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Abstract: Legume cultivation, especially the clover species, has shown promoting effects on soil
biological properties. However, the ways in which various clover species contribute to beneficial
plant-rhizosphere soil interactions have remained neglected in the past. Therefore, we performed a
field experiment to assess and compare the species-specific influence of five different clover species on
plant traits, microbial soil health indicators, namely soil enzymes, microbial biomass and abundance
and their potential nutrient cycling abilities under rhizosphere and non-rhizosphere soils. For this,
soil samples from bulk soil and rhizosphere of each clover species were collected and analyzed for
soil enzymes including B-glucosidase, arylsulfatase, phosphatase, N-acetyl-B-D-glucosaminidase,
and urease and microbial communities” abundance. Results revealed that the soil biological properties
were more affected in the rhizosoil than in the bulk soil, although the individual legume crop variants
differed in the rate and extent of the differential impact on either rhizosoil or bulk soil. The most
significantly affected species-specific properties were ammonium oxidizing bacteria and phosphorus-
solubilizing microbiota in the rhizosoil of white clover and alsike clover variants, whereas the least
impact was exerted by sweet clover. The biological properties of rhizosoil showed a significant
effect on the plant qualitative and quantitative properties. We further detected antagonism among N
and P + K transfer from the rhizosoil to plants, which influenced above ground and root biomass.
Opverall, these results suggest that the positive effects of clover species cultivation on rhizosphere soil
properties are species specific.

Keywords: rhizosoil; bulk soil; soil microbiota; soil enzymes; plant biomass; plant nutrients

1. Introduction

Global food demand has been expected to increase continuously in the coming decades
due to enormous growth in human population and due to increasing incomes around
the globe [1]. Crop intensification associated with the agricultural revolution have paved
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the way to supply food for increasing population [2,3]. However, intensive agricultural
practices have resulted in declined soil fertility that ultimately limits sustainable crop
production [4,5]. The increase of the crop yield per unit area has now become a great
challenge for the scientific community. In this regard, the application of synthetic fertilizers
has gained popularity among farmers, but the continuous use of fertilizers results in envi-
ronmental pollution, and loss of biodiversity and soil quality [6]. Therefore, the adaptation
of suitable strategies is required to enhance the crop production by increasing soil quality
and preserving biodiversity in a sustainable way.

The cultivation of legumes in this respect is a widely accepted win-win strategy world-
wide. The clover (Trifolium) and closely related genera are the legumes of great agricultural
importance both as fodders in livestock production [7] and feedstock biomass in the green
bio refinery [8] worldwide. The main feature which favors clover as an advantageous
cover crop [9] and intercrop is the ability to provide N due to its N, fixation ability [10].
The N fixation is facilitated by the symbiotic rhizobacteria-Rhizobium leguminosarum bo.
trifolii for clovers, Sinorhizobium meliloti for sweet clover [11]. The interaction between the
legume roots and rhizobacteria is mediated and regulated by extracellular signaling [12].
This legume-microbes signaling is facilitated through polysaccharides, secreted proteins,
quorum-sensing via N-acyl homoserine lactone (AHL), and compounds involved in plant
cytokinin signaling [13]. However, the efficiency and quality of transfer and response of
plant to the rhizobia signaling may be affected by the diversity, abundance, and activity
of the other plant-associated bacteria, which can either support the production or destroy
signal AHL [14]. The plant-associated bacteria are present in variable numbers and taxa in
the “rhizosoil” of legume plants.

The term “rhizosoil” refers to an area of soil in close proximity (0.39-0.64 mm) to the
roots [15] that is directly affected by root secretions and associated soil microorganisms.
It is affected by loosely separated plant cells the rhizodeposition [16,17], and proteins and
sugars released by the roots i.e., root exudates [18]. This leads to more complex interactions
that significantly affect (apart from rhizobia-legume interaction) plant growth and micro-
bial competition in general. Most of the nutrient transfer between plants and the microflora
takes place directly in the rhizosoil, which is thus distinguished from the distal soil of the
bulk on the level of the microbial diversity [19], physiology, nutrient fluxes, and content of
both macro- and microelements [20]. The principal differences between the rhizosphere soil
(thizosoil) and bulk soil (non-rhizosphere soil) are generally reported [21] as having differ-
ential microbial community profiles depending on the soil space (rhizosphere x bulk) [22]
or different adaptation of rhizobia to variable environments of rhizosoil and bulk soil [23].
The significance and perseverance of the specific effect of rhizosoil community composition
enables prolonged determination of substantial differences present within distinct soil [24],
influenced by a defined agricultural treatment.

Nevertheless, the evidence of different plant species able hosting specific microbial
communities when grown on the same soil [25] proved that plants can shape their rhizo-
sphere microbiome [26,27]. The effect of different legume species grown under treatment
affecting their specific rhizosphere community on the crop yield, soil community and prop-
erties, was already referred [28-30]. The authors of these studies found that mixed strain
inoculation increased a higher total plant yield [28], legume-based mixture-treated soil
(inoculated with commercial inoculum) showed prolonged induced effect on proportion of
plants forming nodules and plant biomass when applied to the four legume species [30].
However, none of these works focused on the impact of diverse legume species-driven
rhizosphere soil microbial community on nutrient content, enzyme activities, total mi-
crobial abundance, and activity. Therefore, in this work we focused on the evaluation of
species-specific effect of various types of legumes on the soil biological properties, nutri-
ent transfer, and plant qualitative and quantitative properties in the agriculture system
of cover crops (in one-seasoned small scale plot experiment). We assume that various
legume species determined a different soil nutrient composition due to the rhizodeposi-
tion, root exudation, and dynamic interplay in root—soil —microbiome interactions which
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mediate changes in the nutrient fluxes [31]. We further presume that the differences in
rhizosoil may be non-correlative or even divergent to the nutrient transfer in bulk soil. We
hypothesized that,

e The biological properties of rhizosoil would exhibit generally stronger relation or
correlation among each other (due to less diverse and more specified microbial com-
munity) than the biological properties of bulk soil (which likely exert much higher
microbial diversity).

e  The nutrient content of plant biomass would correlate significantly more positively
with the biological properties of rhizosoil (due to the mutual interaction) than with
biological properties of bulk soil (because of weak or no interaction).

e  There would be a significant species-specific effect of tested types of legumes on
both biological properties of soil (enzyme activity, microbial abundance) and nutrient
content in the plant biomass.

