during microorganism growth, rate of enzyme synthesis and
nutrient availability. Indeed, various substrate availability resulted in a decrease in the
amounts of C-acquiring, N-acquiring and P-acquiring enzymes. The increase in C substrate
would increase the growth of microorganisms and the synthesis of P and N enzymes.
Consequently, microorganisms may switch to N limitation when C is in excess. Conversely,
when N is present in excess, there is a strong synthesis of C and P acquiring enzymes that
become limiting when related to N. These observations are in line with the results of this
study, as C and N supply by plants under the faba bean and clovers mainly favored the
decrease in P limitation at the end of plant growth. Our results show that the decrease in C
limitation may be related to the increase in C availability through plant rhizodeposition.
However, C limitation seems to be more complex, since at a certain threshold of C in the
soil, there was a shift from C limitation to N limitation [119]. The increasing input of C and
N under faba bean and clovers also contributes to greater microbial growth.

5. Conclusions

This study confirms the impact of plant species and their development stage on soil
enzyme activities in relation to the dynamics of C, N and P. BG, NAG and ACP enzyme
activities were positively influenced by the presence of faba bean and clovers compared
to pea and wheat. A stoichiometric analysis of enzymes activities revealed a limitation of
microorganisms in C and P resources at the end of plant growth, but strong differences
were observed between legume species. These limitations in C and P were lower in the
presence of faba bean and forage legumes (white clover and crimson clover). The variations
of enzyme activities and C, N and P microorganism limitations were explained by plant
functional traits. Indeed, plant biomass production, total root length, the ability of plants
to rhizodeposit C and C and N contents of plant tissues were the main explicative factors
of the observed variations. Faba bean and clovers were more effective in C rhizodeposition
than compared to pea and wheat. It is known that N and C nutrient supplies positively
contribute to nutritional requirements and growth of microorganisms and P availability
in soil. The stoichiometric approach used in this study and by several authors is a useful
tool for linking different levels of biological organization in order to better understand
soil/plant/microorganisms interactions. This study also highlighted the strong connection
between C, N and P nutrient cycling in soil and the factors modulating nutrients demand
and the production patterns of soil enzymes.



Agronomy 2021, 11, 2131 19 of 23

Author Contributions: M.K.: experiment execution, data analysis, presentation of results and
original draft manuscript preparation; W.R.-A.: contribution to original draft manuscript preparation,
review and editing; J.-B.C.: identification of the research topic, study design, C rhizodeposition and
plants functional traits analyses, review and supervision; I.T.-G.: identification of the research topic,
resources, review, editing and supervision. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by the Normandy region and was supported by the RhizoComm
and BEER projects.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented here are part of the results of a Ph.D. thesis and
will be available after 2023

Acknowledgments: We are grateful to all the technical staff of UMR EVA and AGHYLE UniLaSalle-
Rouen laboratory for technical assistance. We also thank the PLATIN’ (Plateau d’Isotopie de Nor-
mandie) core facility for the element and isotope analysis used in this study. We are grateful to Cécile
Revellin, UMR1347 Agroécologie Agrosup-INRAe-uB, for providing all Rhizobium strains.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Matson, P.A.; Parton, W.J.; Power, A.G.; Swift, M.J. Agricultural Intensification and Ecosystem Properties. Science 1997, 277,

504–509. [CrossRef] [PubMed]
2. Howden, S.M.; Soussana, J.-F.; Tubiello, F.N.; Chhetri, N.; Dunlop, M.; Meinke, H. Adapting Agriculture to Climate Change. Proc.

Natl. Acad. Sci. USA 2007, 104, 19691–19696. [CrossRef] [PubMed]
3. Burney, J.A.; Davis, S.J.; Lobell, D.B. Greenhouse Gas Mitigation by Agricultural Intensification. Proc. Natl. Acad. Sci. USA 2010,

107, 12052–12057. [CrossRef] [PubMed]
4. Emmerson, M.; Morales, M.B.; Oñate, J.J.; Batáry, P.; Berendse, F.; Liira, J.; Aavik, T.; Guerrero, I.; Bommarco, R.; Eggers, S.; et al.

Chapter Two—How Agricultural Intensification Affects Biodiversity and Ecosystem Services. In Advances in Ecological Research;
Dumbrell, A.J., Kordas, R.L., Woodward, G., Eds.; Large-Scale Ecology: Model Systems to Global Perspectives; Academic Press:
Cambridge, MA, USA, 2016; Volume 55, pp. 43–97.

