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Diverse biological communities promote i

SOM molecular diversity and compositional
transformations during natural fallow stage
in paddy fields
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Abstract

Monoculture cultivation patterns in agro-ecosystems only provide less varied soil organic matter (SOM) molecules

of plant origin. Whether and how the natural fallow stage between cultivation seasons facilitates the restoration

of SOM molecular diversity and mitigates the adverse impacts of constant cropping pattern is elusive. Here, we
utilized FT-ICR-MS, UHPLC-MS/MS, and high-throughput sequencing to investigate the biological change processes
in SOM molecular composition under cultivation and fallow status in a long-farmed paddy field. Our study showed
that SOM molecular diversity increased by 45.70%-85.36% in fallow stage compared to rice cultivation season. SOM
molecular diversity was positively correlated with bacterial diversity and root exudate molecular diversity, and nega-
tively correlated with fungal diversity. Notably, root exudate molecular diversity accounted for 48.48% of the variation
in SOM molecular diversity. The increased SOM molecular diversity in fallow stage was attributed more to the diverse
plant-produced molecules than the microbe-consumed molecules. Plant species turnover resulted in the conversion
of root exudate components to Organoheterocyclic compounds and Organic acids/derivatives from rice planting
stage to fallow stage. Recruited microbes were dominated by Basidiomycita, Ascomycota, Acidobacteria, Chloro-

flexi and Proteobacteria, resulting in the transformation from carbohydrates, lipid-like SOM molecules to lipid-like

and lignin-like SOM molecules. Both field and microcosm experiments confirmed that root exudates are the main
source of SOM molecules, and are influenced by the soil microbial community. This study provides solid evidence
that fallow status in agro-ecosystems provides explosion of biodiversity and counteracts the negative effects of long-
term monoculture cultivation on SOM diversity.

Highlights

« Natural fallow promotes soil organic matter molecular diversity in paddy fields.

« Plant diversity and bacterial diversity increase in fallow stage.

+ Root exudates increase SOM molecular diversity by mediating microbial communities.

«Variations in the composition of biological communities drive transformations in SOM molecular composition.
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1 Introduction

Soil organic matter (SOM) is the largest reservoir of
organic carbon (C) in terrestrial ecosystems, and its
turnover plays a key role in the global elemental cycle
and future climate change (Schmidt et al. 2011; Seneca
et al. 2021). Increasing evidence suggests that the diver-
sity and composition of SOM molecules have emerged
as potentially critical controls on soil organic carbon
persistence (Davenport et al. 2023; Jones et al. 2023;
Chen et al. 2022). SOM is a complex mixture of plant-
and microbial-derived polymers and their degradation
products. The fate of SOM molecules is closely linked
to the metabolism of complex biomes (Hu et al. 2022b,
a; Zhou et al. 2002). There are two pathways for the for-
mation of SOM molecules: one is the entry of plant lit-
ter or root exudate molecules into the soil, where they
combine with minerals physically or chemically to form
plant-derived SOM molecules; the other is the conver-
sion of plant-derived carbon by microbial metabolism
to microbial-derived SOM molecules (Liang et al. 2017).
The molecular diversity and composition of plant-derived

SOM molecules varies depending on the diversity and
type of litter or root exudate molecules of different spe-
cies (Davenport et al. 2023). Microorganisms play a key
role in the conversion of plant-derived carbon into SOM
molecules. Microorganisms act as “funnels” to utilize
and decompose plant-derived carbon into low molecu-
lar weight molecules, thereby increasing the diversity of
SOM molecules (Davenport et al. 2023; Liang et al. 2017).
Microbial “recipes’, namely the selective utilization of
carbon sources, determine the potential for conversion
of plant-derived C to microbial-derived SOM molecules
(Huang et al. 2023). In addition, the prevalence of cross-
feeding mechanisms among microorganisms leads to the
interconversion of microbial-derived SOM molecules,
which enriches the molecular diversity of SOM (Hu et al.
2022a). Thus, different resource preferences of micro-
bial species and complex cross-feeding mechanisms
result in SOM composition and diversity that may vary
with unique microbial communities (Liu et al. 2023a, b).
Environmental stresses select habitat-specific plant com-
munities, and plant diversity and plant input types act as
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“sources” of SOM to alter SOM molecular diversity and
composition (Coérdova et al. 2018). In addition, different
types of plant communities selectively screen microbes
with appropriate transporter proteins and metabolic
pathways to use a given plant-derived C, thus reshaping
the distribution patterns of SOM molecular composition
and diversity (Baran et al. 2015). Therefore, plant com-
munities, as the source of SOM molecules, and microbial
communities, as intermediate mediators between plant-
derived molecules and SOM molecules, have a profound
impact on SOM molecule composition and diversity.
However, the understanding of the pattern of SOM mol-
ecule formation is still stuck on the interactions between
SOM molecules and microbial communities, and little
is known about the upstream control of microbial com-
munities and SOM molecule transformations by plant
communities.

