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Abstract: Legumes enhance pasture health and soil productivity by fixing atmospheric nitrogen and
boosting soil microbiota. We investigated the effects of tropical pasture legumes, including butterfly
pea (Clitoria ternatea), seca stylo (Stylosanthes scabra), desmanthus (Desmanthus virgatus), lablab (Lablab
purpureus), and Wynn cassia (Chamaecrista rotundifolia), on the soil microbial community and buffel
grass (Cenchrus ciliaris) gene expression. Additionally, we explored the impact of a phytogenic
bioactive product (PHY) in the coculture system. A pot trial using soil enriched with cow paunch
compost included four treatments: monoculture of buffel grass and five legume species with and
without PHY supplementation and coculture of buffel grass with each legume species with and
without PHY supplementation. Actinobacteriota and Firmicutes were the dominant bacterial phyla.
Regardless of PHY application, the coculture of buffel grass with legumes positively influenced
microbial composition and diversity. Transcriptomic analysis revealed significant gene expression
changes in buffel grass shoots and roots, with each legume uniquely affecting nitrogen metabolism.
Lablab and Wynn cassia exhibited similarities in modulating metabolic processes, butterfly pea
contributed to mycotoxin detoxification, and desmanthus balanced cell death and growth. Seca
stylo enhanced root cell growth and regeneration. These findings offer insights for optimizing
legume-grass coculture systems, enhancing soil activity and promoting sustainable agriculture.

Keywords: legume; coculture; soil microbiota; transcriptomic analysis; soil microbial diversity;

plant-microbial interaction

1. Introduction

Legumes, a group of plants belonging to the family Fabaceae, are well known for
their agricultural value as they have nutritional significance for humans and livestock and
provide benefits for other plants and soil in a coculture environment [1]. Coculture, as
opposed to monoculture, is a term that refers to the cultivation of two or more plant species
together [2]. It is widely used in agriculture to improve productivity. As a common practice,
coculture of legumes and grass is a sustainable method of pasture management. The
benefits of coculture involve soil microorganisms that form symbiotic relationships with
legumes. These rhizobia microorganisms help legumes convert atmospheric nitrogen into
a form that can be available to plants, which promotes nitrogen enrichment in the soil [3].
This relationship also improves soil organic matter, promoting soil biodiversity, which is
beneficial for neighboring plants [4-6]. Coculturing legumes with other non-legumes has
been shown to affect soil microbial communities and host gene expression significantly.
Studies on soybean-wheat indicated that coculture increased the relative abundance of
Firmicutes and Bacteroidetes and reduced Actinobacteria, Verrucomicrobia, and Chloroflexi
compared to maize-wheat. Genes involved in the uptake of nitrogen and phosphorus were
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enriched [7]. Therefore, the coculture environment has become an advantageous ecosystem
where the interaction among the legumes, rhizobia, and other plants contributes to soil
productivity and pasture yield [8].

Buffel grass (Cenchrus ciliaris L. Poaceae) was introduced into Australia for grazing
decades ago due to its robust adaptability to local climate and soil [9]. Previous studies
have revealed that some legumes, such as Stylosanthes scabra Vogel Fabaceae and Clitoria
ternatea L. Fabaceae, were frequently present in the pasture composition exposed to poor
soil conditions on some Queensland farms [9]. It would be informative to understand how
these legumes interact with soil microbes when they grow with grass. Here, we present
three additional legumes, Desmanthus virgatus (L.) Wild. Fabaceae, Chamaecrista rotundifolia
(Pers.) Greene, and Lablab purpureus (L.) Sweet. Fabaceae, which were introduced to
Queensland decades ago and occur widely in improved pasture systems. In the natural
environment, buffel grass often grows with multiple legume species, where the complexity
of the pasture mixture precludes discovering the influence of individual species on it.
In this study, buffel grass was cocultured with a single legume species or assessed as a
monoculture. We also applied the Activo SOL, which is a phytogen-based liquid, to the soil
of half the treatments before sowing to investigate interactions between legumes and grass
in the presence and absence of the PHY, demonstrating a range of soil benefits as reported
in a previous study [10].

Among all the legumes found on the pasture, Stylosanthes scabra Vogel Fabaceae, known
as seca stylo, is the most widely spread species introduced from South America [11]. Seca
stylo is a vital drought-tolerant forage legume suitable for seasonally dry environments. It
is adapted to perform on low-quality soil with little rainfall [12]. This species possesses a
shrubby and upright structure and an extensive tap root system, enabling it to withstand
drought and generate a considerable amount of high-quality forage in severe environments.
It grows in tropical and subtropical regions with variable soil fertility and acidity [13].
Farmers use seca stylo as an alternative forage source for ruminants [11] in tropical and
subtropical climatic conditions where the pasture biomass is prone to drought damage.

Butterfly pea (Clitoria ternatea L. Fabaceae) is a perennial, summer-growing legume
that grows on clay soils. Butterfly pea has been commercially sown in Central Queensland
for over six years. It can regenerate degraded grass pasture [14]. Butterfly pea has a
significantly shorter time to the first grazing opportunity as it rapidly produces biomass
compared to other pasture legumes. Research efforts have focused on tropical legumes for
use on clay soils, and butterfly pea is now known to be well adapted to lower rainfall (700
to 800 mm mean annual rainfall) areas in Central and Southern Queensland [15,16].

Desmanthus (Desmanthus virgatus (L.) Wild. Fabaceae), a highly persistent legume
originally from America, was introduced to Queensland 40 years ago [17]. Its strong
drought tolerance makes it well-established in subtropical and tropical regions. Desman-
thus also performs well under heavy grazing. So far, a few studies have evaluated the
animal response to the inclusion of desmanthus in the diet or pasture. Gardiner and Parker
(2012) found that steers grazing on pasture comprising a mix of buffel grass (Cenchrus
ciliaris L. Poaceae) and desmanthus during the dry season in Central Queensland gained
an extra 40 kg of weight in 90 days compared to those fed on the monoculture of buffel
grass [18]. Another study conducted in Central Queensland [19] also revealed that cattle
grazing on pastures containing buffel grass and desmanthus could consistently obtain an
additional 40 kg per head over several seasons.