2. Materials and Methods
2.1. Site Description and Experimental Setup

A small-scaled plot experiment under field conditions was carried out at the locality
near Troubsko, Czech Republic 49°10'25, 34 N, 16°29’49, 03 E (Figure 1). In terms of
agroecological division, the experimental area is characterized by mild warm/ mild dry
climate with an altitude of 287 m a. s. 1., average annual temperature of 8.95 °C, and an
average annual rainfall of 525.6 mm (1981-2010), see (Supplementary Materials, Table S1).
Geologically this area is the part of Bohemian Massif region, having the soil type silt to silty
loam. The soil was characterized as Haplic luvisol according to FAO soil classification [32],
in more detail in [33].

Troubsko

Poland

Austria

Figure 1. Location of the experimental site at the Troubsko, Czech Republic.
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The pre-crop on the plot in 2019 was winter rye (Secale cereale L.). After its harvesting,
the stubbles were buried to a depth of 8 cm by tillage. The experimental area (150 m?) for
each of 5 experimental crops (Table 1) was divided into 5 plots (30 m?). Two edge plots
(i.e., border plots between sown variants) were skipped, therefore, the division lead to
3 small-scale-plots per a particular crop type, each plot of 3 x 10 m.

Table 1. Experimental arrangement according to the species, variety, and seed dose per square meter.

Species (lat.) Species Variety Sowing [g-m~—2]
Trifolium incarnatum L. crimson clover Kardinal 2.74
Trifolium repens L. white clover Rivendel (small-leafed) 0.60
Trifolium hybridum L. alsike clover Taborsky 1.78
Melilotus albus Medik. sweet clover Béla (2-year) 1.71
Lotus corniculatus L. bird’s-foot trefoil Lotar 1.60

Sowing of experimental crops to a depth of 1.5 cm and with a standard row spacing of
12.5 cm led to 24 rows per a single small-scale plot. After sowing, the land was rolled and
no other agronomic practices were applied until harvesting. Harvesting and sampling for
plant biomass and soil properties analyses were performed 76 days after sowing.

2.2. Soil Sampling and Processing

At the end of crop season 2020 (day 76 of the experiment), the mixed samples of soil
and plant biomass were collected from 10 plants. The entire total plant biomass per a
harvested area was summed up, the number of growing clover plants per square meter
was not quantified. The root balls of plants for analysis were carefully dug out from the
soil in each plot up to 10 cm depth and placed in the plastic bag and transported to the lab.
The root ball was carefully disturbed, individual roots were placed on graph paper and the
soil matter which was more than 2 mm further from the root surface, was cut off with a
scalpel. This cut-off soil was collected and represented a non-rhizosphere soil (herein after
referred as bulk soil) from each experimental variant: I. crimson clover, III. white clover, V.
alsike clover, VII. sweet clover, IX. bird’s-foot trefoil (Table 2). Subsequently, the remaining
soil matter from the plant root cover was removed representing the closest layer of soil on
the root surface (<2 mm) i.e., rhizosphere soil (herein after referred as rhizosoil) variants:
II. crimson clover, IV. white clover, V1. alsike clover, VIII. sweet clover, X. bird’s-foot trefoil
(Figure 2). All experimental sample variants, which were subjected to the analyses and
determination of soil properties, are listed in the Table 2.

Rhizosoil - zone of direct influence of
the root on the soil environment

Hairy roots

Microbially released
substances or lysates

Bulksoil

>2mm <2mm

— -

~ Mucilage

b
;)l/' Exudates

7

_____

Figure 2. Pictorial representation of rhizosoil and bulk soil samplings.



Agronomy 2021, 11, 2214 5o0f 21
Table 2. Samples according to the species and root-soil proximity.
Number Samples Species Description

L crimson clover bulk Trifolium incarnatum  soil >2 mm from the root

1. crimson clover rhizosoil Trifolium incarnatum soil <2 mm close the root

IIL. white clover bulk Trifolium repens soil >2 mm from the root

V. white clover rhizosoil Trifolium repens soil <2 mm close the root

V. alsike clover bulk Trifolium hybridum soil >2 mm from the root

VI alsike clover rhizosoil Trifolium hybridum soil <2 mm close the root

VIL sweet clover bulk Melilotus albus soil >2 mm from the root

VIIL. sweet clover rhizosoil Melilotus albus soil <2 mm close the root

IX. bird’s-foot trefoil bulk Lotus corniculatus so0il >2 mm from the root

X. bird’s-foot trefoil rhizosoil Lotus corniculatus soil <2 mm close the root

Each soil sample was homogenized (bigger particles were crushed) by sieving through
a 2 mm mesh and cooled down (4 °C). The samples for the enzyme activity assays and for
the soil DNA isolation (and qPCR analysis) were freeze-dried [34].

2.3. Plant Biomass

The shoots were cut at the ground level, the roots were removed from the soil and
washed with water [35]. Fresh aboveground biomass (AGB) and roots biomass were
measured gravimetrically by weighing the shoots and cleaned roots separately on the
analytical scales. The weighed shoots were dried at 60 °C to the constant weight, and dry
AGB was measured gravimetrically by weighing the dried shoots on the analytical scales.
Dry plant biomass (AGB or root) samples for elemental analysis were prepared using
Kjeldal digestion procedure. Total nitrogen (IN) content in plant biomass was determined
by Kjeldahl method. Total phosphorus (P) and total potassium (K) content were analyzed
by AAS-the atomic absorption spectrometer Agilent 55B AA (Agilent Technologies, Santa
Clara, CA, USA).

