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Abstract

Winter cover crops are commonly used as a source of nutrients in organic production. However, the impact of these crops
on soil microbial functional traits at the genomic level is poorly understood.Here, we investigated the impacts of three-year
inclusion of cereal rye (Secale cereale L), hairy vetch (Vicia villosa), and their mixture on soil microbial diversity and
residue decomposition functional traits using 16 S rRNA gene and internal transcribed spacer (ITS) sequencing data and
functional prediction tools. Integrating a mixture of rye and vetch increased bacterial richness and alpha diversity but had
no impact on fungal diversity when compared to the control. The fungal community structure of the soils with either rye
or vetch inclusion was significantly different from that of the mixture and the control. Compared to vetch, rye inclusion
was predicted to have a significantly higher abundance of C1 compound utilization and assimilation pathways, but a lower
abundance of amino acid degradation and carboxylic acid degradation pathways. Similarly, rye inclusion resulted in a
significantly higher abundance of arbuscular mycorrhizae but a lower abundance of litter saprotrophs than vetch inclusion.
Particularly, integrating vetch was predicted to have a significantly higher abundance of genes involved in cellulose and
lignin decomposition than the rye inclusion. Five keystone cellulose and lignin bacterial decomposers were significantly
more abundant with vetch inclusions than with rye inclusions. Nonlegume and legume winter cover crops imposed distinct
effects on soil potential microbial C-cycling functional traits after three planting seasons. Legumes favored the growth of
microbial decomposers compared to non-legumes.
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1 Introduction microbial P immobilization by decreasing the relative

abundance of P-starvation response genes and increasing

Soil microbial communities provide fundamental eco-
system functions and are the key to soil biological health
(Gul and Whalen 2022; Kallenbach et al. 2016). Research
on microbial functional traits can accurately delineate how
microbes adapt to disturbances in agricultural soils (Ran-
heim Sveen et al. 2024; Yang 2021). For instance, Dai et al.
(2020) found that long-term phosphorus (P) input induced
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that of low-affinity inorganic phosphate transporter genes.
Similarly, Huang et al. (2024) revealed that grassland soil
microbiomes contained more genes for cellulose and hemi-
cellulose degradation than forest microbiomes, due to the
priming effect of high N organic inputs on microbial func-
tion. Moreover, certain microbial species exhibit outstand-
ing ecosystem functionality. For instance, Dasgupta et al.
(2024) identified Piskurozymaceae and Sphingomonada-
ceae as keystone bacterial families mineralizing wheat
straw nutrients in soil, while Zheng et al. (2021) reported
Chryseobacterium as a keystone bacterium for litter decom-
position in rice farmland. Collectively, these studies dem-
onstrate that both functional traits and keystone taxa, which
exert a disproportionate influence on community composi-
tion and processes, are crucial for linking microbial com-
munities to ecosystem functioning (Banerjee et al. 2016;
Vick-Majors et al. 2014).
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Recognizing the central roles of microbial communities
in soil health, researchers and farmers continue to explore
practical ways to manipulate soil microbial communities
in organic agriculture (Pandey et al. 2018; van Rijssel et
al., 2022). To better harness their ecosystem services, fur-
ther research on microbial functional profiles is necessary.
Recent advances in microbial functional prediction algo-
rithms have enabled the characterization of microbial com-
munities based on their ecological functions (Douglas et al.
2020; Zeng et al. 2024). For instance, PICRUSt has been
used to predict that crown vetch upregulated soil cellulolytic
and hemicellulolytic functional genes in an apple orchard
field (Zheng et al. 2018), whereas PICRUSt2 predicted that
Siratro increased the microbial functional potential for fatty
acid and lipid biosynthesis in a banana plantation field (S. Xu
et al. 2024a, b). However, these predictions remain approxi-
mations because the amplicon sequences and reference
databases might underrepresent the genetic microdiversity
(Toole et al. 2021). Yet, despite the growing evidence of the
importance of microbial functional traits and keystone taxa,
the specific ways in which management practices, such as
integrating different types of cover crops, modify microbial
C-cycling functions in agroecosystems remain insufficiently
characterized.