Agroecosystems are active components of the global
C cycle, hosting a range of processes that degrade and
generate SOM molecules (Li et al. 2018; Wu et al. 2021).
Monoculture cropping patterns in agroecosystems
diminish the multifunctionality of the ecosystems, as well
as reduce the sources of SOM molecular diversity. This
is one of the causes of carbon emissions from farmland
and contributes to climate warming (Wen et al. 2024).
Fallowing is a way to return farmland to its natural state
with rapid plant colonization and increased biodiver-
sity. As an effective strategy of maintaining ecosystem
services and restoring soil nutrient conversion capac-
ity, fallow mitigates the negative effects of cropping pat-
terns and increases potential sources of SOM molecular
diversity. However, there are knowledge gaps about the
biological mechanisms of SOM molecular diversity suc-
cession in agroecosystems under both the cultivation and
fallow states. Paddy ecosystems, as typical artificial wet-
lands, play a key role in organic carbon cycling. In paddy
ecosystems, long-term cultivation can alter the diversity
and composition of biological communities, leading to
unique patterns of distribution of SOM molecular groups
(Wurz et al. 2022). Natural fallow in winter returns the
paddy fields to natural ecosystems, creating unique plant
communities, increasing biodiversity and reshaping the
interactivity between above-ground plants and below-
ground microorganisms. Fallowing led to an increase
in the contribution of plant-derived SOM molecules to
SOM formation (Ma et al. 2024). In addition, fallow may
attenuate or even reverse the feedback effects of biomes
on SOM molecules under long-term cropping patterns.
Thus, exploring how biomes mediate the successional
pattern of SOM molecules remains challenging in a
whole annual period.

Ultrahigh-resolution Fourier-transform ion cyclotron
resonance mass spectrometry (FT-ICR-MS) represents
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an advanced mass spectrometry technique (Koch et al.
2007; Nebbioso and Piccolo 2013; Qi et al. 2022). This
method excels in the complete separation and analysis
of complex mass peaks along with their corresponding
molecular formulae, owing to its exceptional ultra-high
resolution and accuracy (Wu et al. 2021; Kellerman et al.
2014; Hu et al. 2022b, a). Attributed to the advances in
SOM extraction methods, we can analyze the composi-
tion of SOM molecules rather than just DOM molecules
using FT-ICR-MS (Wu et al. 2022). The development
of this technology has made it possible to resolve SOM
and biome interactions at the molecular level, by using
combined multi-omics analysis. In this study, we used
FT-ICR-MS, UHPLC-MS/MS and high-throughput
sequencing to explore patterns of synergistic variations
between SOM molecules and biotic community under
artificial management of agroecosystems.

Here, we conducted a year-long experiment in a paddy
field that has been continuously cultivated for 33 years to
investigate the effects of biome-mediated SOM molecu-
lar diversity and composition under different cropping
stages. This study aimed to investigate (1) the dynamic
patterns of the diversity and composition of SOM mol-
ecules and biomes in paddy soils under cultivation and
fallow stages, and (2) the coupling relationship between
SOM molecules and biological communities (including
microbial community in the belowground and plant com-
munity in the aboveground) in molecular level. On this
basis, we formulated the following scientific hypotheses:
(1) biological community and SOM molecular diversity
increase during natural fallow stage; (2) biological com-
munity diversity promotes SOM molecular diversity; and
(3) the proportion of plant-derived SOM molecules (e.g.
lignins) increases in SOM during fallow stage.