2.4. Soil Enzyme Activities

The soil enzyme activities were measured according to [36], crudely extracted in
a water soil suspension, using on-microplate design. Samples were freeze-dried before
extraction. The p-nitrophenol (PNP)-derivatives of the specific soil substrates were used
for UV-Vis spectrophotometric measurement at A = 405 nm. -glucosidase (GLU) uti-
lized 4-nitrophenyl (3-D-glucopyranoside [37], arylsulfatase (ARS) utilized potassium
4-nitrophenyl sulfate [38], phosphatase (Phos) utilized 4-nitrophenyl-phosphate disodium
salt hexahydrate [39], and N-acetyl-f3-D-glucosaminidase (NAG) utilized 4-Nitrophenyl-N-
acetyl-3-D-glucosaminide [39]. Urease (Ure) activity was determined [40] as an amount of
ammonium produced from the substrate urea, which was detected UV-Vis spectrophoto-
metrically according to a modified Berthelot method using the reagent sodium salicylate,
which form a product cyanurate (A = 650 nm). Microplate reader Tecan Infinite 200 Pro
(Tecan Group Ltd., Mdnnedorf, Switzerland) was used for measurement. Each soil sample

was measured in nine replicates. The activities were expressed in the units nmol-min—!-g~1.

2.5. DNA Extraction and Real-Time gPCR

A commercial E.Z.N.A.® soil DNA kit (Omega Bio-tek, Norcross, GA, USA) was
used to extract DNA from approx. 0.25 g of lyophilized soil. DNA extracts were used
for real-time PCR for quantification of partial bacterial (165 rDNA), fungal (185 rDNA)
ribosomal RNA encoding DNA loci, and quantification of target genes vis amoA (cod-
ing for ammonium monooxygenase enzyme-indicator of ammonium oxidizing bacteria
(AOB), nirS (coding for nitrite reductase enzyme-indicator of denitrification), phoD (cod-
ing for alkaline phosphatase enzyme-indicator of phosphate solubilization). Spiking
with the DNA of plasmid vector pUC18 derivate was used for internal standardization
for valuation of yield efficiency and contamination with PCR inhibitors of each sam-
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ple. Isolated DNA was quantified on the Picodrop device (Quantica, Picodrop Limited,
Cambridge, UK). SYBR-green assays were performed with CFX96 Real-Time PCR Detec-
tion System (Bio-Rad Laboratories, Hercules, CA, USA). The primers used were 1108F
(5" ATGGYTGTCGTCAGCTCGTG 3’) and 1132R (5’ GGGTTGCGCTCGTTGC 3') for bac-
teria [41], FF390 (5 CGATAACGAACGAGACCT 3') and FR1 (5" AICCATTCAATCG-
GTAIT 3') for fungi [42], 517F (5’ CCAGCAGCCGCGGTAAT 3'), AMOA1F (5" GGGGTTTC-
TACTGGTGGT 3’) and AMOAIR (5 CCCCTCKGSAAAGCCTTCTTC 3’) for ammonia-
oxidizing bacterial (AOB) [43], nirSCd3aF (5* AACGYSAAGGARACSGG 3') and nirSR3cd
(5" GASTTCGGRTGSGTCTTSAYGAA 3') for denitrifying microbiota (nirS) [44], ALPS-F730
(5" CAGTGGGACGACCACGAGGT 3') and ALPS-1101 (5 GAGGCCGATCGGCATGTCG
3') for phosphate solubilizers (ALPS) [45]. Primers SQP (5" GTTTTCCCAGTCACGAC
3’) and SQPR2 (5" CTCGTATGTTGTGTGGAA 3') were used for gPCR quantification of
pUC18-derivate DNA (internal standard). All the reagents and reactives used were of
analytical quality: oligonucleotides provided by Eurofins (Luxembourg City, Luxembourg)
and 5x HOT FIREPol EvaGreen qPCR Mix Plus (NO ROX) provided by Solis Biodyne
(Tartu, Estonia).

2.6. Statistical Analyses

Data processing and statistical analysis were carried out with the help of the statistical
program R version 3.6.1. [46], together with the additional packages “ggplot2” [47] for
creating all the graphs.

One-way analysis of variance (ANOVA) was used for testing the effect of different
treatments to the soil properties and to detect the statistically significant difference among
the treatments it was applied the post-hoc Duncan’s multiple range test from package
“agricolae” [48] at the significance level of 0.05. For testing the effect of plants (as first
factor) and sampling place (as second factor)—also their interaction—two-way analysis
of variance was used (ANOVA). The factor level means calculating (with 95% confidence
interval (CI)) was carried out by using “treatment contrast”. Partial eta-squared (mp2)
from package “BaylorEdPsych” [49] was employed for measuring the effect size, and
the Pearson’s correlation coefficient (with 95% CI) was applied for measuring the linear
dependence among the soil properties.

For modelling the relationships between the soil properties with dependence of
selected treatments principal component analysis (PCA) was also used with the help of the
additional packages “factoextra” [50] and “FactoMineR” [51]. The chart of the correlation
matrix was created by using additional package “PerformanceAnalytics” [52].

3. Results
3.1. Plant Biomass and Nutrient Content Relation to Rhizosoil Microbial Abundance and Activity

The plant biomass was determined as aboveground (AGB) fresh and dry (shoot)
values and root fresh and dry values. The significantly highest AGB fresh value was
received for crimson clover, significantly the lowest two values showed sweet clover and
bird’s foot trefoil. Significantly increased dry AGB was received for crimson clover again,
compared to the other variants, from which the significantly lowest three values belonged
to sweet, white, and alsike clovers (Figure 3). The root fresh biomass was insignificantly
highest in white and alsike clover variants, with significantly lowest value for sweet clover
again. Root dry biomass was the lowest in the variant crimson clover and its value was
significantly decreased compared to bird’s foot trefoil and white clover, the highest in
average (Figure 3). These findings indicated a significant disproportion in the shoot:root
ratio of crimson clover, which was more than 4 for fresh and more than 7 for dry biomass.
The shoot:root ratio of both fresh and dry biomass was between 2 and 3 for other clover
types. The Pearson’s analysis showed significant positive correlation (Figure A1) of AGB
fresh and urease (r = 0.5) as well as 185 rDNA (r = 0.56) in rhizosoil. Root fresh biomass
correlated (Figure A1) significantly positively with all rhizosoil microbial abundance traits
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(16S and 185 rDNA, AOB, nirS, ALPS; r = 0.63-0.83) and with all rhizosolic enzymes (ARS,
GLU, NAG, Phos, Ure; r = 0.62-0.92).