Chamaecrista rotundifolia (Pers.) Greene, also known as Wynn cassia, is a short-lived
perennial or self-generating annual legume. Its native habitat is widely distributed in South
America and was introduced in Australia 25 years ago as a pasture legume. It grows in dry
soils, areas of low rainfall, and in low fertility [20]. It can also reduce erosion and runoff
over time. These factors make it a potential asset to farmers in the subtropics and elsewhere,
where soil quality is an obstacle to farming. This nitrogen-fixing legume also serves as a
source of feed for livestock and acts as a green fertilizer, raising soil quality and nutrient
content, which has the potential to improve pasture yields [21]. Excellent protein quality
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and digestibility have been recorded under grazing conditions. Using Wynn cassia in a
mixed pasture resulted in an increase in live weight gains in beef cattle of 40% compared to
a non-mixed pasture.

Lablab purpureus (L.) Sweet. Fabaceae, also named lablab, is a fast-growing tropical
legume. It is a high-yielding legume with high-quality forage, which can be sown with
summer grasses to provide a mixed-pasture system for livestock [22]. It is drought tolerant
once established, making it suitable for dry areas with low rainfall.

Our previous research demonstrated that a commercial phytogenic product (PHY),
comprising citric acid, carvacrol, and cinnamaldehyde, has the potential to restore soil
microbiome by selectively inhibiting microbes associated with poor soil health and si-
multaneously promoting the proliferation of beneficial rhizobia, thereby enhancing plant
growth [10,23]. Building on these insights, in this study, we designed a controlled pot
trial to examine systematically the general effects of coculture of each legume and buffel
grass on the soil microbial community and grass gene expression from the perspective of
microbiota and transcriptomics. Additionally, we combined the influence of the PHY with
the coculture system, aiming to see its role in augmenting soil microbial diversity.

2. Materials and Methods
2.1. Experiment Set-Up

This study was performed in spring in the central Queensland area. It comprised four
treatments with twenty-two treatment groups as follows:

(1) Buffel grass (G) and five legumes, including butterfly pea (B), desmanthus (D), lablab
(L), Wynn cassia (W), and seca stylo (S) grown without PHY.

(2) Bulffel grass and each legume grown in soil treated with PHY (GP, BP, DP, LP, SP, WP).

(3) Bulffel grass and each legume grown together (coculture) without PHY (GB, GD, GL,
GS, GW).

(4) Coculture of buffel grass and each legume with application of PHY (GBP, GDP, GLP,
GSP, GWP). Each treatment had ten replicates, resulting in 220 pots planted in the
trial. This design allows for the independent isolation and analysis of both the effects
of PHY and coculture, each with its own control group.

Legume and buffel grass seeds were procured and stored at room temperature (24 °C).
Prior to sowing, the germination rate was determined through literature research, supplier
information, and germination experiments in the presence and absence of PHY. These data
guided seed quantity calculation for each pot (30 cm in diameter), with a slight surplus to
account for error. Excess germinated seedlings, if any, were carefully removed, ensuring
two plants per pot in monoculture species (either buffel grass or legumes), and two of each
buffel grass and legume seedlings remained in the coculture pots.

Soil enriched with cow paunch compost with a comparable nutritional profile to
local farm soil (ammonium nitrogen 11 mg/kg, nitrate nitrogen 154 mg/kg, phosphorus
59 mg/kg, potassium 78 mg/kg, sulfur 41.7 mg/kg, organic carbon 0.69%) was locally
sourced. The soil was then sieved and mixed for consistency.

Fifty milliliters of PHY, Activo SOL® Liquid (EW Nutrition GmbH, Visbek, Germany),
was diluted in 450 mL water to obtain 500 mL of solution. Half of the prepared soil
was mixed with PHY (500 mL/pot) before filling the pots, and the other half was mixed
with 500 mL of water before filling the pots. All the pots were well-watered under a
pre-organized irrigation system (Figure 1), receiving an equal volume of water. Nutrient
supplementation started in the second month, with the plants growing (Table S1) at a rate
of once every two weeks.
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Figure 1. Irrigation system. The number of replicates was recorded from Rep1 to 10. In each replicate,
there were twenty-two pots randomly placed, containing one of the four treatments, including six
single species without PHY, six single species with PHY, five legume-grass coculture treatments
without PHY, and five legume—grass coculture treatments with PHY.

2.2. Data Collection and Sampling Procedure

The emergence of plants in each pot was noted, and any extra seedlings were carefully
removed. Thirteen weeks after sowing, both soil and plant samples were collected. Soil
samples for microbial analysis were stored at —80 °C. For transcriptomic analysis, buffel
grass shoot and root samples were snap-frozen in liquid N, and then stored at —80 °C.

2.3. 16S rRNA Gene Library Preparation and Sequencing

The DNA of soil microorganisms was obtained utilizing the DNeasy PowerSoil Pro
Kit (Qiagen, Hilden, Germany). The quality of the obtained DNA was evaluated using
the NanoDropTMOneC spectrophotometer (Thermo Fisher, Waltham, MA, USA). For the
construction of the 165 rRNA gene library, the V3-V4 hypervariable region of the 165
rRNA gene was selectively amplified using a dual index primer pair consisting of the for-
ward primer Pro341F (50-CCTACGGGNBGCASCAG-30) and the reverse primer Pro805R
(5'-GACTACNVGGGTATCTAATCC-3'), with an Illumina linker sequence, index, and
heterogeneity spacer. Visualization of the PCR product was performed through agarose
gel electrophoresis. The 16S amplicon library was then pooled and cleaned using the
AMPure XP PCR purification kit (Beckman Coulter, Sydney, NSW, Australia). The library
was sequenced as 2 X 250 bp paired-end reads using the Illumina MiSeq system with
[Nlumina-recommended kits and protocols.