2 Materials and methods

2.1 Study site and experimental description

The soil used for this study was from the paddy field at
the Yingtan National Agroecosystem Field Experiment
Station (28°15"30” N, 116°55"30” E) of the Chinese
Academy of Sciences in Yujiang Country, Jiangxi Prov-
ince, China. Four fertilization treatments were set up in
this study and sampled at three tillage stages. The fertili-
zation treatments were set as: no fertilizer (CK), chemi-
cal fertilizer (NPK), organic fertilizer (OM) and chemical
and organic fertilizer combined application (NPKOM).
Specific fertilizer application rates were described in
detail in the supplementary material (Table S1). Sampling
was conducted at two states: cultivation state (late rice
stage [LRS] and early rice stage [ERS]) and natural states
(fallow stage, FS) in October 2022, July 2023 and March
2023, respectively (Fig. S1). These three time points were
chosen because the aboveground plants are at maturity
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and the relationship between plants, microbes, and SOM
molecules is less disturbed by artificial activity. The
experiment consisted of 4 fertilization regimes andx3
tillage stages with 3 replicates, each replicate was carried
out in 5.5%5.5 m soil blocks. Three soil cores (6 cm in
diameter) were randomly collected (a total of 36 soil sam-
ples) from each block. Fresh soil collected was divided
into two sub-samples, one was immediately sent to the
laboratory and stored at -40 °C, and the other was air-
dried for the determination of soil properties.

2.2 DNA extraction, PCR, and lllumina sequencing
FastDNA SPIN Kit was used to extract bacterial DNA
from 0.5 g of soil (MP Biomedicals, USA) following the
manufacturer’s protocol. The prokaryotic 16S rRNA
gene V4-V5 variable region was amplified with 515F
(5"-GTGCCAGCMGCCGCGGTAA-3") and 907R (5'-
CCGTCAATTCCTTTGAGTTT-3") universal primers.
Fungal richness was determined via full-length internal
transcribed spacer (ITS) amplicon sequencing using the
primers ITS1 (5'-GGAAGTAAAAGTCGTAACAAGG-
3")/ITS5E (5'-GCTGCGTTCTTCATCGATGC-3’). Bio-
informatic processing was performed as explained above.
Raw sequence data were processed within the QIIME2
environment (release 2021.8), denoising sequences with
the available DADA2 pipeline. Representative sequences
of the generated bacterial and fungal ASVs were aligned
against the SILVA 138 database and the UNITE reference
database using an open-reference Naive Bayes feature
classifier, respectively. Details are in the Supplemental
Information.

2.3 SOM extraction and FT-ICR-MS analysis

SOM was extracted from soil samples (2 g) using
ultrapure water at a soil: water ratio of 1:10 and then
shaken for 2 h at room temperature in a horizontal
shaker (repeated three times). The solution was centri-
fuged at 2800 g for 20 min and filtered through a 0.45 um
membrane filter. The supernatant was freeze-dried and
stored at -40°C. The remaining soil was rinsed with 6 mL
of methanol (HPLC grade; Merck, Germany) +12 mL of
CHCI; (HPLC grade; Merck, Germany) and transferred
to a PTFE tube, shaken for 1 h and then centrifuged at
2800 g for 10 min. Mix the SOM organic extract with the
corresponding SOM water extract. The mixtures were
dried under vacuum centrifugation, resuspended in 1 mL
of methanol, vortexed for 10 s, and then centrifuged at
10,000 rcf for 5 min.

Deuterated octadecanoic acid was added to the sam-
ple as an internal standard at a dose of 15 uL per mL of
sample (5x1077 mol/L). The ESI FT-ICR MS (Bruker,
Billerica, MA, USA) was equipped with a 9.4 T actively
shielded superconducting magnet interfaced with
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negative ion mode electrospray ionization. Each sample
was injected into the ESI source using a syringe pump at
a rate of 180 pL/h. The polarization voltage was 4.0 kV.
Capillary column introduction and exit voltages were
4.5 kV and 320 V, respectively. Ions accumulate in the
hexapole for 0.001 s before transfer to the ICR cell. The
m/z range was 150—-800 Da. A 4 M word size was selected
for time domain signal acquisition. The signal-to-noise
ratio and dynamic range were enhanced by accumulat-
ing 128-fold domain FT-ICR transients. Details of data
analysis are included in the Supplementary Information.