5. Lal, R. Restoring Soil Quality to Mitigate Soil Degradation. Sustainability 2015, 7, 5875–5895. [CrossRef]
6. Velten, S.; Leventon, J.; Jager, N.; Newig, J. What Is Sustainable Agriculture? A Systematic Review. Sustainability 2015, 7,

7833–7865. [CrossRef]
7. DeLonge, M.S.; Miles, A.; Carlisle, L. Investing in the Transition to Sustainable Agriculture. Environ. Sci. Policy 2016, 55, 266–273.

[CrossRef]
8. Wezel, A.; Jauneau, J.-C. Agroecology—Interpretations, Approaches and Their Links to Nature Conservation, Rural Development

and Ecotourism. In Integrating Agriculture, Conservation and Ecotourism: Examples from the Field; Campbell, W.B., Lopez Ortiz, S.,
Eds.; Issues in Agroecology—Present Status and Future Prospectus; Springer: Dordrecht, The Netherlands, 2011; pp. 1–25. ISBN
978-94-007-1309-3.

9. Kremen, C.; Miles, A. Comparing Biologically Diversified with Conventional Farming Systems: What Is Known about En-
vironmental Benefits, Externalities and Tradeoffs among Crop Productivity and Ecosystem Services? Ecol. Soc. 2012, 17, 40.
[CrossRef]

10. Griffon, M. L’agroécologie, Un Nouvel Horizon Pour l’agriculture. Études 2014, 12, 31–39.
11. Tittonell, P. Ecological Intensification of Agriculture—Sustainable by Nature. Curr. Opin. Environ. Sustain. 2014, 8, 53–61.

[CrossRef]
12. Wezel, A.; Brives, H.; Casagrande, M.; Clément, C.; Dufour, A.; Vandenbroucke, P. Agroecology Territories: Places for Sustainable

Agricultural and Food Systems and Biodiversity Conservation. Agroecol. Sustain. Food Syst. 2016, 40, 132–144. [CrossRef]
13. Schneider, A.; Huyghe, C. Les Légumineuses Pour Des Systèmes Agricoles et Alimentaires Durables; éditions Quae: Versailles, France, 2015.
14. Mylona, P.; Pawlowski, K.; Bisseling, T. Symbiotic Nitrogen Fixation. Plant Cell 1995, 7, 869–885. [CrossRef] [PubMed]
15. Meena, R.S.; Das, A.; Yadav, G.S.; Lal, R. Legumes for Soil Health and Sustainable Management; Springer: Berlin/Heidelberg,

Germany, 2018.
16. Altobelli, F.; Benedetti, A.; Calles, T.; Caon, L.; Charrondiere, R.; Gri Shiv, P.; Grande, F.; Muthuraman, R.P.; Pisante, M.; Pramar,

B.; et al. Soils and Pulses: Symbiosis for Life—World 2016. Available online: https://reliefweb.int/report/world/soils-and-
pulses-symbiosis-life (accessed on 1 October 2021).

17. Adeboye, M.K.A.; Iwuafor, E.N.O.; Agbenin, J.O. Rotation Effects of Grain and Herbaceous Legumes on Maize Yield and
Chemical Properties of an Alfisol in the Northern Guinea Savanna, Nigeria. Niger. J. Soil Environ. Res. 2005, 6, 22–31. [CrossRef]

http://doi.org/10.1126/science.277.5325.504
http://www.ncbi.nlm.nih.gov/pubmed/20662149
http://doi.org/10.1073/pnas.0701890104
http://www.ncbi.nlm.nih.gov/pubmed/18077402
http://doi.org/10.1073/pnas.0914216107
http://www.ncbi.nlm.nih.gov/pubmed/20551223
http://doi.org/10.3390/su7055875
http://doi.org/10.3390/su7067833
http://doi.org/10.1016/j.envsci.2015.09.013
http://doi.org/10.5751/ES-05035-170440
http://doi.org/10.1016/j.cosust.2014.08.006
http://doi.org/10.1080/21683565.2015.1115799
http://doi.org/10.2307/3870043
http://www.ncbi.nlm.nih.gov/pubmed/12242391
https://reliefweb.int/report/world/soils-and-pulses-symbiosis-life
https://reliefweb.int/report/world/soils-and-pulses-symbiosis-life
http://doi.org/10.4314/njser.v6i1.28392


Agronomy 2021, 11, 2131 20 of 23

18. Vertès, F.; Jeuffroy, M.-H.; Louarn, G.; Voisin, A.-S.; Justes, E. Légumineuses et prairies temporaires: Des fournitures d’azote pour
les rotations. Fourrages 2015, 223, 221–232.