5 0.6 0.5
4 0.5 0.4
0.4
~ 3 0.3
6E° 03 X
= 2 0.2
0.2
1 01 0.1
0 0 0
a)  AGBfresh b) AGB dry ) AGB N d) AGB P e) AGB K
1.5 0.2 a 4 0.3
1.2
— — 0.2
'?‘E 0.9 '?‘E _
= 0.6 =
0.1
0.3
0 0 0
f) Root fresh g) Root dry h) Root N i) Root P i) Root K

W crimson clover

W sweet clover m bird's-foot trefoil

m alsike clover

m white clover

Figure 3. Plant (a) fresh and (b) dry aboveground biomass (AGB), (f) fresh and (g) dry root biomass, and (c—e, h—j) biomass
nutrient (N,P,K) content in dry plant biomass of experimental variants = various types of clover/legume crops harvested
after plant growth period 76 days. Values are displayed in kg-m_2 (AGB and root biomass) and weight per cents (% w/w),
calculated as average from independent replicates (n = 3), error bars represent standard deviation. The different letters

express the statistical differences at significance level p < 0.05.

The nutrient content was determined in dry plant biomass of both shoots and roots as
well. AGB N was insignificantly different between all variants except of crimson clover
(the lowest in average), which only was significantly decreased compared to sweet clover
(Figure 3). The crimson clover’s root N was together with white clover significantly lower
as compared to sweet clover and alsike clover. AGB P of the sweet clover variant was on
the contrary significantly decreased in comparison to the other variants, and the root P
content was significantly lowered in sweet clover and bird’s-foot trefoil in comparison to
alsike clover and crimson clover. Only AGB K showed comparable values for all variants
without statistical significance, while root K was significantly decreased in white clover,
sweet clover, and bird’s-foot trefoil variants compared to crimson clover (Figure 3).

The final biomass yield could be ascribed from the content of nutrients
(Figures Al and A2). Fresh AGB correlated positively with root P (r = 0.7) and root K
(r = 0.74) and negatively with AGB N (r = —0.67); moreover, it correlated negatively with
dry root biomass (r = —0.71). Dry AGB correlated negatively with AGB N (r = —0.66) and
root N (r = —0.57) as well. Fresh root correlated positively with AGB P (r = 0.84), dry root
correlated with root P (r = —0.58) and root K (r = —0.68).

The mutual correlation was found between content of nutrients too (Figures Al and A2).
AGB N correlated positively with AGB K (r = 0.56) and negatively with root P (r = —0.67)
and root K (r = —0.61). AGB P correlated positively with root P (r = 0.49). Root P correlated
positively with root K (0.67).
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The significant correlations were obtained between nutrient content and microbial
properties in the rhizosoil (Figures Al and A2). AGB P highly positive correlated with Phos
(r=0.87), GLU (r = 0.88), NAG (r = 0.76) and with 165 rDNA (r = 0.7), 185 rDNA (r = 0.81).
AGB N showed opposite correlations: moderate negative correlation with Phos (r = —0.53)
and 185 rDNA (r = —0.64). Root P correlated positively to the Phos (r = 0.54), 185 rDNA
(r=0.73), AOB (r = 0.51).

The Pearson’s correlation analysis equaled the putatively less significant relation between
content of nutrients in plant biomass and bulk soil microbial properties (Figures 4 and 5).
AGB N exerted positive correlation with NAG (r = 0.54) and negative correlation with urease
(r=—0.5) and ALPS (r = —0.7). AGB P correlated negatively with AOB (r = —0.51), AGB K
correlated negatively with Phos (r = —0.6). Root P correlated positively with ALPS (r = 0.54),
urease (r = 0.65), and negatively with NAG (r = —0.71). Root N showed mostly negative
correlation with 16S rDNA (r = —0.64), AOB (r = —0.61), nirS (r = —0.68), ALPS (r = —0.74),
and ARS (r = —0.71). Root K correlated positively with AOB (r = 0.51), ALPS (r = 0.61), urease
(r = 0.61), and negatively with NAG (r = —0.62).

100 20 160
ab a
b
= 80 a =15 ;i = 120 E b
o %0 %
e 60 b b 5 b b
€ £ 10 £ 80 cd €
—_ - C - de de I
c 40 C d
£ wFIl B |alc e dedepgy £ 4 M M
= 4 B M E £ 5 N M B £ 40
20 =
0 0 0
a) Glu b) ARS c) Phos
25 20 I. crimson clover bulk
s a B |l. crimson clover rhizosoil
= 20 b 515 Ill. white clover bulk
Tga 15 Tgn b b W |V. white clover rhizosoil
c C =
é é 10 V. alsike clover bulk
E 10 d d g C c B VI, alsike clover rhizosoil
c f ef de I c cd d d
=g |f < I = = 5 | I ?[i d T I VIl. sweet clover bulk
I =
| VI, sweet clover rhizosoil
0 0 IX. bird's-foot trefoil bulk
d) NAG e) Ure W X. bird's-foot trefoil rhizosoil

Figure 4. Soil enzyme activities in rhizosoil and bulk soil of experimental variants, collected from field cultures of various
types of clover/legume crops after plant growth period 76 days: (a) B-glucosidase, (b) arylsulfatase, (c) phosphatase,
(d) N-acetyl-p-D-glucosaminidase, (e) urease. Values (displayed in nmol-min—1- g_l) were calculated as average from
independent replicates (n = 27), error bars represent standard deviation. The different letters express the statistical differences

at significance level p < 0.05.
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Figure 5. Microbial biomass (determined as copy number of target genes specific to functional groups) in rhizosoil and
bulk soil of experimental variants, collected from field cultures of various types of clover/legume crops after plant growth
period 76 days: (a) bacterial biomass (16S), (b) fungal biomass (18S), (c) biomass of ammonium oxidizing bacteria (AOB),
(d) biomass of denitrifying bacteria (nirS) (e) biomass of phosphorus solubilizing bacteria (ALPS). Values (displayed in
copies- g_l) were calculated as average from independent replicates (n = 24), error bars represent standard deviation. The
different letters express the statistical differences at significance level p < 0.05.