2.4 Root exudates extraction and UHPLC-MS/MS Analysis
The abundance of plants in the plots was counted before
the collection of root exudate. Plants from each plot were
mixed into one sample for root exudate collection based
on the species abundance ratio. Harvest the entire plant’s
roots and promptly rinse them with flowing deionized
water to eliminate soil residues. Submerge the complete
root system in a plastic container containing 20-50 mL
of deionized water, with the specific volume depend-
ing on the root system’s size. Cover the container with
aluminum foil to induce darkness around the roots.
Maintain the roots in water under controlled climatic
conditions, mirroring those of plant growth, for 24 h.
Subsequently, collect the root exudate solution, freeze-
dry it into a lyophilized powder, accurately measure the
weight, and store it in a 1.5 mL centrifuge tube.

To compare the effects of litter leachate and root
exudates on the formation of SOM molecules, we col-
lected and measured the diversity of litter leachate. For
the extraction of litter leachate, we collected and mixed
plant leaves from the fallow stage of each block accord-
ing to their biomass-specific gravity. The litter from each
block was mixed and put into 0.02 mm mesh sizes lit-
ter decomposition bags and buried in the ground. After
three months, the soil was rinsed off and the litter lea-
chate was extracted according to the root exudate extrac-
tion method described above. Details of the test methods
are in the Supplementary Information.

2.5 Microcosm experiment

In order to avoid the influence of various factors in the
field on the experimental results, we established a micro-
cosmic experiment to verify the contribution of biodiver-
sity to the diversity of SOM molecules. The root exudates
diversity validation test was set up with five treatments,
and each treatment was set up with two different plant
species, with specific information in the Supplementary
Information (Table S2). We extracted microbial suspen-
sions from fresh soil and obtained microbial suspensions
with 1, 107}, 1072, 107 and 0 by gradient dilution. Four
root exudates mixtures were added before the start of
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incubation, and then the microbial suspension was added
to sterilized soil for three months in a constant tempera-
ture incubator at 37 °C. SOM molecular diversity, micro-
bial diversity, and root exudates diversity of the soil were
determined at the end of the incubation. Details are in
the Supplementary Information.

2.6 Statistical analyses

The diversity index was calculated in the “vegan” pack-
age (R Core Team. 2018). SOM molecular, root exudate
structure and microbial community composition were
assessed using Principal Coordinate Analysis. Redun-
dancy analysis and hierarchical partitioning analysis
were used to characterize the effect of biodiversity on
the SOM molecular structure. We performed Procrustes
and mantel tests to investigate the association between
microorganisms and SOM molecules. SparCC was
applied to construct a dichotomous network of root exu-
date, microbes-SOM molecules. When the correlation
threshold in network was |p|>0.3 and p <0.05, we consid-
ered that there was a potential interaction between root
exudate molecules, microorganisms and SOM molecules.
In addition, we selected the microorganisms and root
exudate molecules that were included in the network
and performed the SparCC network analysis between
the two to explore the interactions between the root exu-
date molecules and the microorganisms. Then, we added
these links to the microbe, root exudate-SOM molecule
network. The association between plant communities
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and root exudates was characterized by co-occurrence
networks. We found potential associations between plant
communities and root exudate molecules by a “pairwise”
approach. With the “psych” and “reshape2” packages, we
retained links with r>0.5 and p<0.05 to represent the
relationship between plant production of root exudate
molecules. Detailed information is in the Supplementary
Information.