2.4. RNA Extraction and Sequencing Procedure

Fifty milligrams of six buffel grass shoot and root samples from control (G), and each
legume-grass coculture treatment (GB, GD, GL, GW, GS) was used to extract RNA using
HiPure Plant RNA Mini Kit (Magen, in Guangzhou, China). Assessment of RNA quality
was evaluated using the NanoDrop™One® spectrophotometer (Thermo Fisher, Waltham,
MA, USA) and the 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA). The non-strand-
specific sequencing library was prepared with poly A enrichment and sequenced with a2 x
150 bp paired-end (PE) configuration using the Illumina Novaseq 6000 platform (Illumina,
San Diego, CA, USA). For data transparency, all sequence data are available on the NCBI
Sequenced Read Archive (SRA) database with the accession number PRJNA1090219.
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2.5. Data Analysis and Statistics

For the soil microbial analysis, the relative abundance that illustrates the soil microbial
structure was generated using QIIME2 [24] with Dada2 [25] as a filtering and denoising
plugin and the Microeco R package [26] and further analyzed using Primer-e v7.0.23 [27].
The alpha diversity indicators were initially calculated using the Microeco R package and
then plotted using GraphPad Prizm 10.2.0 [28]. The Pairwise comparison of diversity was
performed via a non-parametric Kruskal-Wallis test. Ecological data interactions with the
microbial community were explored using Primer-e v7.0.23. A square root transformed
(SQRT) relative abundance matrix was generated, and sample-to-sample distances were
calculated using Bray—Curtis similarity. Pairwise PERMANOVA test, based on Bray—Curtis
similarity, was then performed at the phylum level to compare sample differences among
groups. The group differences were plotted using distance-based redundancy analysis
(dbRDA), with vectors representing the correlation between selected microbiota and the
ordination axes. The linear discriminant analysis effect size (LEfSe) [29] analysis was
employed to detect taxa characterizing the treatment groups.

RNA-seq data analysis was completed using CLC Genomics Workbench 23.0.4 [30].
The annotated Oryza sativa genome was downloaded from public repositories in Work-
bench and served as a reference genome for the subsequent analysis. The target reads
were mapped against all the transcripts and the entire genome. From this mapping, the
expectation-maximization (EM) algorithm was used to estimate transcript abundance,
and gene expression values were derived as the sum of transcript counts for each gene.
Transcripts per million (TPM) normalization method was applied to the total counts. The
differential expression analysis was performed using the gene-level expression data gen-
erated from the RNA-seq workflow. The heatmap with metadata shows the top 1000
differential expressed (DE) genes passing the threshold of p-value (p < 0.01), and an abso-
lute fold change of 2. A PCA plot was generated to visualize the distribution of samples
based on their gene expression profile.

The functional implications of differentially expressed (DE) genes were analyzed
using the Protein ANalysis THrough Evolutionary Relationships (PANTHER) classification
system [31] with Oryza sativa as a reference organism. The upregulated and downregulated
genes have functional differences in terms of biological processes, molecular function, and
cellular components.

3. Results
3.1. Overview of Microbial Structure

The top 10 bacterial phyla in the soil microbiota were Actinobacteriota, Firmicutes, Pro-
teobacteria, Chloroflexi, Myxococcota, Gemmatimonadota, Acidobacteriota, Cyanobacteria,
Verrucomicrobiota, and Bacteroidota (Figures 2a and S1). Nocardioides, Rhodococcus, Strepto-
myces, Micromonospora, Planifilum, Cellulomonas, |G30-KF-CM45, Bacillus, Cellulosimicrobium,
Devosia, Ureibacillus, KD4-96, Gemmatimonas, Saccharomonospora, RBG-13-54-9, Sphingomonas,
Thermobispora, Lysinibacillus, Blrii41, and Symbiobacterium were the top 20 most abundant
genera (Figures 2b and S2).

More than 90% of the microbiota in each group belonged to the five most abundant
phyla. Actinobacteriota (Figure S3b,c), Firmicutes, and Proteobacteria were represented
in similar proportions in all treatments (Figure S3b,c). The GL had the highest proportion
of Chloroflexi followed by the GP and GSP, while the GB had the lowest representation of
Myxococcota.

The relative abundance of microbial phyla suggests that the soil microbiome had a
relatively similar microbiota profile across the different treatments of buffel grass with or
without legumes and PHY. The most abundant phyla, Actinobacteriota and Firmicutes,
maintained a strong presence in all treatment groups, indicating their dominance in the
soil ecosystem under these experimental conditions. The composition of the soil microbial
community at the genus level is presented in Figures 2b and S2. Nocardioides Prauser
Nocardioidaceae was the most represented genus in most treatments except G, GLP, and
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GW, where it was less abundant than Rhodococcus Mycobacteriaceae. Notably, the 20 most
abundant genera accounted for 50% of relative abundance in all treatments, indicating the
diversity of soil microbial community at the genus level.
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Figure 2. Microbial composition at the phylum (a) and genus (b) level in different groups. The
phylum-level plot shows the 10 most abundant phyla, and the genus-level plot shows 20 most
abundant genera. Abbreviations: buffel grass (G); PHY (P); butterfly pea (B); desmanthus (D); lablab
(L); Wynn cassia (W); and seca stylo (S).

3.2. Taxa Responding to Treatment

Although there were significant overlaps in both phylum- and genus-level micro-
biota structure between different treatments, the linear discriminant analysis (LDA) effect
size (LEfSe) biomarker discovery tool revealed that some of the phyla and genera were
differentially abundant and are indicators of the differences in microbiota between the
various soil samples under different treatments. At the phylum level, Firmicutes was the
defining phyla for the GW, and Chloroflexi was the most enriched in GL. Acidobacteriota
and Desulfobacterota were identified as indicators in GS, while the GSP and GP were
defined by RCP2-54 and Patescibacteria, respectively (Figure 3a).
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Figure 3. Characteristic phyla (a) and genera (b) of different treatments. Phyla and genera were
identified with linear discriminant analysis (LDA) effect size (LEfSe). Phyla and genera with LDA
scores of greater than 3.3 are presented.
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Soil samples displayed some differentially abundant genera under various treatments
(Figure 3b). Ramlibacter Burkholderiaceae and Polyangium Polyangiaceae were the character-
istics of the control (G), while Hamadaea Micromonosporaceae and Saccharimonadales TM7
characterized GP. Both Streptococcus Streptococcaceae and Methylobacterium Beijerinckiaceae
were the defining genera for GD, while only Georgenia Actinomycetaceae was the GDP
indicator. GB had the most significant genus-level biomarkers, including Sphingomonas
Sphingomonadaceae, Terrabacter Dermatophilaceae, and Bradyrhizobium Xanthobacteraceae, but
no genera corresponding to GBP were identified. GS had one characterizing genus, RBG-
13-54-9, while two genera were identified as characterizing taxa in GSP, Sporocytophaga
Cytophagaceae, and Sorangium Polyangiaceae. Both Nocardioides Nocardioidaceae and Akkerman-
sia Akkermansiaceae were enriched in GL, but only JG30-KF-CM45 was associated with GLP.
Rhodococcus Mycobacteriaceae and Lactobacillus Lactobacillaceae were associated with GW, and
Cellulosimicrobium was associated with GWP.