3.2. Enzymes Activities in Rhizosoil and Bulk Soil

All enzymatic activities (Figure 4) of variants crimson clover, white clover, alsike clover
and bird’s-foot trefoil showed significantly increased values in rhizosoil in comparison to
the bulk soil. Received (3-glucosidase (GLU) value were the significantly highest in white
clover and alsike clover rhizosoil, compared to the other variants, from which rhizosoil
GLU of crimson clover and bird’s-foot trefoil were significantly increased compared to
all bulk soil variants. Moreover, rhizosoil GLU values correlated (Figures A1l and A2)
positively with all other enzymes (r was 0.76-0.81) and with all microbial biomass traits
(r was 0.76-0.89). Whereas bulk soil GLU values correlated less strongly: positively only
with Phos (r = 0.76) and NAG (r = 0.7).

N-acetyl—{3-D-glucosaminidase (NAG) showed almost the same pattern: the signif-
icantly highest in white clover and alsike clover rhizosoil, rhizosoil values of crimson
clover and bird’s-foot trefoil variants were significantly increased compared to all bulk soil
variants (Figure 4). The correlation of rhizosoil NAG (Figures Al and A2) was positive
with all enzymes (r was 0.65-0.74) and with all microbial abundance traits (r was 0.78-0.87).
Bulk soil NAG correlated positively with Phos (r = 0.57).

Arylsulfatase (ARS) was detected the significantly highest in white clover rhizosoil,
compared to rhizosoil crimson clover and alsike clover, which were significantly higher
than ARS of bird’s-foot trefoil rhizosoil. This value was significantly increased (as all other
rhizosoil ARS values) compared to all bulk soil variant ARS values (Figure 4). ARS in
rhizosoil correlated again broadly and positively with all enzymes (r was 0.58-0.87) and
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microbial abundancies (r was 0.7-0.87). ARS in bulk correlated positively with urease
(r=0.5), AOB (r = 0.7), and ALPS (r = 0.57).

Phosphatase activity (Phos) was significantly increased in the rhizosoil variants crim-
son clover, white clover, and alsike clover, compared to rhizosoil value of bird’s-foot trefoil,
which was significantly higher compared to all Phos values from bulk soil. Rhizosoil Phos
correlated positively with urease (r = 0.54) as well as all other enzymes, and highly corre-
lated with all microbial biomass properties (r was 0.61-0.76) except of ALPS. Urease (Ure)
was the significantly highest in white clover rhizosoil, in comparison to rhizosoil Ure of
crimson clover and alsike clover, which values were significantly increased to urease of
sweet clover and bird’s-fool trefoil (Figure 4). Moreover, urease activity in rhizosoil corre-
lated positively with enzymes and all microbial biomass traits (r was 0.73-0.86), urease in
bulk soil correlated positively with AOB (r = 0.54)—Figures Al and A2.

3.3. Microbial Biomass and Abundance in Rhizosoil and Bulk Soil

The microbial biomass of different groups of soil microorganisms was determined
as copies (per gram of dry soil) of target DNA (gene, locus). The 165 rDNA, indicator of
bacteria, was the significantly highest in the white clover rhizosoil as compared to all other
variants, from which alsike clover rhizosoil 16S was significantly higher than rhizosoil
values of crimson clover and bird’s-foot trefoil and bulk soil value of white clover. The
other variants were all the significantly lowest in 16S (Figure 5). Rhizosoil 16S correlated
(Figures Al and A2) positively with all other microbial abundancies (r was 0.89-0.97), bulk
soil 16S correlated positively only with 18S (r = 0.8) and nirS (r = 0.91).

The 185 rDNA, indicator of fungi, showed almost the similar picture: significantly
highest in the white clover rhizosoil as compared to alsike clover rhizosoil (and all others),
which showed significantly increased value compared to rhizosoil crimson clover and
bird’s-foot trefoil and bulk soil white clover (higher than the other variants)—Figure 5.
Rhizosoil 18S correlated (Figures A1 and A2) positively with all other microbial biomass
traits (r was 0.8-0.93), bulk soil 18S correlated positively only with nirS (r = 0.8).

AOB monitored the biomass of ammonia oxidizing bacteria and was the significantly
highest in alsike clover rhizosoil, compared to other variants with vastly lower AOB values.
Except for AOB in white clover, alsike clover, and crimson clover rhizosoil, the other clover
types showed comparable or significantly decreased values in rhizosoil compared to the
paired bulk soil variants (Figure 5). A positive correlation (Figures Al and A2) was found
in rhizosoil for AOB with nirS (r = 0.82) and ALPS (r = 0.92) and in bulk soil between AOB
and ALPS (r = 0.6).

Nitrate reductase (gene nirS), a determinant of denitrifying microorganisms, referred
to the marking for this group nirS. The significantly highest nirS value was in rhizosoil
white clover, significantly increased as compared to rhizosoil alsike clover and bulk soil
white clover. These variants exerted significantly increased nirS compared to crimson
clover and bird’s-foot trefoil rhizosoil (Figure 4), which were on average higher than the
other variants. Nir§ positively correlated with ALPS (r was 0.84 in rhizosoil, 0.52 in bulk
soil)—Figures Al and A2. Phosphorus solubilizing microorganisms ALPS (indicated by
gene phoD coding for alkalic phosphatase) were most abundant in white clover rhizosoil,
significantly increased as compared to alsike clover rhizosoil, which was significantly
higher in comparison to sweet clover rhizosoil, bird’s-foot trefoil rhizosoil, and both
rhizosoil and bulk soil of crimson clover. The other values from bulk soil were lower
in average.

4. Discussion
4.1. Plant Biomass and Nutrient Content Relation to Rhizosoil Microbial Abundance and Activity

Legume cultivation has been recognized as a win-win strategy to improve soil fertility
for better production of succeeding crops [53,54]. This is because legumes have the high
capacity not only to fix N for plant uptake but also due to their promoting effects on
the indigenous microbial communities which ultimately results in higher crop biomass
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accumulation [10,55]. These effects might be species-specific and thus determine a variable
effect on plant biomass and its content of not only AGB and root N, but also other, jointly
uptaken nutrients: AGB and root P, AGB and root K. Concurrently, these differences
in nutrient content might be attributed to the variable traits of clover species involving
differential mechanisms of nutrient transformation and uptake [55,56].