Cover crops are significant components of soil health
management and are commonly used as nutrient sources in
organic agriculture (Novara et al. 2020; Olson et al. 2010).
They are often planted during the fallow season and termi-
nated before planting cash crops. Empirical studies indi-
cated that cover crops can increase soil organic C (SOC)
content and nutrient availability by supplying significant
organic inputs to soils, either as root exudates (Dhungana
et al. 2023; Zhalnina et al. 2018) or through dead residues
(Thapa et al. 2021). The impacts of cover crops on micro-
bial communities have therefore been increasingly explored
(Kim et al. 2020). Cover crops are frequently reported to
select rhizospheric microbes through diverse root exudates
(Chavarria et al. 2016; Mbuthia et al. 2015). Additionally,
the impacts of cover crops on microbial communities are
often species- or site-specific (Hu et al. 2024; Saleem et al.
2020; Wang et al. 2025). For instance, cereal rye (a nonle-
gume cover crop) has a relatively higher biomass C pro-
duction potential, which favors the growth of oligotrophic
fungi and Acidobacteria (Muhammad et al. 2021; Ullah et
al. 2023). In contrast, hairy vetch (a legume cover crop) has
a relatively higher N content, which attracts copiotrophic
microbes, such as certain members of the Pseudomonadota
and Bacteroidetes (Brennan and Acosta-Martinez 2017,
Griffith et al. 2017). Our recent study also suggested that
integrating legume cover crops resulted in a higher abun-
dance of ammonium-oxidizing bacteria and archaea com-
pared to non-legume cover crops (Wang et al. 2024). Such a

difference in residue quality of the legume and non-legume
cover crops may influence microbial C-use strategies and
C-cycling functions in distinct ways. However, these effects
remain insufficiently characterized and poorly defined in
agroecosystems, particularly under sandy Coastal Plain
soils.

In the present study, we investigated the effects of con-
tinual organic inputs from cover crop residues on microbial
phylogenetic diversity, functional traits, and soil nutrient
availability. Two widely used winter cover crops in the
southeastern Coastal Plains of the USA, cereal rye and
hairy vetch, were investigated on an established organic
field with typical sandy Ultisols, where both SOC and nutri-
ent availability are intrinsically low. The objectives were to
determine (1) whether continual short-term organic inputs
from two cover crops with distinct functional traits mod-
ify soil microbial community composition and structure,
and (2) whether distinctive organic inputs shape microbial
functional traits relevant to cover crop residue decom-
position. We hypothesized that cereal rye and hairy vetch
would express fundamental differences in biomass C and
N production potential, and would differentially influence
microbial community composition, richness, and C-cycling
functional traits.

2 Materials and Methods

2.1 Descriptions of the Experimental Site and
Design

This study was conducted in a certified organic field in Flor-
ence, SC, United States (Fig. S1), which was established in
2020 to investigate the interactive impacts of cover crop-
ping, compost application, and tillage on soil functions,
microbial community, and vegetable performance. Detailed
site descriptions and experimental design can be found in
Wang et al. (2024). The soil was a loamy sand (Loamy,
kaolinitic, thermic Arenic Kandiudults) consisting of 79%
sand and 7% clay with a pH of 7.2, 5,000 mg kg ! of total
C, and 500 mg kg~ ! of total N at 0—15 cm depth.

This field study was established with four cover crop
treatments replicated eight times, i.e., cereal rye (RY), hairy
vetch (VE), the mixture of the two (MX), and a no cover
crop control (CO). They were drill-seeded each year in the
fall at a rate of 200 kg ha™! for cereal rye, 36 kg ha™! for the
vetch, and half of each monoculture rate for the mixture. In
the spring of the next year, cover crops were terminated by
a roller-crimper, followed by planting vegetables. The rota-
tion was tomato-cucumber-sweet corn-tomato from 2021
to 2023, and they were managed according to the South-
eastern U.S. 2020 Vegetable Crop Handbook (Reiter 2020).
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No-tillage was applied across all treatments. In April 2023,
before cover crop termination, ten soil cores (0—15 cm
depth) were randomly collected from each experimental
plot (5.5 m by 6.1 m), composited, passed through a 2-mm
sieve, and stored at 4 °C. A subsample was stored at -80 °C
for DNA extraction.

2.2 Cumulative Organic Inputs from Cover Crop
Tesidues

Cover crop aboveground biomass was collected with a 0.25
m? quadrant yearly before the termination and oven-dried
at 60 °C. Their C and N contents were quantified by the
Macro Carbon and Nitrogen Analyzer (LECO, St. Joseph,
MI, USA). Cumulative organic C and N inputs from cover
crop residue return were quantified by adding the yearly
production from 2021 to 2023.