3.3. Spatial Differences in Microbial Diversity

We used phylogenetic diversity to investigate microbial variety within and between
groups [32] (Figure 4a). Phylogenetic diversity shows that each coculture treatment with or
without PHY, except for Wynn cassia (GW, GWP), resulted in an increase in microbial diver-
sity compared to the control (G). The coculture of desmanthus with buffel grass with PHY
supplementation to the soil (GDP) had higher microbiota diversity (p = 0.0453) compared
to the control group. Remarkably, increased microbial diversity was also observed in seca
stylo coculture treatment with PHY (GSP) (p = 0.0380). Other coculture treatments, with or
without PHY, also promoted soil microbial diversity compared to G, including butterfly
pea (GB, GBP) and lablab (GL, GLP). Additionally, the grass grown in PHY-treated soil
(GP) also had increased diversity compared to the control. However, all those alterations
were not statistically significant. In contrast, Wynn cassia coculture treatment, whether
supplemented with PHY or not, reduced the diversity of soil microbiota.

The principal coordinate analysis (PCoA) based on weighted UniFrac distance depicts
differences in the within-group sample-to-sample distance in all treatments (Figure S4),
showing considerable overlap among treatments and indicating that while there are some
differences in microbiota composition, the overall structure of the communities is relatively
similar among treatments.

Based on the relative abundance at the phylum level, we compared microbial diversity
between each legume with or without PHY and buffel grass using the Bray—Curtis similarity
matrix. The distance-based redundancy analysis (dbRDA) plots show the visual repre-
sentation of differences across the RDA coordinates that contribute most to the observed
differences. Vectors overlaying the dbRDA plots point towards phyla that significantly
contribute to the differences between groups. The lengths of the lines indicate the strength
of the effect of vectors on the RDA coordinates. It is observed that butterfly pea coculture
treatment (GB) (Figure 4b), lablab coculture treatment (GL) (Figure 4d), seca stylo coculture
treatment with PHY (GSP) (Figure 4e), and Wynn cassia coculture treatment with PHY
(GWP) (Figure 4f) had clustered away from the control (G), implying that these treatments
had effects on the group microbial diversity.

Statistically, the pairwise PERMANOVA test at the phylum level confirmed the differ-
ences observed above (Table 1). Legumes and PHY had individual and combined effects on
the soil microbial diversity. Each legume had distinct effects, which were likely influenced
by the presence of PHY. Table 1 gives the individual and combined effects of each legume
and PHY on microbial diversity in the coculture system.
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Figure 4. Diversity of soil microbiota in different treatments: (a) microbiota diversity in different
treatments measured with the indicator phylogenetic diversity; (b—f) ordination of individual sam-
ples with distance-based redundancy analysis (dlbRDA) of Bray—Curtis distance depicting spatial
differences in microbiota among all treatments. Abbreviations: buffel grass (G); PHY (P); butterfly
pea (B), desmanthus (D), lablab (L), Wynn cassia (W); and seca stylo (S). The asterisk indicates a
significant change * = p < 0.05.

The coculture of butterfly pea with grass (GB) significantly increased microbial diver-
sity (p = 0.01), while the addition of PHY (GBP) decreased the diversity (p = 0.054). PHY
had a significant effect on the butterfly pea coculture system (GB vs. GBP, p = 0.031), and
the microbial community in the two individual factor groups responded differently (GB vs.
GP, p = 0.002).
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Table 1. Statistical comparison of effects of one and two factors on microbial diversity. Pairwise
PERMANOVA test at the phylum level.

Pairwise Tests

Groups t p (Perm) Unique Perms
G,GP 1.1731 0.218 991
G,GB 1.8661 0.01* 987

G, GBP 1.4441 0.054 987

GB, GBP 1.579 0.031 * 993

GB, GP 2.1524 0.002 ** 994

GBP, GP 1.4559 0.058 992
G,GD 1.2849 0.116 977

G, GDP 1.7931 0.017 * 993

GD, GDP 1.3843 0.083 995

GD, GP 1.2172 0.188 992

GDP, GP 1.2145 0.175 994
G,GL 2.0561 0.003 ** 921

G, GLP 1.7579 0.007 ** 982

GL, GLP 0.90013 0.569 970

GL, GP 1.84 0.006 ** 967

GLP, GP 1.5738 0.029 * 996
G,GS 1.2449 0.146 911
G, GSP 1.9462 0.001 ** 985

GS, GSP 1.2061 0.176 976
GS, GP 1.2994 0.146 994

GSP, GP 1.5965 0.036 * 992
G,GW 0.67027 0.83 694

G, GWP 1.4618 0.034 * 971

GW, GWP 1.4902 0.036 * 790

GW, GP 1.0034 0.383 840

GWP, GP 1.7354 0.006 ** 990

The asterisk indicates significant change * = p < 0.05, ** = p < 0.01.