19. Rezgui, C.; Riah-Anglet, W.; Benoit, M.; Bernard, P.Y.; Laval, K.; Trinsoutrot-Gattin, I. Impacts of the Winter Pea Crop (Instead of
Rapeseed) on Soil Microbial Communities, Nitrogen Balance and Wheat Yield. Agriculture 2020, 10, 548. [CrossRef]

20. Fustec, J.; Lesuffleur, F.; Mahieu, S.; Cliquet, J.-B. Nitrogen Rhizodeposition of Legumes. A Review. Agron. Sustain. Dev. 2010, 30,
57–66. [CrossRef]

21. Wichern, F.; Eberhardt, E.; Mayer, J.; Joergensen, R.G.; Müller, T. Nitrogen Rhizodeposition in Agricultural Crops: Methods,
Estimates and Future Prospects. Soil Biol. Biochem. 2008, 40, 30–48. [CrossRef]

22. Chalk, P.M.; Peoples, M.B.; McNeill, A.M.; Boddey, R.M.; Unkovich, M.J.; Gardener, M.J.; Silva, C.F.; Chen, D. Methodologies
for Estimating Nitrogen Transfer between Legumes and Companion Species in Agro-Ecosystems: A Review of 15N-Enriched
Techniques. Soil Biol. Biochem. 2014, 73, 10–21. [CrossRef]

23. Uren, N.C. Types, Amounts, and Possible Functions of Compounds Released into the Rhizosphere by Soil-Grown Plants. In The
Rhizosphere; CRC Press: Boca Raton, FL, USA, 2001; pp. 35–56.

24. Bais, H.P.; Weir, T.L.; Perry, L.G.; Gilroy, S.; Vivanco, J.M. The Role of Root Exudates in Rhizosphere Interactions with Plants and
Other Organisms. Annu. Rev. Plant Biol. 2006, 57, 233–266. [CrossRef] [PubMed]

25. Wichern, F.; Mayer, J.; Joergensen, R.; Müller, T. Evaluation of the Wick Method for in Situ 13C and 15N Labelling of Annual
Plants Using Sugar-Urea Mixtures. Plant Soil 2010, 329, 105–115. [CrossRef]

26. Lupwayi, N.Z.; Kennedy, A.C. Grain Legumes in Northern Great Plains: Impacts on Selected Biological Soil Processes. Agron. J.
2007, 99, 1700–1709. [CrossRef]

27. Nguyen, C. Rhizodeposition of Organic C by Plants: Mechanisms and Controls. Agronomie 2003, 23, 375–396. [CrossRef]
28. Pausch, J.; Kuzyakov, Y. Carbon Input by Roots into the Soil: Quantification of Rhizodeposition from Root to Ecosystem Scale.

Glob. Chang. Biol. 2018, 24, 1–12. [CrossRef]
29. El Haichar, F.Z.; Marol, C.; Berge, O.; Rangel-Castro, J.I.; Prosser, J.I.; Balesdent, J.; Heulin, T.; Achouak, W. Plant Host Habitat and

Root Exudates Shape Soil Bacterial Community Structure. ISME J. 2008, 2, 1221–1230. [CrossRef]
30. Paterson, E.; Gebbing, T.; Abel, C.; Sim, A.; Telfer, G. Rhizodeposition Shapes Rhizosphere Microbial Community Structure in

Organic Soil. New Phytol. 2007, 173, 600–610. [CrossRef] [PubMed]
31. Gattinger, A.; Palojärvi, A.; Schloter, M. Chapter 3.4—Soil Microbial Communities and Related Functions. In Perspectives for

Agroecosystem Management; Schröder, P., Pfadenhauer, J., Munch, J.C., Eds.; Elsevier: San Diego, CA, USA, 2008; pp. 279–292.
ISBN 978-0-444-51905-4.

32. Ravi, R.K.; Anusuya, S.; Balachandar, M.; Muthukumar, T. Microbial interactions in soil formation and nutrient cycling. In
Mycorrhizosphere and Pedogenesis; Springer: Berlin/Heidelberg, Germany, 2019; pp. 363–382.