2.3 Soil Properties

Soil pH and electrical conductivity (EC) were determined
using an Orion Star A325 pH/conductivity meter (Ther-
moFisher Scientific, Waltham, MA, USA) in deionized
(DI) water (1:1 ratio) (Ye et al. 2021). The concentrations
of dissolved organic C (DOC) were quantified by a TOC-L
organic C analyzer (Shimadzu, Kyoto, Japan) after extract-
ing the soils with 0.5M K,SO,(Sparling et al. 1990). Soil
ammonium (NH,") and nitrate (NO;") were extracted with
1M KCl, followed by colorimetric analyses (Wolf and Baker
1985).

2.4 Soil DNA Extraction and Sequencing

Approximately 0.5 g of soil was extracted with a DNeasy
PowerSoil Pro kit (Qiagen, Venlo, Netherlands). The DNA
quality and quantity were checked using the NanoDrop
One UV spectrophotometer and the Invitrogen Quant-iT
PicoGreen dsDNA Assay kit (ThermoFisher Scientific,
Waltham, MA, USA), respectively. PCR amplifications and
high-throughput DNA sequencing were conducted by the
University of Michigan Microbiome Core (Ann Arbor, MI,
USA). The PCR reaction took place in a 20 ul volume con-
sisting of 2 ul of 2X Accuprime PCR buffer (ThermoFisher
Scientific, Waltham, MA, USA), 10.85 ul of molecular biol-
ogy grade pure water (Cytiva, Marlborough, MA, USA),
1.5 pl of AccuPrime HiFi Taq Polymerase, 2 pl of DNA
template, 2.5 pl of forward primers and reverse primers.
The following thermocycling conditions were applied: ini-
tial denaturation at 95 °C for 2 min, followed by 30 cycles
of denaturation at 95 °C for 20 s, annealing at 55 °C for
15 s, and extension at 72 °C for 10 s, then final extension at
72 °C for 10 min. Sequence libraries were prepared using
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a SequalPrep Normalization Plate Kit (ThermoFisher Sci-
entific, Waltham, MA, USA) following the manufacturer’s
protocols. Paired-end 2 x 250 bp dual-index sequencing was
performed on the Illumina MiSeq platform using a standard
MiSeq Reagent Kit V2 (500 cycles; Illumina, San Diego,
CA, USA). The DNA primers and PCR conditions of 16 S
and fungal ITS1 are listed in Table S1.

2.5 Bioinformatic Processing

The DNA sequences of the 16 S rRNA gene and ITS1 ampli-
cons are deposited in the National Center for Biotechnology
Information (NCBI) under the project PRINA1276541. The
16 S rRNA gene V4 region and ITSI region raw sequenc-
ing data were merged, trimmed, and analyzed with the
Quantitative Insights into Microbial Ecology 2 (QIIME
2), version 2022.8 (Bolyen et al. 2019), followed by being
denoised with the DADA?2 plugin (Callahan et al. 2016).
Bacterial sequences were trimmed to a 240 bp forward read
length and a 150 bp reverse read length, and we trimmed
the ITS1 sequences to a 220 bp forward and 220 bp reverse
read length. Approximately 70% of reads were analyzed
after merging and denoising. The taxonomy assignment of
bacterial and fungal amplicon sequence variants (ASV) was
conducted using the SILVA database v138 (Glockner et al.
2017) and the UNITE database v9 (Nilsson et al. 2019),
respectively. For diversity analysis, the 16 S TRNA gene and
ITS1 region sequences from each sample were rarefied to
17,211 and 8,959, respectively. Species with the cumula-
tive ASV count less than 10 were discarded, and the relative
ASV abundances of the remaining microbial communities
were clustered by principal coordinate analysis based on
Bray-Curtis dissimilarity. Bacterial functional traits were
predicted by PICRUSt2 (Ye and Doak 2009; Barbera et al.
2019; Douglas et al. 2020). The default cutoff of the near-
est sequenced taxon index (NSTI) of PICRUSt2 was set
at 2.0. Bacterial metabolic pathways and fungal lifestyles
were identified in the MetaCyc (Caspi et al. 2020) and the
FungalTraits (PSlme et al. 2020) databases, respectively.
Cellulose, hemicellulose, and lignin decomposition genes
were identified in the Kyoto Encyclopedia of Genes and
Genomes (KEGG) (Kanehisa et al. 2016).