Desmanthus and grass coculture (GD) did not produce a significant change compared
to the control (G), but the supplementation of PHY on coculture (GDP) had a significant
impact on soil microbiota (G vs. GDP, p = 0.017). Lablab and buffel coculture (GL) or lablab
with PHY (GLP) introduced significant differences in microbial diversity compared to the
control (G vs. GL (p = 0.003) and G vs. GLP (p = 0.007), respectively). Soil microbiota exhib-
ited distinct responses to the presence of lablab (GL) and PHY (GP) (GL vs. GP, p = 0.006),
and the addition of PHY into the coculture system (GLP) still showed a significant change
of diversity compared to PHY supplement (GP) (GP vs. GLP, p = 0.029). Similarly to
desmanthus, seca stylo did not produce a significant change of microbial diversity (GS)
compared to the control but combined with PHY (GSP) to substantially alter the diversity
(G vs. GSP, p = 0.001). This trend was maintained even compared to PHY treatment (GP)
(GP vs. GSP, p = 0.036). Wynn cassia also showed a significant change in microbiota with
the help of PHY (GWP) (G vs. GWP, p = 0.034) compared to the control. Moreover, the
presence of two factors (GWP) was more significant than that of either of them alone (GW,
GP) (GW vs. GWP (p = 0.036) and GP vs. GWP (p = 0.006), respectively).

Some legumes in coculture treatment had a distinct impact on microbial diversity
compared to others (Table S2). The pairwise PERMANOVA test shows that the soil mi-
crobial community showed significantly different responses to the butterfly pea (GB) and
desmanthus coculture system (GD) (GB vs. GD, p = 0.02), suggesting these two legumes
played a distinct role in soil microbiota. In addition, butterfly pea treatment (GB) also
played a different role compared to Wynn cassia treatment (GW), exhibiting a significant
difference (GB vs. GW, p = 0.005). Wynn cassia coculture treatment (GW) and lablab
coculture treatment (GL) also had distinct effects on soil microbiota (GL vs. GW, p = 0.007).
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The addition of PHY to seca stylo treatment (GSP) made it significantly different from
butterfly pea treatment (GB) (GB vs. GSP, p = 0.002), although seca stylo-grass coculture
(GS) did not produce a significant impact compared to butterfly pea treatment (GB vs. GS,
p = 0.114, Table S2). In addition, PHY also kept the trend of significant difference in the
Wynn cassia coculture group (GWP vs. GB, p = 0.004). The application of PHY also made
lablab treatment (GLP) produce a significant difference from desmanthus treatment (GD)
(GD vs. GLP, p = 0.031), while microbiota did not respond differently to the presence of
lablab coculture (GL) and desmanthus coculture treatment (GD) (GD vs. GL, p = 0.256, Table
52). Similarly, microbial diversity exhibited differentially to the presence of adding PHY
to seca stylo (GSP) or Wynn cassia coculture treatment (GWP) compared to desmanthus
treatment (GD) (GD vs. GSP, p = 0.043, and GD vs. GWP, p = 0.02, respectively). Compared
to lablab treatment (GL), the rest of the legumes except for Wynn cassia did not show
significant changes, even adding PHY.

As mentioned above (Table S2), Wynn cassia coculture treatment (GW) and lablab
coculture treatment (GL) exhibited distinct effects on soil microbiota (GL vs. GW, p = 0.007).
With PHY addition to either of them (GWP or GLP), significant differences between the
two coculture treatments still existed (GL vs. GWP, p = 0.027, and GW vs. GLP, p = 0.012,
respectively) (Table S3). Additionally, adding PHY to seca stylo treatment (GSP) made a
significant difference compared to Wynn cassia treatment (GW) (GW vs. GSP, p = 0.016). In
contrast, seca stylo with grass (GS) did not have a significant impact on diversity compared
to Wynn cassia treatment (GW) (GS vs. GW, p = 0.199, Table S2). Interestingly, compared to
seca stylo treatment (GS), no other legume coculture system showed significant differences
with or without PHY, implying that seca stylo had a similar effect on soil microbial diversity
as other legumes (Tables S2 and S3).

Overall, regardless of PHY application, each legume had a distinct effect on microbial
diversity in coculture with buffel grass. Microbiota responded differently to some legume—
grass coculture groups, including GB and GD, GB and GW, GL and GW. Additionally, PHY
altered the effects of coculture on microbial diversity.

3.4. Transcriptomic Sequencing

To investigate how legumes affect buffel grass in coculture treatment, we took buffel
grass shoot and root samples from control (G) and each legume treatment (GB, GD, GL,
GS, GW) to perform RNA-seq analysis. Due to the observation from the sampling day that
buffel grass roots from seca stylo coculture (GS) were markedly larger than that from the
control (Figure S5), we used grass root samples from the control and seca stylo coculture
treatment to compare the difference of root gene expression in two groups. For the rest of
the grass—legume coculture treatments, we collected grass shoot samples to evaluate how
each legume affected gene expression in the shoot.

We assessed six replicates from all groups for sequence analysis. Overall, the sequence
alignment rate was 55-60% in all samples, providing us with information on buffel grass
transcripts used in the present analysis. All processed sequences maintained a length of
150 nucleotides (nt). For the root samples, the total number of quality-filtered sequences
was 326.38 million bp, with 30,779,882 £ 3,510,963 (mean =+ SD) in the control group (G)
and 28,746,862 + 6,500,749 in the seca stylo treatment group (GS) (Table S4). For the shoot
samples, after filtering, 843.19 million bp sequences were yielded from all treatments, with
35,287,315 £ 8,155,241 in the control group (G), 28,049,377 £ 1,080,364 in butterfly pea
group (GB), 25,165,596 + 5,106,006 in desmanthus group (GD), 26,728,839 + 3,207,522 in
the lablab group (GL), and 25,300,352 =+ 3,084,542 in Wynn cassia group (GW) (Table S5).
Oryza sativa was used as a reference genome (35,806 genes).

The PCA plot reveals the shoot sample distribution across the first two PC components
(Figure 5). All the legume treatment samples were noticeably separated from the control,
implying the distinct effects of legumes on the buffel grass gene expression. The overlaps
between grass shoot expression profiles, when grown with butterfly pea (GB) and lablab
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treatment (GL) (Figure 5), were evident from the PCA plot, while GD and GW might have
less-similar effects on grass when grown in coculture (Figure 5).
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Figure 5. Differential gene expression and clustering between control and legume treatments. PCA
plot shows the distribution of the control (G) and each of the legume treatment (GB, GD, GL, GW)
shoot samples across the first two principal components.