3 Results
3.1 Variations of the diversity and composition
of biological communities and SOM molecules
in different growing stages

The richness index was used to characterize changes in
diversity of biotic communities and SOM molecules
across fertilization regimes and cropping stages. In fal-
low stage, the diversity of SOM molecules, root exudate
molecules and bacteria increased by 45.70%-85.36%,
171.67%-177.38% and 13.78%-19.14%, respectively, as
compared to rice cultivation stages, whereas the fun-
gal diversity decreased by 35.58%-39.40% (Figs. 1 and
S2). Fertilization practices were also found to signifi-
cantly increase the diversity of SOM molecules (F=3.45,
p<0.05), plants (F=8.81, p<0.001), bacteria (F=5.63,
p<0.01) and fungi (F=21.13, p<0.001). The cropping
stage had a greater effect on the SOM molecular diversity
than fertilization regime (Fig. S6 and Table S3), indicat-
ing the important impacts of aboveground plant com-
munity. Plant communities mediate the process of SOM
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molecular diversity formation through root exudates and
litter leachates. Thus, we further compared the molecu-
lar diversity of root exudates and litter leachates during
the fallow period (Fig. S2). It was found that the molec-
ular diversity of litter leachates was lower than that of
root exudates and was limitedly affected by fertilization
regime (F=1.61, p>0.05). Plant root exudates received
a significant effect of the cropping stage (F=343.06,
»<0.001) and were not sensitive to the fertilization
regime (F=1.74, p>0.05).

The dominant plant species changed across tillage
stages. Rice (Oryza sativa) was the dominant species in
the cropping phase, while the weed (Alopecurus aequa-
lis) was the dominant species in the fallow phase (Fig.
S3). SOM molecules, plant root exudate molecular types
and microbial taxa (phylum) varied with cropping stages
(»<0.001), but were not sensitive to fertilization regimes
(p>0.05; Fig. 2). During the fallow period, for SOM
molecules, the relative proportions of lignin increased
and carbohydrates decreased (Fig. 2a); for root exudate
molecules, the relative proportions of organic acids and
derivatives, organoheterocyclic compounds, phenylpro-
panoids and polyketides increased while the lipid-like
molecules decreased (Fig. 2b); and the relative abundance

(b)
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of Ascomycota, Chloroflexi and Proteobacteria increased
as compared with rice cropping stages (Fig. 2¢, d). In
addition, root exudates and litter molecules differed
significantly in composition during the fallow period.
Root exudates and litter molecules were not sensitive to
changes in fertilization regimes (p > 0.05; Figs. S5 and S7).
In general, we found that the cropping stage increased
the diversity and altered the composition of SOM mol-
ecules and biomes. Therefore, in the subsequent analysis,
we mainly focused on the synergistic patterns of change
in the diversity of biomes and SOM molecules across dif-
ferent cultivation stages.

3.2 The relationship between biodiversity and SOM
molecular diversity

We further analyzed the influence of the diversity of bac-
teria, fungi, plants and their root exudate molecules on
the formation of the SOM molecular diversity. The results
showed that SOM molecular diversity was positively cor-
related with bacterial diversity (r=0.62, p<0.001), root
exudate molecular diversity (r=0.91, p<0.001), and plant
diversity (r=0.31, p=0.06), whereas it was significantly
negatively correlated with fungal diversity (r=-0.82,
p<0.001; Fig. 3). Then, we investigated the impacts of
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the diversity of biomes and their metabolites on SOM
molecular structure. Mantel and Procrustes analysis
revealed that plant (r=0.74, M2=0.31, p<0.001), root
exudate molecules (r=0.71, M2=0.38, p<0.001), bacte-
rial (r=0.68, M2=0.60, p<0.001), and fungal (r=0.54,
M2=0.56, p<0.001) community composition signifi-
cantly influenced SOM molecules composition, and plant
and root exudate molecules had greater effects on SOM
than microbes (Fig. S8). The results of RDA and hierar-
chical partitioning showed that root exudate molecules
had the greatest effect (48.48%) on the composition and
diversity of SOM (Fig. 4).

Associations between root exudate molecules, bacteria,
fungi, and SOM molecules were characterized by con-
structing co-occurrence networks (Fig. S9). The number
of nodes but not the number of links increased in fallow
stage compared to the rice cultivation stages (Table S4).
Specifically, the links between root exudate molecules
and SOM molecules increased, but the links between
fungi and SOM molecules decreased in the fallow stage.
The decreased N/P (negative links/positive links) in the
network implied that the network of SOM molecules

became more unstable during the fallow phase. Mean-
while, the percentage of lignin in SOM molecules
increased while lipids and carbohydrates decreased dur-
ing the fallow stage in the network (Table S5).