2.6 Statistical Analysis

Levene’s and Shapiro—Wilk tests (Shapiro and Wilk 1965)
were performed to check the data’s homogeneity of vari-
ance and normality. Cumulative organic C and N input was
cube root transformed before being used for the statistical
analyses, while the NH," concentration was logy:1y trans-
formed. One-way ANOVA (Fisher 1992) was performed
using JMP Pro 16 (SAS Institute, NC, USA) to test the main
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Table 1 Annual and cumulative organic C and N inputs from cover
crop residue returns (kg ha™') from the 20212022 to 2023-2024 sea-
sons

Biomass Treat- 2021-2022 2022-2023 2023-2024 Cumula-
ment tive
MX 1638+315 1951+£294 2038+252 6008+461
a a
C RY 1050+£228 1803+328 1495+240 4349+665
b b
VE 1291+215 1388+222 1898+216 4725+552
ab ab
MX 137+32a  112+21 170+£31a 461+86a
N RY 78+25b 112427 107+£30b 297+80b

VE 128+30a 107+£23 169+27a 431+77a
MX, the mixture of rye and vetch; RY, cereal rye; VE, hairy vetch.
Numbers are means and standard errors (n=8). Different letters sug-
gest significant differences between the cover crop treatments within
a season at p<0.05

treatment effects on these data. Microbial Shannon diversity
index and ASV richness were calculated by QIIME2. One-
way ANOVA was then performed to test the main treatment
effects on microbial alpha diversity. Microbial commu-
nity structure dissimilarities were tested by permutational
multivariate analysis (PERMANOVA) using the function
“adonis2” in the R package “vegan” (Core Team 2014).
Linear and Mantel correlation tests were conducted to test
correlations between the measured variables and micro-
bial community structures, at p<0.05 using the R pack-
age “linkET” in R4.2.1 (devtools::install github (“Hy4m/
linkET”, force=TRUE) (Huang 2021). Treatment effects
on microbial abundances were tested using the R package
“ANCOM-BC2” (Huang et al. 2020). Discriminating bacte-
rial families harboring decomposition genes were tested by
the similarity percentage test using the R package “vegan”
(Core Team 2014). The dissimilarity matrices of functional
gene KO and bacterial community were built by the func-
tion “vegdist”, and matrix correlation analyses were per-
formed by the function “mantel” in the R package “vegan”.

3 Results

3.1 Cumulative Organic C and N Inputs from Cover
Crop Residues

In the 2021—-2022 and 2023 —2024 seasons, the MX treat-
ment produced higher biomass C than the RY treatment,
while the MX and VE treatments generated higher bio-
mass N than the RY treatment (Table 1 and S2). However,
no difference was observed between the treatments in the
2022-2023 season. Additionally, the MX and VE treatments
introduced higher cumulative organic.

Table 2 Selected soil properties in 2023 after three years of cover crop
inclusion

pH CO MX RY VE
7.1+0.0 ab 6.9+£0.0b 7.1£0.1 a 6.9+0.0b
EC 1.1+£0.1b 1.3£0.1 ab 1.1£0.7b 1.5+0.1a
NH," 09+02a 09+03a 09+0.1a 1.0+£02a
NOy 7.4+0.7b 9.7+1.0a 74+12b 103+1.1a
DOC 54+4a 52+7a 51+2a 56+t4a

CO, control; MX, the mixture of rye and vetch; RY, cereal rye; VE,
hairy vetch. EC (dS m™), electrical conductivity; NO,  and NH,",
extractable NO;” and NH," concentrations (mg kg™'); DOC, dissolved
organic C (mg kg'!). Numbers are means and standard errors (2=8).
Different letters indicate a significant effect of cover crops at p<0.05

N inputs than the RY treatment. No difference was found
for the cumulative organic C inputs between the treatments.

3.2 Soil Properties

Continual organic inputs for three seasons did not affect
soil NH," and DOC concentrations compared to the CO
treatment (Table 2 and S2). The VE and MX treatments
increased soil NO; ™ concentrations compared to the CO and
RY treatments. The VE treatment increased EC compared
to the CO and RY treatments. The MX and VE treatments
decreased soil pH compared to the RY treatment.