In the present study, carried out in the field conditions on small-scale-plots for 76 days,
we compared the plant biomass yield, separately the aboveground biomass (shoot) and
root biomass fresh and dry and correlated to the nutrient content in plant tissues. We ex-
perienced the highest fresh and dry AGB value for crimson clover, which concurrently
showed significantly lowest dry root biomass. These observations were complemented
with the highest average root P and K but lowest AGB and root N. This was in agreement
with observed fresh AGB positive correlation with root P, root K and negative correlation
with AGB N. Putatively, excessive P promoted K uptake and it was reported that such
convergence improved biomass accumulation in return [57]. Root nutrient values exerted
antagonism of both P and K versus N content, it might evidence a competition between
acquisition of P + K nutrients and N uptake (Figure A1). We presumed that these differ-
ences in the final nutrient content values of the legume shoots and roots indicated variable
uptake rates. These results agree with the previous studies [58,59].

Phosphatase activity in rhizosoil of crimson clover was, together with variants white
clover and alsike clover, significantly increased compared to the other variants. Phos cor-
related positively with root P and negatively with AGB N, which relations supported
our results. These findings, together with disproportional shoot:root ratio (>7 for dry
biomass, >4 for fresh) indicated that this clover type suffered from excessive amount
of soil Phos (albeit being well supplied with K) but was limited in N. We ascribed this
assumption to the less extensive rooting, indicated by second lowest fresh root biomass
(in average), significantly lowest dry root biomass, and apparently low AOB biomass in
rhizosoil. These features anticipated putatively (proportionally to the plant biomass) de-
creased activity and abundance of N fixing and nitrifying microorganisms. Nevertheless,
the demand for N and P by crimson clover was presumably quite low and thus, resulted in
enhanced biomass formation as compared to other clovers. Despite the weaker root growth
of crimson clover ascribed from low biomass formation, a significant effect of plant on
microbial activities and biomass in the rhizosphere was found. Except for ALPS, all values
in rhizosoil were higher than in bulk soil. Therefore, the putative species-specific clover
effect associated microbiota would be more pronounced in rhizosoil than in bulk soil.

Contrarily to crimson clover, sweet clover (and bird’s-foot trefoil) showed significantly
lowest fresh AGB and (not bird’s-foot trefoil, which showed low plant water) dry AGB
as well. Sweet clover root biomass was also lowest (in average) and bird’s-foot trefoil
exerted high dry content in both shoot and root tissues. In contrast to crimson clover,
sweet clover contained the highest average AGB N, quite high root N, but the significantly
lowest AGB P and lowest root P (in average). Compared to all other rhizosoil variants,
the sweet clover rhizosoil showed the lowest of all enzyme activities (except of urease) and
lowest microbial abundancies (except of ALPS). We assume from this that the retarded
growth of sweet clover was either caused physiologically (short growth period under
respective climatic conditions) or due to the limitation in P, which in return lead to excessive
N. Nevertheless, reduced growth and rooting of sweet clover meant that there was not
revealed any significant increase of enzyme activity (except of urease) or microbial biomass
(except of ALPS) in the rhizosoil compared to the bulk soil. Moreover, 185 rDNA and AOB
were significantly decreased in the rhizosoil in comparison to the bulk soil. This finding is
in agreement that 185 was found to positively correlate with values of fresh AGB and root
biomass, and both AGB and root P.

The bird’s-foot trefoil specific feature was the lowest shoot:root fresh biomass ratio
which was about 1.9, compared to other variants with values >2.4. It was the evidence
of far more (proportionally to AGB accumulation) rooting. As coupled with the highest
dry AGB and root biomass, we ascribe an assumption of possible water deficiency in
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the bird’s-foot trefoil plants. The bird’s-foot trefoil content of AGB and root K was on
average the lowest compared to all other variants (Figure 3). Limited K acquisition is one
of the consequences of drought [60]. The bird’s-foot trefoil also exerted significantly low
root P content, which positively correlated with root K and several enzyme and microbial
biomass traits. Low levels of root P and K corroborated the presumption of drought
stress, which was further accompanied with negative impact on microbiota in rhizosoil.
Significantly decreased were enzyme activities (ARS, urease) and microbial abundancies
(185, AOB) in comparison to all variants except for sweet clover. However, similar to the
crimson clover, we received a significantly positive effect of plant on values of microbial
activities and biomass (except of AOB) in the rhizosphere compared to bulk soil. AOB
content was very low in both rhizosoil and bulk soil, it agreed with the observed positive
correlation between root K and AOB in bulk soil.

Alsike clover and white clover were very similar in their results obtained in this
experiment. They both were characterized by the highest average fresh root biomass
and comparably to crimson clover high dry root biomass. Fresh AGB was significantly
decreased compared to crimson clover but increased compared to sweet clover and bird’s-
foot trefoil. Moreover, dry AGB was significantly decreased compared to the highest value
of crimson clover and the bird’s-foot trefoil variant-Figure 3.

These results indicated significantly enhanced growth (more significant than in crim-
son clover, sweet clover) of roots compared to the growth of shoots, which was evidenced
by the quite low fresh biomass shoot:root ratio (2.4-2.5 both). However, the higher putative
rooting of both variants was only in alsike clover plant tissues coupled with comparable
(to the variants with highest values) content of AGB N, P, and K, as well as root (all three)
nutrients. Compared to crimson clover, the white clover was decreased in root N, root P,
root K, which finding anticipated lowered biomass formation. Nevertheless, it is difficult
to explain the contrasting results of alsike clover and white clover nutrient content together
with the comparable plant biomass values.

Compared to other variants, rhizosoil of both variants white clover and alsike clover
showed the significantly most increased values of enzyme activities (except of Phos) and
all microbial abundancies (Figures 2 and 3). Absolutely highest were the values of white
clover rhizosoil (except of AOB in alsike clover) and we ascribed this feature to pronounced
rooting. Plant root-promoted enhancement of soil microbiota content and activity was again
evidenced by the significantly increased microbial properties in rhizosoil in comparison to
the bulk soil.