The heatmap further demonstrates the contrasts between the grass monoculture (G)
and grass grown in coculture with legume (GB, GD, GL, GW) (Figure S6). It shows the
expression profile of the top 1000 most significantly altered genes (p < 0.01, |fold change |
> 2) across all sequenced samples. The gene expression profiles comparing grass roots
grown in monoculture (G) and coculture with seca stylo (GS) are presented in a heatmap in
Figure S7.

3.5. Differentially Expressed Genes and Functional Analysis

We continued to explore how the treatment altered gene expression. Out of the
35,806 genes from mapped sequences, in butterfly pea treatment (GB), 4575 differentially
expressed (DE) genes passed the filtering criteria (p < 0.01, absolute of fold change > 2)
(Table S6). There were 2293 upregulated, and 2282 downregulated genes compared to the
control (G). In the desmanthus group (GD), 1913 genes were upregulated, and 2328 genes
were downregulated, making a total of 4241 significantly expressed genes. Both lablab and
Wynn cassia treatments had more significantly differentially expressed genes than butterfly
pea and desmanthus, reaching 5687 (GL) and 7530 (GW), respectively. Additionally, 4354
grass root genes differentially responded with and without the presence of seca stylo (G vs.
GS), with 2274 upregulated and 2080 downregulated genes.

3.5.1. GO Enrichment Analysis—Butterfly Pea

DE genes were imported to the PANTHER classification system. Statistical overrepre-
sentation test (Figure S8) shows significant enrichments in molecular function in control
(G) and butterfly pea treatment (GB) (p < 0.01, |FC| > 2). In the control group, the most
significantly expressed molecular function was catalytic activity associated with 422 DE
genes, accounting for 19.1% of total genes, followed by binding (117 genes). Similarly,
catalytic activity (400 DE genes) also dominated in butterfly pea-cocultured grass. However,
more genes were involved in the binding activity (355 DE genes), compared to the control.

Another gene ontology (GO) domain, biological process, shows the differences be-
tween upregulated and downregulated genes in butterfly pea coculture comparison
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(Figure 6). There were 2212 downregulated and 2235 upregulated annotated genes. Ma-
jor arms of biological processes, such as the cellular and metabolic processes, had in-
creased and decreased genes, revealing notable butterfly pea effect on gene expression
in coculture treatment. However, we also observed some essential activities, including
detoxification, growth, and reproduction processes; these functions were enriched only in
upregulated genes.

PANTHER GO-Slim Biological Process
Total Genes: 2212 (downregulated)
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Figure 6. Differentially expressed genes in biological processes in butterfly pea treatment: panel
(a) represents categories associated with 2212 downregulated genes; panel (b) represents categories
related to 2235 upregulated genes.

The affected GO categories in the metabolic process are shown in Figure S9. A high
number of 139 downregulated genes, highlighted in the pie chart, was related to nitro-
gen compound metabolism, while 387 upregulated genes were associated with nitrogen
compound metabolism.

3.5.2. GO Enrichment Analysis—Desmanthus

In desmanthus treatment (GD), the most altered biological process was a cellular
process, with 359 downregulated and 325 upregulated genes in coculture (Figure S10).
Similar to the butterfly pea, most of the biological processes altered in the desmanthus
group had both increased genes and decreased genes; however, coculture with desmanthus
significantly promoted genes contributing to cell death and cell growth. The second most
altered biological process, the metabolic process, consists of categories involving either
upregulated or downregulated genes (Figure S11). Different from butterfly pea, desman-
thus treatment promoted the same number of genes related to the nitrogen compound
metabolic process to be upregulated and downregulated, suggesting its balanced role in
the modulation of nitrogen metabolism. Additionally, it also altered the hormone metabolic
process category.
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3.5.3. GO Enrichment Analysis—Wynn Cassia and Lablab

Wynn cassia treatment (GW) altered gene expression in categories involved in nitrogen
metabolism, including 240 downregulated and 652 upregulated genes (Figure S512). It also
participates in the cellular metabolic process, organic substance metabolic process, and
primary metabolic process. The secondary metabolic process was enriched in inhibited
genes in Wynn cassia treatment.

Here, we observed that lablab treatment (GL) modulated a few metabolic processes
which were also altered by other treatments, including cellular metabolic process, organic
substance metabolic process, and primary metabolic process, the top three most expressed
processes in lablab coculture treatment (Figure 7). In addition, it also played a crucial role
in the nitrogen compound metabolic process, including 198 decreased and 394 increased
genes. Similar to butterfly pea and desmanthus, lablab also negatively affected buffel
grass’s secondary metabolic process. The GO categories altered in legume treatments
reflected the overlap shown in the heatmap (Figure 5).
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Figure 7. Differentially expressed genes at metabolic process GO categories altered by lablab cocul-
ture: panel (a) represents categories associated with 367 downregulated genes; panel (b) represents
categories related to 503 upregulated genes.

3.5.4. GO Enrichment Analysis—Seca Stylo

As we have observed root morphometric differences between the control (G) and seca
stylo treatment (GS), the alterations in root gene expression are more attractive to explore.
The difference in categories enriched with upregulated and downregulated genes in the
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coculture group is presented below (Figure 8). Compared with the shoot samples, there
were more categories in cell components in root samples that were unilaterally regulated
by either upregulated or downregulated genes. Categories including chromosomal region,
endoplasmic reticulum exit site, the extrinsic component of membrane, microtube plus-
end, perinuclear region of cytoplasm, replication fork, side of the membrane, site of DNA
damage, spindle midzone, and spindle pole were enriched with downregulated genes
in treatment. In contrast, cell leading-edge, leading-edge membrane, and phagophore
assembly sites were enriched with upregulated genes. In addition, the biological process
also exhibited a distinct point that both upregulated and downregulated genes were
involved in the secondary metabolic process in seca stylo treatment and, notably, the
pigment metabolism was enriched in upregulated genes (Figure S13).
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Figure 8. Differentially expressed genes at the cellular anatomical entity level in seca stylo treatment
(GS): panel (a) represents categories associated with 663 downregulated genes; panel (b) represents
categories related to 499 upregulated genes.