3.3 Soil Microbial Diversity

Bacterial Shannon index (Fig. 1A ) and ASV richness
(Fig. 1B) ranged from 8.9 to 9.7 and 848 to 1462, respec-
tively. The MX treatment had a higher bacterial Shannon
index than the CO and VE treatments, and a higher ASV
richness than the VE treatment (Table S2). The fungal Shan-
non index (Fig. 1C) and ASV richness (Fig. 1D) ranged
from 5.6 to 6.4 and 92 to 234, respectively. No treatment
effect was found (Table S2).

3.4 Microbial Community Ccomposition and
Structure

Bacterial community structure remained unchanged after
three years of cover crop inclusion (Fig. 2A; Table S3),
which was dominated by Alphaproteobacteria, Gamma-
proteobacteria, Bacilli, Bacteroidia, and Actinobacteria,
accounting for more than 50% of the bacterial population
(Fig. S2A; Table S4). In contrast, the fungal community
structure of the CO treatment differed from that of the RY
and VE treatments, and that of the VE treatment also differed
from that of the RY and MX treatments (Fig. 2B; Table S3).
Soil fungi were dominated by classes of Sordariomycetes,
Mortierellomycetes, Dothideomycetes, and Tremellomyce-
tes, accounting for more than 60% of the fungal population.
(Fig. S2B; Table S4).
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3.5 Soil Microbial Functional Traits

degradation pathways directly related to soil C-cycling were
predicted from the MetaCyc database (Figs. 3 A and S3A).

Approximately 95% of the total bacterial sequencing reads ~ No significant treatment effects were observed, except for
(16420 out of 17211) were included in PICRUSt2 functional =~ the pathways of carboxylic acid degradation, amino acid
prediction analysis. Twenty dissimilation, assimilation, and  degradation, and C1 compound utilization and assimilation,
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Fig. 3 Impacts of cover crop a
inclusion on the relative
abundances of Metacyc level-3

C assimilation, dissimilation,

and degradation pathways (A)
and FungalTraits secondary
lifestyles (B). Bars represent the
mean+standard error of the mean
(n=g8). Different letters suggest
significant differences between
cover crop treatments at p<0.05.
CO, no cover crop control; RY,
cereal rye; VE, hairy vetch; MX,
the mixture of rye and vetch

Carboxylic Acid Degradation

Amino Acid Degradation

C1 Compound Utilization &
Assimilation

Arbuscular mycorrhizae

Nectar saprotroph

Unspecified saprotroph

Litter saprotroph

0%

in which differences were only observed between the RY
and VE treatments. The RY treatment was predicted to have
a higher relative abundance of the C1 Compound Utiliza-
tion and Assimilation pathways than the VE treatment, but a
lower relative abundance of the amino acid degradation and
carboxylic acid degradation pathways.

FungalTraits identified six lifestyles from 161 fungal
genera (Figs. 3B and S3B). The VE treatment was predicted
to have a higher relative abundance of litter saprotrophs
than the RY treatment. In contrast, the RY treatment was
predicted to have a higher relative abundance of arbuscular
mycorrhizal (AM) fungi than the VE and CO treatments.
In addition, the MX treatment was predicted to reduce the
relative abundance of nectar saprotrophs compared to the
CO treatment, which was not observed in other cover crop
treatments.

PICRUSt2 analysis predicted 10, 19, and 10 individual
KEGG orthologs (KOs) directly involved in decompos-
ing major soil organic polymers, i.e., cellulose, hemicellu-
lose, and lignin, respectively, from the bacterial 16 S rRNA
sequencing data. The VE treatment was predicted to
increase the abundances of cellulose and lignin decomposi-
tion KOs compared to the RY treatment (Fig. 4A). To further

OVE ORY OMX ECO

1% 2%
Relative abundance

OVE ORY OMX ®ECO

a

0%
b
a
ab
ab
ab
a
b
=
ab

5% 10% 15% 20%

Relative abundance

distinguish the bacteria between VE and RY treatments, we
filtered the top 40 bacterial families that harbor more than
0.5% of total abundances of cellulose and lignin decompos-
ing KOs (Figs. S4A and S4B). SIMPER analysis identified
eight distinct bacterial families associated with cellulose
and lignin decomposition, among which Xanthomonada-
ceae, Flavobacteriaceae, Sphingobacteriaceae, Caulobac-
teriaceae, and Spirosomaceae were more abundant under
the VE treatment than under the RY treatment (Fig. 4B).