The above listed differences in the plant traits of tested clover types and their correla-
tion with diversities in rhizosoil microbial traits supported our hypothesis for a significant
species-specific effect on nutrient uptake and mutual plant-soil interaction. The rhizosoil
is considered more specifically affected by the used plant species than the bulk soil, due
to the proximity of roots and the rate of influence in form of rhizodeposition, exudation,
etc. Species-specific effects of respective taxa might be derivable from the referred differing
properties (e.g., tolerance to salinity, acidic or alkaline pH, soil moisture). For instance, al-
sike clover and bird’s-foot trefoil are especially tolerant to acidity and waterlogging [61,62],
whereas sweet clover tolerates salinity and alkalinity very well, however, its tolerance to
acidity is lower [63]. Compared to the sweet clover, white clover’s properties are com-
pletely opposite [64]. Clovers also differ in their ability of atmospheric N fixing, the range
of their field fixation capacity is 0-30 g N-m~2 [65].

4.2. Microbial Soil Propertied in Rhizosoil and Bulk Soil, and Their Relation to Plant Traits

We observed that all indicators of plant nutrient content showed correlation with the
microbial abundance properties (DNA). As we hypothesized, more dynamic changes in
the nutrient fluxes in rhizosoil due to the rhizodeposition [66] and root exudation [67] are
the drivers of closer relation between these properties. Contrasting negative correlation
of AGB N with urease, 16S, 18S, nirS in rhizosoil and with urease in bulk soil, as well as
negative correlation of root N with urease, 16S, AOB, nirS in bulk soil indicated a presumed
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mitigation of N acquisition by plants under enhanced N mineralization and microbial
abundance in rhizosoil. While N mineralization (evidenced by NAG) in bulk soil moder-
ately promoted N mineralization due to increased fungal biomass turnover. Higher uptake
of N to the plant was putatively negatively related to the abundance and activity of soil
N-transforming microbes. Presumably, assimilation of N by N fixing microorganisms in
counteracting to nitrification in the rhizosoil. A possible explanation could be the produc-
tion of nitrification inhibitors in their root exudates [68], at the simultaneous stimulation
of N, fixation. This finding could be also related to the referred negatively correlated
clover biomass with soil indicators of N availability (Figures A1l and A2), as far as this
feature was observed only in the mixed culture [69]. This fact highlights the importance
of root exudates which likely modified soil properties in rhizosoil more than bulk soil, as
referred [70]. For example, sweet clover contains coumarin [71] and aromatic phenolic
compounds, which (when excreted by plant roots) may affect both N-fixers [72] and the
other rhizobacteria. Some of these root microorganisms may counter-act as allelopathic
elements [73,74] and chemically modulate final plant response to pH, osmotic potential, or
complete soil microbial community [75,76].

The higher AGB N and N uptake could also interfere with P solubilization and uptake.
Root P correlated with both fungal (185 rDNA) and AOB abundance, and asimilar obser-
vation was referred to the role of rhizobacteria [77] and arbuscular mycorrhiza fungi [78]
in P uptake by legume crops. Arbuscular mycorrhizal fungi symbiosis has been charac-
terized to enhance P accumulation, N nutrition, and biomass production, and was linked
to rhizobacterial N fixation [78]. However, this is assuming from the results that variants
with high AGB N and root N (sweet clover, alsike clover) showed either low AGB + root P
(sweet clover) or comparably (to others) high values at significantly increased activity and
abundance of P solubilizers in rhizosoil (alsike clover). Significantly increased (compared
to others) soil Phos activity (white clover, alsike clover-Figure 4) and ALPS = P solubilizing
microbes (white clover-Figure 5) in rhizosoil let us anticipate enhanced P transfer to plants,
similar to results reported by reference [79]. Nevertheless, we did not corroborate this
expectation. We speculated that enhanced N;-fixation activity, the process which is highly
ATP-dependent [80], induced an increased demand to plant on energy sources in form of
root exudates. Subpopulations of N-transforming and P-solubilizing microorganisms are
linked (to some extent) by N»-fixators, which are also P-mineralizing, as it was referred
by reference [80]. We could presume an increased demand for P for ATP generated due
to enhanced C catabolism. Subsequent higher microbial acquisition of organic P made it
putatively less available to Phos-mediated mineralization for plant demand and gave the
explanation of observed negative correlation of AGB N and Phos.

This hypothesis of putative linkage of P uptake to ATP-dependency of N fixation
could answer the observed contradiction, why the significantly increased abundance and
activity of rhizosoil-associated microorganisms (indicated by Phos and ALPS) in white
clover and alsike clover coupled with P uptake limited to AGB P values comparable to
other clover variants with much lower biomass and activity (crimson clover, bird’s-foot
trefoil). Nevertheless, the higher fresh root biomass, which might indicate larger root
system of the respective clover types, supported the microbes in growth and colonization
significantly more efficiently not only in the rhizosoil, but also in bulk soil. White clover
bulk soil values of 165, 18S, nirS were comparable or significantly higher compared to the
values of these traits in rhizosoil of variants sweet clover, crimson clover, bird’s-foot trefoil.

Contrarily to the rhizosoil, the enzyme activities in the bulk soil were not all found
in direct relation to the microbial soil properties (Figures Al and A2). While GLU and
NAG positively correlated with P, an antagonism with 16S, 185 rDNA, and nirS was found
(Figures Al and A2). Based on this finding, we assumed that increased denitrifying fraction
of bulk soil was raised by accidental anaerobic conditions [81], and the oxygen limitation
might inhibit the C mineralizing enzymes GLU and NAG due to suppression of phenolic
compound breakdown-so-called enzymic latch hypothesis [82]. The GLU, Phos, and NAG
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were significantly the highest in bulk soil of bird’s-foot trefoil variant, whereas the ARS
was the highest in the crimson clover variant.

The differences in enzyme activities among studied variants might occur either due to
the large differences in microbial communities” composition [83], which are more variable
in bulk soil, and partially due to the differences in C:N ratio of different clover species [84].
Moreover, it has been well established that the C:N ratio of crop residues returning in
soil have strong influence of C and N cycling enzymes [85]. More specifically C cycling
enzymes are positively related with C:N ratio whereas, N cycling enzymes are negatively
linked to C:N ratio of the plant litter (herein after clover spp.) [86,87].