4. Discussion
4.1. Impact of Legumes on Soil Microbial Diversity and Functional Activity

Legumes can improve soil microbiota diversity and functional activity, especially in
functions involved in nitrogen cycling and decomposition [33], contributing to increased
organic matter, recycling nutrients, and soil structure. Moreover, legumes and rhizobia can
suppress soil-borne pathogens or stimulate beneficial microbes that antagonize them [34].
According to previous studies, some legumes, such as seca stylo and butterfly pea, were
growing well with buffel grass under poor soil conditions.
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The microbiota analysis revealed that the microbial community membership was
relatively similar under different conditions (Figure 2). The dominant phyla identified in
this study included Actinobacteriota, Firmicutes, Proteobacteria, Chloroflexi, and Myxococ-
cota. Actinobacteriota took up more than 50% of the relative abundance in all the groups
(Figures 2 and S3), in agreement with their established crucial role in the soil system. They
contribute to the decomposition of organic matter from dead organisms, allowing plant
roots to take up essential molecules. Some soil Actinobacteriota, such as Frankia Frankiaceae,
form symbiotic relationships with plant roots, fixing nitrogen for the plants in exchange
for access to plant saccharides [35]. As a major plant growth-promoting rhizobacterial
phylum, Firmicutes can increase nutrient absorption and stimulate secondary metabolite
synthesis [36,37], promoting root growth.

LEfSe analysis demonstrated that some phyla and genera were differentially abundant
under different treatments (Figure 3). At the phylum level, as the main phylum in the soil
environment, Firmicutes was also the defining phylum for Wynn cassia treatment (GW)
(Figure 3a). Combined with its biological benefits, the soil rich in Firmicutes can enhance
nutrient cycling and contribute to overall ecosystem balance. Chloroflexi was the most
enriched in the lablab group (GL). In soil ecosystems, Chloroflexi feed on debris from
lysed bacterial cells, ferment carbohydrates, and degrade complex organic compounds
to support their growth and other bacterial populations [38]. Notably, they are involved
in hydrogen cycling and interact with fermenting microorganisms [39]. As the seca stylo
treatment (GS) biomarker, Desulfobacterota is involved in sulfate reduction. They also
play a critical role in molecular hydrogen cycling by closely interacting with fermenting
microorganisms [40]. Another seca stylo phylum biomarker, Acidobacteriota, participates
in the soil-plant environment by contributing to the regulation of biogeochemical cycles, de-
composition of biopolymers, exopolysaccharide secretion, and plant growth promotion [41].
Interestingly, when PHY was added to the seca stylo group soil (GSP), neither of the two
phyla was related to the seca stylo treatment anymore. Instead, RCP2-54, a less-known
bacterial phylum found in soil ecosystems, which usually tends to be low compared to
other dominant phyla, became the biomarker after phytogen inclusion, implying the ability
of the PHY to alter phylum-level interactions.

In PHY treatment (GP), members of the genus Hamadaea Micromonosporaceae could
produce antimicrobial compounds that protect plants from harmful pathogens. This
is consistent with our previous research [10], which states that PHY can promote the
development of soil-beneficial species and improve the severely damaged soil. In butterfly
pea treatment (GB), Bradyrhizobium Xanthobacteraceae, as a LEfSe bioindicator, plays a role
in nitrogen fixation and detoxification [42]. Terrabacter Dermatophilaceae and Sphingomonas
Sphingomonadaceae are two examples of plant growth-promoting rhizobacteria (PGPR) that
have been shown to promote plant growth by synthesizing compounds for the plants,
facilitating the uptake of certain nutrients from the soil and lessening or preventing the
plants from diseases. They also help solubilize mineral phosphates and other nutrients,
enhance stress resistance, stabilize soil aggregates, and improve soil structure and organic
matter content [43].

Wynn cassia treatment (GW) had two defining genera, Rhodococcus Mycobacteriaceae
and Lactobacillus Lactobacillaceae. Rhodococcus is another basic rhizobium, responsible for
bioremediation [44]. Lactobacillus metabolites promote plant growth and stimulate shoot
and root growth. Lactobacillus show an antagonistic effect against phytopathogens, inhibit-
ing fungal and bacterial populations in the rhizosphere [45]. In the group where the PHY
was supplemented to the soil (GWP), Cellulosimicrobium Cellulomonadaceae was identified as
the indicator for the treatment. They are known to produce cellulase enzymes, participating
in the process of breaking down cell walls into simpler sugars that can be used by other mi-
croorganisms in the soil [44]. In lablab with the PHY group (GLP), JG30-KF-CM45 exhibited
the most abundance compared to other treatments, and it is related to the degradation of
organic matter [46]. Sorangium Polyangiaceae was more enriched in seca stylo with the PHY
group (GSP), and they are known for producing secondary metabolites with antimicrobial
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properties [47]. Enzymes nitrogenase and dehydrogenase had a maximum correlation with
Sorangium [48].

Figure 4 demonstrates the microbial spatial differences in different legume-grass
coculture treatments. Within each treatment, legume—grass coculture showed increased
soil microbial diversity, but when they were grown with PHY supplementation, soil had
an even higher microbial diversity compared to that from monoculture (G), especially
for desmanthus (GDP) and seca stylo (GSP), which significantly boosted soil microbial
diversity compared to the control (Figure 4a). These results corresponded to the LEfSe
analysis that legume treatments enriched soil microbiota.

Pairwise PERMANOVA validated the group differences between the control and each
legume treatment. Each legume had distinct effects on soil microbial diversity, and their
effects were likely to be altered by PHY. Different from others, butterfly pea had a significant
effect on microbial diversity, while the PHY effects were not significant, which could be
visualized from the dbRDA plot (Figure 4b) as samples from butterfly pea treatment (GB)
were further from the control compared to the PHY added. This could be due to the fact that
PHY inhibited the growth of butterfly pea, so the microbial diversity was not significant
when adding PHY to butterfly pea treatment. PHY did not increase microbial diversity, but
it made the community more balanced, which was the reason that the microbial community
responded differently in the two groups (GB, GP). The rest of the legumes could interact
with PHY to increase microbial diversity (Table 1).