3.6 Correlations between Measured Variables

EC was positively correlated with cumulative organic C
and N inputs and the concentrations of NO;~ and DOC, but
negatively correlated with fungal Shannon index and the
abundance of arbuscular mycorrhizal fungi (Fig. 6). NO;~
concentrations were positively correlated with cumula-
tive organic C and N inputs and DOC concentrations but
negatively correlated with fungal Shannon index. Soil bac-
terial community structure was correlated with NO;~ and
DOC concentrations (Fig. 6; Table S5), while fungal com-
munity structure was correlated with cumulative organic
N inputs, EC, and the concentrations of NO; and DOC.

@ Springer



5958 Journal of Soil Science and Plant Nutrition (2026) 26:5952-5965
Fig.4 Relative abundances of a
KEGG cellulose, hemicellulose, 0.4% -
and lignin decomposition ortho- OVE ORY BMX mCO
logs (A), and relative abundances
of discriminating cellulose and a
ab
lignin decomposition bacterial 8 0.3% A e b ab
families (B). Bars represent the 5 a .
mean=+standard error of the mean g —~- b
(n=28). Different letters suggest 2 o/ |
significant differences between < 0.2%
cover crop treatments at p<0.05. g
CO, no cover crop control; RY, %‘
cereal rye; VE, hairy vetch; MX, < 01% -
the mixture of rye and vetch Y
0.0%
Cellulose Hemicellulose Lignin
decomposition decomposition decomposition
3.0% A
3 BVE BRY EMX mCO
g 2.0% -
c
S
§ 1.0% A
[3)
~
0.0%
e:b‘b q:b'@ ‘Z:b'e) @,b_@ Q‘b’@ q:b'z qu@
) ) ) ) Lol ) O
x> b“b (b’ N > ,{O’ Qo
Q Qo \‘@ 2} @'0 ) ‘&
& 3 9 o > & P
QO > O ) > )
& S 0 & > S <O
& S A© &P P 3 Q
¥ & S &% & <
> Q DA S @
,_\:b A
R

Fungal Shannon diversity was positively correlated with the
abundance of arbuscular mycorrhizal fungi but negatively
correlated with EC, NO;~, and DOC concentrations. The
structures of cellulose and lignin KO dissimilatory matri-
ces were positively correlated with the bacterial community
structures of these selected families (Fig. SA and B).

4 Discussion

Soil microbial diversity underpins soil nutrient cycling
(Bastida et al. 2021; Gupta et al. 2022). It also maintains
microbial functional redundancy among different taxa that
share metabolic functions, allowing soils to deliver neces-
sary ecological services when encountering environmen-
tal disturbances (Louca et al. 2018). In the present study,
integrating cereal rye or hairy vetch as single-species cover
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crops for three consecutive seasons did not change bacte-
rial diversity, contrary to our hypothesis. Similar studies
have also reported such neutral impacts of individual cover
crops on bacterial diversity (Chamberlain et al. 2020; Wipf
et al. 2021). By contrast, when the two cover crops were
introduced as a mixture, the bacterial diversity and richness
increased, aligning with previous reports on cover crop mix-
tures (Eisenhauer et al. 2010; Gao et al. 2022). This response
is likely because the mixture increased the diversity of C
and N sources, which supported bacterial population growth
more effectively than the fallow or vetch residue alone
(Eisenhauer et al. 2011; Purahong et al. 2016). Similarly,
Drost et al. (2020) suggested that mixture residues produced
more substrate niches than individual cover crops, address-
ing the need for composition analysis on cover crop residues
to confirm whether increased organic substrate diversity is
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Fig.5 Spearman’s rank correla-
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the primary mechanism driving shifts in bacterial commu-
nity composition.

In contrast to the bacterial community, no changes in soil
fungal diversity were observed after three years of cover
crop inclusion, a finding consistent with previous studies
(Cloutier et al. 2020). Xu et al. (2024a, b) suggested that
soil fungal diversity is highly correlated with soil C avail-
ability. In the present study, no treatment effects on the DOC
concentrations were observed, which may partly explain the
unchanged fungal diversity. In addition, fungal growth rates
are up to an order of magnitude slower than bacterial growth
rates (Dopheide et al. 2023; Gao et al. 2022), which may

also explain why fungal diversity remained unchanged after
three years of cover cropping.