33. Condron, L.; Stark, C.; O’Callaghan, M.; Clinton, P.; Huang, Z. The role of microbial communities in the formation and
decomposition of soil organic matter. In Soil Microbiology and Sustainable Crop Production; Springer: Berlin/Heidelberg, Germany,
2010; pp. 81–118.

34. Anderson, C.R.; Condron, L.M.; Clough, T.J.; Fiers, M.; Stewart, A.; Hill, R.A.; Sherlock, R.R. Microorganisms and Their Roles in
Fundamental Biogeochemical Cycles. Pedobiologia 2011, 54, 309–320. [CrossRef]

35. Nannipieri, P.; Ascher, J.; Ceccherini, M.; Landi, L.; Pietramellara, G.; Renella, G. Microbial Diversity and Soil Functions. Eur. J.
Soil Sci. 2003, 54, 655–670. [CrossRef]

36. Tabatabai, M.A. Soil Enzymes. Methods Soil Anal. Part 2 Microbiol. Biochem. Prop. 1994, 5, 775–833.
37. Alkorta, I.; Aizpurua, A.; Riga, P.; Albizu, I.; Amézaga, I.; Garbisu, C. Soil Enzyme Activities as Biological Indicators of Soil

Health. Rev. Environ. Health 2003, 18, 65–73. [CrossRef]
38. Bowles, T.M.; Acosta-Martínez, V.; Calderón, F.; Jackson, L.E. Soil Enzyme Activities, Microbial Communities, and Carbon and

Nitrogen Availability in Organic Agroecosystems across an Intensively-Managed Agricultural Landscape. Soil Biol. Biochem. 2014,
68, 252–262. [CrossRef]

39. Dotaniya, M.L.; Aparna, K.; Dotaniya, C.K.; Singh, M.; Regar, K.L. Chapter 33—Role of Soil Enzymes in Sustainable Crop
Production. In Enzymes in Food Biotechnology; Kuddus, M., Ed.; Academic Press: Cambridge, MA, USA, 2019; pp. 569–589. ISBN
978-0-12-813280-7.

40. Rao, M.A.; Scelza, R.; Gianfreda, L. Soil Enzymes. In Enzymes in Agricultural Sciences; OMICS Group: Foster City, FL, USA, 2014;
pp. 10–24.

41. Adetunji, A.T.; Ncube, B.; Mulidzi, R.; Lewu, F.B. Potential Use of Soil Enzymes as Soil Quality Indicators in Agriculture. In
Frontiers in Soil and Environmental Microbiology; CRC Press: Boca Raton, FL, USA, 2020; pp. 57–64.

42. Harvey, P.J.; Xiang, M.; Palmer, J.M. Extracellular Enzymes in the Rhizosphere. Biotechnol. Bioeng 2002, 44, 1132–1139.
43. Chroma, L.; Mackova, M.; Kucerova, P.; In Der Wiesche, C.; Burkhard, J.; Macek, T. Enzymes in Plant Metabolism of PCBs and

PAHs. Acta Biotechnol. 2002, 22, 35–41. [CrossRef]
44. Gramss, G.; Voigt, K.-D.; Kirsche, B. Oxidoreductase Enzymes Liberated by Plant Roots and Their Effects on Soil Humic Material.

Chemosphere 1999, 38, 1481–1494. [CrossRef]
45. Vandana, U.K.; Rajkumari, J.; Singha, L.P.; Satish, L.; Alavilli, H.; Sudheer, P.D.V.N.; Chauhan, S.; Ratnala, R.; Satturu, V.;

Mazumder, P.B.; et al. The Endophytic Microbiome as a Hotspot of Synergistic Interactions, with Prospects of Plant Growth
Promotion. Biology 2021, 10, 101. [CrossRef]