A previously published study [88] referred to higher soil nutrient contents and micro-
bial diversity in rhizosphere soil compared to non-rhizosphere (bulk) soil, monoculture
cultivation leads to differential composition of soil microbial community and to varied
physicochemical properties in both rhizosoil and bulk soils. Although similarity between
rhizosoil and bulk soil in some features occurred, weaker positive correlation among micro-
bial properties was observed (Figure A1). F values of two-way analysis of variance ANOVA
(Table S2) were significantly higher for the factor Sample Place compared to the factor Plant
and clearly supported the observation that rhizosoil or bulk soil microbiome impacted
soil properties much stronger than plant type. All microbial abundances of the bulk soil
in their maximum values were in most crop variants significantly lower as compared to
rhizosoil. These results are substantiated by reference [89]. Highly correlating bacterial and
fungal biomass with denitrifying microorganisms were evidenced for the bulk soil of white
clover (the highest nirS value), whereas the alsike clover and bird’s-foot trefoil showed the
smallest values of nirS in the bulk soil (Figure 5). Presumably, the microbial community of
bulk soil was more abundant on the denitrifying subpopulation, thus bacterial and fungal
soil biomass was reported to be positively related to the denitrifying activities in soil [90,91].
Further we observed positive relation between the ALPS and the AOB in the bulk soils
of crimson clover variant and bird’s-foot trefoil, which were detected as the significantly
highest as compared to the bulk soil of alsike clover, which value was the lowest. Such
coupled nitrification and P solubilization were reported for rhizobacteria too [92].

All observed effects were more significant in the rhizosoil than in the bulk soil. Al-
though the previous studies [29,30] focused on various interactions and responses of
various types of clovers to defined soil microbial conditions, to our best knowledge there is
only one study [93], which is focused on the investigation of the rate and difference in the
most specific plant-rhizobiome interaction. This interaction is much more dynamic than the
plant-rhizobiome-bulk microbiome interspace relation in the bulk soil, and therefore more
sensitive and responsive to the combination of soil factors (chemical, physical properties)
but concurrently vastly more affected by succession of the unique microbial community
of the symbiotic and mutualistic microorganisms [94]. Root-secreted substances are the
substantial factor that enhance microbial activity [95,96]. Thus root-mediated microbial
triggering might have increased the observed enzymes in present study (Figure 4) through
enhanced microbial metabolism in search for food [97,98]. These facts further warrant the
necessity of determining the effects of combinations of different clover species as well as
variations of root-derived substances on an array of soil health parameters for better man-
agement of soil fertility. From this reason we consider the experimental characterization of
the rhizosoil as a suitable approach for the detailed and sensitive investigation of the plant
species-specific effect on the soil properties.

5. Conclusions

There are the following main conclusions resulting from the above presented outcomes
of the experiment:

e The soil biological properties were generally more affected in the rhizosoil than in

the bulk soil, although the individual legume crop variants differed in the rate and
significance of the differential impact on either rhizosoil or bulk soil. The most
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significantly affected properties were ammonium oxidizing bacteria (AOB) and P-
solubilizing microbiota in the rhizosoil of white clover and alsike clover variants.

e  The biological properties of rhizosoil showed generally high synergism among each
other and a significant effect on the plant qualitative and quantitative properties.

e However, the antagonism among N and P + K transfer in the rhizosoil to plants in
the term of nutrient uptake and acquisition by either shoots or roots of tested legume
crops, and this antagonism also influenced AGB and root biomass.

e  Species-specific effect of tested legume crops was evaluated: the most significant
species-specific effect showed white clover and alsike clover, whereas the least signifi-
cant species-specific impact exerted sweet clover.

e  The experimental design may be applied as a suitable approach for the investigation
of the plant species-specific effect on the soil properties.
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AGBN nitrogen content in dry AGB
AGBP  phosphorus content in dry AGB
AGBK potassium content in dry AGB
AHL N-acyl homoserine lactone

AOB ammonia oxidizing bacteria
ALPS phosphorus solubilizing microbes
ARS arylsulfatase

FAO Food and Agriculture Organization of the United Nations
GLU -glucosidase

NAG N-acetyl-p-D-glucosaminidase

nirS nitrate reductase/denitrifiers
PCA principal component analysis
Phos phosphatase

r Pearson’s correlation coefficient

root N nitrogen content in dry root biomass
root P phosphorus content in dry root biomass
root K potassium content in dry root biomass
Ure urease
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Appendix A

Variants

| ® | ires-foat trefoil rhizosail
IE Sweet clover rhizosoil
IE Alsike clover rhizosoil
E Crimson clover rhizoscil
m White clover rhizosoil

Dim2 (23.4%)

02

04

06

0
E Dim (54.7%)

b)

0.8
06

04

Variants

\i Bird's-foot trefoil bulk soil
|TJ Sweet clover bulk soil
[m] Alsike clover bulk soil
|| crimson clover bulk soi

}57 White clover bulk seil

02

Dim2 (26%)

02

04

0.6

08

i
0
D

im1 (37.7%)

Figure A1. PCA biplot analyses of the properties of rhizosoil (a) and bulk soil (b) and plant biomass.
Abbreviations are: (AGB-fresh, dry); fresh and dry aboveground biomass, (root-fresh, dry); fresh and
dry root biomass, (N-, P-, K- AGB or root); biomass nutrient (N,PK) in AGB or roots, (16S, 185, AOB,
NirS, ALPS); bacterial, fungal, ammonium oxidizing bacteria, denitrifying bacteria and phosphorus
solubilizing bacteria and (Glu, ARS, Phos, NAG, Ure); 3-glucosidase, arylsulfatase, phosphatase,
N-acetyl-p-D-glucosaminidase, and urease enzymes, respectively.
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Figure A2. Pearson’s correlation analyses of the properties of rhizosoil (a) and bulk soil (b) and
plant biomass. Abbreviations are: (AGB-fresh, dry); fresh and dry aboveground biomass, (root-fresh,
dry); fresh and dry root biomass, (N-, P-, K- AGB or root); biomass nutrient (N,PK) in AGB or roots,
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