Both bacterial and fungal community structures showed
significant correlations with soil NO;~ and DOC concen-
trations, consistent with their recognized role as driving
factors of microbial community structure (Hu et al. 2023;
Vukicevich et al. 2016).Zhong et al. (2020) further sug-
gested that C sources can be more important than N avail-
ability in shaping microbial community structure during the
early stages of microbial assembly. In the present study, the
inclusion of cover crops for three years changed soil NO5~
availability, but not DOC concentrations. While a number

@ Springer



5960

Journal of Soil Science and Plant Nutrition (2026) 26:5952-5965

of copiotrophic bacteria within certain classes, such as Alp-
haproteobacteria and Gammaproteobacteria, prefer labile C
substrates for growth (Wang et al. 2021; Zhang et al. 2022),
their abundances were not affected by the cover crop treat-
ments. Therefore, the unchanged DOC concentrations and
stable copiotroph abundances likely explain the unshifted
bacterial community structure, supporting the notion that
C substrates may be more influential than N availability in
regulating bacterial community composition under these
conditions (Fu et al. 2022).

Unlike the bacterial community, the fungal community
structure was more sensitive to the three-year cover crop
inclusion, likely due to the changed N availability, as indi-
cated by its correlation with cumulative organic N inputs,
NO;™ concentration, and EC. A few studies have suggested
that the bacterial community may be more responsive to the
quantity of organic inputs, whereas the fungal community is
more responsive to the quality of the inputs (i.e., the C-to-
N ratio of cover crop residue) (Maul et al. 2014; Schmidt
et al. 2018). Mohamed and Martiny (2011) suggested that
the varying adaptation strategies of fungi to salinity may
lead to community structure variation along salinity gradi-
ents, which is consistent with the observed correlationships
between fungal community structure and EC. In addition,
Tosi et al. (2022) suggested that minor compositional
changes in the fungal community may be more pronounced
than in the bacterial community, due to the relatively low
fungal diversity, as observed in the present study.

The microbial processes of C sequestration through
cover crop residue decomposition are critical for climate-
smart agricultural practices (Hu et al. 2024). Soil bacteria
utilize C sources through various mechanisms (Maron et
al. 2018; Schimel and Schaeffer 2012), including dissimi-
lation, assimilation, and degradation pathways, which are
influenced by environmental changes (Wu et al. 2024).
We estimated that VE inclusion led to higher abundances
of amino acid and carboxylic acid degradation pathways
in bacterial communities than RY, thereby supporting the
hypothesis. Similarly, Mardani-Korrani et al. (2021) also
found that VE enriched the metabolic pathway of the amino
acid L-canavanine. This result suggests that VE inclusion
may promote organic N mineralization by adding N-rich
residues (Aliashkevich et al. 2018; Canarini et al. 2019).
Carboxylic acids are commonly found in plant root exu-
dates (Seitz et al. 2024). Leguminous roots secrete more
carboxylic acids than gramineous roots (Seitz et al. 2023;
Wink 2013), which could partly trigger a higher carboxylic
acid degradation activity, as observed in the present study.
In contrast, RY inclusion enhanced the C1 compound utili-
zation and assimilation pathway, allowing bacteria to uti-
lize one-carbon substrates for growth (Le and Lee 2022).
Cereal rye has a larger root biomass than VE, which might
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attract more microbial methanol consumers (Sievers and
Cook 2018). Another group of major C1 compound con-
sumers, methanotrophs, prefer complex C sources (Tiwari
et al. 2018). This could also explain why the C1 compound
utilization pathway was estimated to be higher in the RY
treatment than in the VE treatment. Moreover, most methy-
lotrophic microbes are obligate acrobes (Kolb 2009). Com-
pared to the taproot of VE, the fibrous root of RY may create
better aeration in the rhizosphere, increasing the activity
of methylotrophic microbes (Griffiths et al. 2022). To the
best of our knowledge, this is the first attempt to estimate
the differences between VE and RY in the carboxylic acid
degradation pathway and the C1 compound utilization and
assimilation pathway.