http://doi.org/10.3390/agriculture10110548
http://doi.org/10.1051/agro/2009003
http://doi.org/10.1016/j.soilbio.2007.08.010
http://doi.org/10.1016/j.soilbio.2014.02.005
http://doi.org/10.1146/annurev.arplant.57.032905.105159
http://www.ncbi.nlm.nih.gov/pubmed/16669762
http://doi.org/10.1007/s11104-009-0138-3
http://doi.org/10.2134/agronj2006.0313s
http://doi.org/10.1051/agro:2003011
http://doi.org/10.1111/gcb.13850
http://doi.org/10.1038/ismej.2008.80
http://doi.org/10.1111/j.1469-8137.2006.01931.x
http://www.ncbi.nlm.nih.gov/pubmed/17244055
http://doi.org/10.1016/j.pedobi.2011.07.005
http://doi.org/10.1046/j.1351-0754.2003.0556.x
http://doi.org/10.1515/REVEH.2003.18.1.65
http://doi.org/10.1016/j.soilbio.2013.10.004
http://doi.org/10.1002/1521-3846(200205)22:1/2&lt;35::AID-ABIO35&gt;3.0.CO;2-U
http://doi.org/10.1016/S0045-6535(98)00369-5
http://doi.org/10.3390/biology10020101


Agronomy 2021, 11, 2131 21 of 23

46. Dick, R.P. Soil Enzyme Activities as Indicators of Soil Quality. Defin. Soil Qual. A Sustain. Environ. 1994, 35, 107–124.
47. Dick, R.P. Soil Enzyme Activities as Integrative Indicators of Soil Health. In Biological Indicators of Soil Health; Pankhurst, C.E.,

Doube, B.M., Gupta, V.V.S.R., Eds.; USA7 CAB Internat: Wallingford, UK, 1997; pp. 121–156.
48. Gianfreda, L. Enzymes of Importance to Rhizosphere Processes. J. Soil Sci. Plant Nutr. 2015, 15, 283–306. [CrossRef]
49. Egamberdieva, D.; Renella, G.; Wirth, S.; Islam, R. Enzyme Activities in the Rhizosphere of Plants. In Soil Enzymology; Shukla, G.,

Varma, A., Eds.; Soil Biology; Springer Berlin Heidelberg: Berlin, Heidelberg, 2010; Volume 22, pp. 149–166. ISBN 978-3-642-14224-6.
50. Yin, R.; Deng, H.; Wang, H.; Zhang, B. Vegetation Type Affects Soil Enzyme Activities and Microbial Functional Diversity

Following Re-Vegetation of a Severely Eroded Red Soil in Sub-Tropical China. CATENA 2014, 115, 96–103. [CrossRef]
51. Kwiatkowski, C.A.; Harasim, E.; Feledyn-Szewczyk, B.; Antonkiewicz, J. Enzymatic Activity of Loess Soil in Organic and

Conventional Farming Systems. Agriculture 2020, 10, 135. [CrossRef]
52. Mndzebele, B.; Ncube, B.; Fessehazion, M.; Mabhaudhi, T.; Amoo, S.; du Plooy, C.; Venter, S.; Modi, A. Effects of Cowpea-

Amaranth Intercropping and Fertiliser Application on Soil Phosphatase Activities, Available Soil Phosphorus, and Crop Growth
Response. Agronomy 2020, 10, 79. [CrossRef]

53. Harasim, E.; Antonkiewicz, J.; Kwiatkowski, C.A. The Effects of Catch Crops and Tillage Systems on Selected Physical Properties
and Enzymatic Activity of Loess Soil in a Spring Wheat Monoculture. Agronomy 2020, 10, 334. [CrossRef]

54. Liu, Y.; Mi, G.; Chen, F.; Zhang, J.; Zhang, F. Rhizosphere Effect and Root Growth of Two Maize (Zea Mays L.) Genotypes with
Contrasting P Efficiency at Low P Availability. Plant Sci. 2004, 167, 217–223. [CrossRef]

55. Maseko, S.T.; Dakora, F.D. Plant Enzymes, Root Exudates, Cluster Roots and Mycorrhizal Symbiosis Are the Drivers of P Nutrition
in Native Legumes Growing in P Deficient Soil of the Cape Fynbos in South Africa. J. Agric. Sci. Technol. A 2013, 3, 331.

56. Maltais-Landry, G. Legumes Have a Greater Effect on Rhizosphere Properties (PH, Organic Acids and Enzyme Activity) but a
Smaller Impact on Soil P Compared to Other Cover Crops. Plant Soil 2015, 394, 139–154. [CrossRef]

57. Aschi, A.; Aubert, M.; Riah-Anglet, W.; Nélieu, S.; Dubois, C.; Akpa-Vinceslas, M.; Trinsoutrot-Gattin, I. Introduction of Faba
Bean in Crop Rotation: Impacts on Soil Chemical and Biological Characteristics. Appl. Soil Ecol. 2017, 120, 219–228. [CrossRef]
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