Comparisons between the legumes also revealed different influences on microbial
communities (Table S2), which PHY could modify (Table S3) by improving microbial
diversity in the legume—grass coculture system.

4.2. Impact of Lequmes on Buffel Grass Gene Expression

The benefits of increasing soil microbial diversity would eventually be transformed
into favorable factors to promote buffel grass growth and development. As buffel grass was
affected by various legumes, the transcriptomic sequencing further revealed the alteration
of gene expression from different coculture treatments. Figure 5 depicts the distribution
of shoot samples based on the gene expression, giving the striking separation of samples
between untreated and coculture treatments. This remarkable isolation underlined that
these legumes significantly affected buffel grass gene expression.

From gene functional analysis, we observed that all the legume treatments influenced
nitrogen metabolism, which was enriched in upregulated and downregulated genes. This
suggests that the nitrogen metabolism pathway was highly active in the coculture condition.
Nitrogen is an essential macronutrient for plant growth and development, and it plays a
crucial role in various physiological processes, such as photosynthesis, respiration, and
DNA replication [49,50]. Nitrogen compounds are involved in synthesizing amino acids,
nucleotides, and chlorophyll, which are essential for plant growth and development.
Nitrogen compounds also regulate plant responses to biotic and abiotic stresses, such as
drought, salinity, and pathogen infection [49]. As well as the dynamic interplay, legumes
have also affected gene expression of some GO categories in cocultures grass. All the
legumes, except for seca stylo, have only downregulated genes enriched in the secondary
metabolic process. Moreover, in detoxification, butterfly pea treatment (GB) has only
one upregulated gene Os04g0206600 overexpressed, which is a UDP-glucosyltransferase
involved in the detoxification of deoxynivalenol, a mycotoxin produced by Fusarium fungi
that can cause serious plant health problems [51].

Desmanthus coculture treatment (GD) had two categories that were enriched only
in upregulated genes, including cell death and cell growth, which are two fundamental
processes that occur in living organisms. Cell death, also known as apoptosis [52], is a
process where cells in an organism die in a controlled manner. This process is essential for
maintaining the health of an organism as it allows for the removal of damaged or unwanted
cells [53]. Cell growth, on the other hand, is the process whereby cells in an organism
increase in size or number [54]. This process is important for developing and maintaining
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tissues and organs in an organism. These two processes are enriched with upregulated
genes in desmanthus coculture treatment, suggesting that desmanthus could cause a shift
in the balance of relevant genes in these two processes.

For the root samples, seca stylo treatment (GS) has more cell component categories
enriched in either upregulated or downregulated genes. Cell leading-edge, leading-edge
membrane, and phagophore assembly site were enriched categories in upregulated genes
only (Figure 8). Phagophore assembly site is important for autophagy, which is a cellular
process in which cytoplasmic materials are delivered and degraded in the lysosome. It
is a dynamic recycling system, producing new building blocks and energy for cellular
renovation and homeostasis [55]. The leading-edge membrane and phagophore assembly
sites contribute to the expansion and completion of autophagosomes. These structures
supply the necessary membranes for autophagosome formation [56]. Upregulation of
these sites enhances the cell’s ability to maintain intracellular quality control by selectively
degrading unwanted or dysfunctional components. Upregulation also enhances the cell’s
metabolic flexibility, allowing it to adapt to changing environmental conditions [57]. The
upregulation of these cellular components in grass root cells can effectively enhance root
cell growth and renovation, contributing to overall cellular health, which has been validated
from morphometric visualization (Figure S5).

4.3. Limitations and Future Direction

This pot trial was conducted on a small scale in which buffel grass was cocultured with
single legume species. This condition ensures that there is no interference among different
legume species. However, buffel grass grows in a more complicated condition in the field
where multiple species grow together. Therefore, the effect of a single species on buffel grass
will be influenced by other species. Future research would focus on the comprehensive
influence of legumes on grass and provide a mixture of seeds for practical use.

5. Conclusions

This study illustrates the intricate relationships within legume-buffel grass coculture
systems, revealing their profound impacts on soil microbiota and buffel grass gene expres-
sion. Adapted legumes significantly enhance soil microbial diversity, influencing nitrogen
cycling and decomposition of organic matter. Adding PHY further amplifies these effects,
opening tailored microbial modulation opportunities. Microbial analyses indicate the sta-
bility of the community under various conditions, emphasizing the crucial role of dominant
species. Differential influences of legumes on soil microbial diversity and buffel grass gene
expression are underscored, particularly in categories related to nitrogen metabolism, cell
growth, and detoxification. Unique contributions of specific legumes, such as butterfly pea,
desmanthus, and seca stylo, offer insights into their different roles within the coculture
system. This research provides crucial knowledge for optimizing legume-grass coculture
systems in sustainable agriculture. Insights from this study can guide agricultural practices
to manage diverse plant combinations for long-term soil fertility, nutrient cycling, and crop
productivity.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/agronomy14092172/s1, Figure S1: Phylum level microbiota
compositions in different treatment of legumes and phytogens; Figure S2: Genus level microbiota
compositions in different treatment of legumes and phytogens; Figure S3: Microbiota composition at
the phylum level; Figure S4: Ordination of individual samples with principal coordinate analysis
(PCoA) of weighted-UniFrac distance depicting spatial differences in microbiota among all treatments;
Figure S5: Buffel grass root collected from the control (G) and seca stylo coculture treatment (GS);
Figure S6: Differential gene expression and clustering; Figure S7: Differential gene expression and
clustering; Figure S8: Statistic overrepresentation in molecular function; Figure S9: Biological process
at metabolic process level in butterfly pea treatment (GB); Figure S10: Biological process at cellular
process level in desmanthus treatment; Figure S11: Biological process at metabolic process level in
desmanthus treatment (GD); Figure 512: Biological process at metabolic process level in wynn cassia
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level; Table S3: Pairwise PERMANOVA test at the phylum level; Table S4: Transcriptomic sequencing
for root samples; Table S5: Transcriptomic sequencing for shoot samples; Table S6: Number of
differentially expressed genes.
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