Similarly, differences in fungal C-cycling traits were
found mainly between the VE and RY treatments, again sup-
porting the hypothesis. Higher abundances of litter saprotro-
phic fungi in the VE than RY treatments were also reported
by Yu et al. (2022). This is likely due to the relatively higher
soil N availability (Marandn-Jiménez et al. 2021; Sterken-
burg et al. 2018). In contrast, we estimated more abundant
AM fungi in RY than in the VE treatments (Fig. 3B), likely
because AM fungi are associated with the acquisition and
transformation of more complex C compounds derived
from RY residues (Hodge et al. 2001).

Cellulose, hemicellulose, and lignin are the primary com-
ponents of plant cell walls, serving as food sources for soil
microbes (Huang et al. 2024; Richard 1996). Three years
of VE inclusion were estimated to lead to a higher relative
abundance of microbial cellulose and lignin decomposition
genes than integrating RY, a finding also reported by similar
studies (Li et al. 2024; Xie et al. 2022). It is possible that
the relatively higher N content of VE residues may have
favored the proliferation of bacteria carrying genes for lig-
nin and cellulose decomposition (He et al. 2019; Thapa et
al. 2023). The positive correlation between bacterial com-
munity structure and the structures of cellulose and lignin
decomposition pathways also supports the notion that bacte-
rial communities strongly mediate the production of genes
involved in lignin and cellulose decomposition. Secondly,
VE residues are often decomposed more rapidly than RY
residues due to their higher biomass N content. The rapid
decomposition of VE residues may, in turn, positively prime
the decomposition of cellulose and lignin (Kuzyakov et al.
2000; Talbot and Treseder 2012).

Microbial keystone taxa are microbes that make the most
significant contributions to the community’s functional pro-
file, exerting non-redundant impacts on microbial ecosystem
services (Paine 1969). Emerging studies suggest that certain
microbial species possess a strong capacity for C acquisition,
playing leading roles in organic matter decomposition (Das-
gupta et al. 2024; Zheng et al. 2021). Therefore, identifying
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these keystone taxa will give us a deeper understanding of
C decomposition function under disturbance (Banerjee et al.
2016; Vick-Majors et al. 2014). Supporting this hypothesis,
we found that five keystone bacterial cellulose and lignin
decomposers were more abundant under the VE treatment
than under the RY treatment. Sphingobacteriaceae, Flavo-
bacteriaceae, and Spirosomaceae are saprotrophic bacteria
that belong to the phylum Bacteroidota. These three bacte-
rial families possess a strong decomposition ability, which
can be stimulated by adding N-rich VE residues (Chiba et
al. 2021; Kraut-Cohen et al. 2021; Olakanye and Ralebitso-
Senior 2018). Xanthomonadaceae and Caulobacteraceae
belong to the phylum Pseudomonadota (Abraham et al.
2014), which are also capable of decomposing cellulose
and lignin, and can be induced by VE treatment (Dasgupta
et al. 2024; Doronina and Trotsenko 2003; Wilhelm et al.
2019). In addition, numerous species of these two families
are symbiotic N-fixers (Montafiez et al. 2009; Oren 2014),
which could explain their higher abundances in the VE
treatment compared to the RY treatment. Our results high-
light the importance of N availability in enhancing the soil
microbial potential for decomposing cellulose and lignin in
sandy soils under our experimental conditions.

5 Conclusion

Integrating legume and nonlegume cover crops for three
years provided continual organic inputs that differed in
quantity and quality, resulting in their distinctive impacts
on soil microbial communities. Overall, the inclusion of
cover crops had limited impacts on microbial richness.
Integrating hairy vetch and winter rye did not change the
composition and structure of the bacterial community, but
modified those of the fungal community. The vetch and
rye also demonstrated distinct C-cycling pathways. Spe-
cifically, the vetch increased the predicted gene abundances
for cellulose and lignin decomposition compared to the rye
treatment, predominantly driven by five copiotrophic key-
stone taxa. These species-specific impacts of legume versus
non-legume cover crops likely derive from their contrasting
functional traits, such as biomass production potential and N
provision capacity, resulting in differences in N availability
and organic substrate concentrations. Microbial functional
prediction and the identification of keystone taxa can pro-
vide critical insights into soil nutrient and fertility manage-
ment in organic systems. However, the functional prediction
pipelines applied here are based on amplicon sequences and
may not accurately capture genetic microdiversity. Future
studies should investigate the long-term impacts of these
differences on nutrient cycling, residue decomposition,

and C sequestration, and further improve the robustness of
microbial functional prediction tools.
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