3.3 Biological factors driving changes in SOM molecular
diversity and composition

Changes in SOM molecule diversity (richness index)
were closely related to dynamics between newly pro-
duced molecules and consumed molecules. Unique
SOM molecules and root exudate molecules from rice
cultivation and fallow stages were used to character-
ize the relationship between newly formed molecules
and old consumed molecules. The results showed that
378 SOM molecules and 1258 root exudate molecules
were consumed, while 2642 SOM molecules and 1318
root exudate molecules were newly generated from late
rice cultivation stage to fallow stage (Fig. S10). The con-
sumed SOM molecules were dominated by lipids and
carbohydrates molecules, while the newly-formed SOM
molecules were dominated by lipids, lignin, and pro-
teins/amino sugars molecules (Figs. S12 and 5a, b). The
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consumed root exudate molecules were dominated by
lipid-like molecules, while the imported new root exu-
date molecules were dominated by organoheterocyclic
compounds, organic acids/derivatives molecules (Fig.
S13). From fallow stage to early rice cultivation stage, we
found that 1413 SOM molecules and 1314 root exudate
molecules were consumed, and 551 SOM molecules and
1253 root exudate molecules were newly formed (Fig.
S11). The consumed SOM molecules were dominated by
lipids, lignin, and proteins/amino sugars, while the new
SOM molecules formed were dominated by lipids and
carbohydrates (Figs. S14 and 5c¢, d). The consumed root
exudate molecules were dominated by organoheterocy-
clic compounds, organic acids and derivatives, while the
imported new root exudates were dominated by lipid-like
molecules. During the fallow stage, root exudates domi-
nated by organoheterocyclic compounds and organic
acids derivatives recruited Ascomycota, Chloroflexi and
Proteobacteria, and metabolized to form a consortium
of SOM molecules dominated by lipids, lignin and pro-
teins/amino sugars (Fig. 5b and c). During the cultivation
stages, root exudate molecules dominated by lipid-like
molecules recruited Basidiomycita, Rozellomycota, Pro-
teobacteria, and formed a consortium dominated by
lipids and carbohydrates molecules (Fig. 5a and d).

To further validate the unique SOM molecular con-
sortium and biological community formation processes
under different tillage states, we constructed temporal
SpaCC bipartite network. From the cultivation stage to
the fallow stage, nodes (541) and links (345) were higher
in the new SOM molecule formation network than in the

old SOM molecule consumption network (nodes: 251,
links: 149). Bacteria with produced and consumed SOM
molecules had the highest number of links, 148 and 81,
respectively (Table S6); from the fallow stage to the cul-
tivation stage, nodes (752) and links (700) were higher
than in the new SOM molecule formation network
(nodes: 448, links: 405). Root exudate molecules with
produced and consumed SOM molecules had the most
links, 128 and 343, respectively (Table S7). In addition,
we compared the community structure of consumed and
newly produced molecules in the network. The composi-
tions of newly produced root exudate molecules, bacte-
rial community and SOM molecules from late cultivation
stage to the fallow stage were not significantly different
from those consumed from the fallow stage to early cul-
tivation stage. This verifies that the fallow stage recruited
a different biological community from the tillage stages
and thus formed a unique consortium of SOM molecules
(Fig. S15). Overall, more kinds of root exudate molecules
were generated in fallow stage, and more kinds of SOM
molecules retained in soil as the increasing number of
SOM molecules in fallow stage exceeded the consuming
number in the rice growing seasons.

Plant community succession resulted in changes in
root exudate molecular composition across tillage stages.
Lipid-like molecules in root exudate were produced
mainly by Oryza sativa, Setaria viridis and Carex heter-
ostachya at rice cultivation stage (Fig. 6a and d); whereas
organoheterocyclic compounds and organic acids/deriv-
atives molecules were produced mainly by Hemistepta
lyrata, Lapsanastrum apogonoides, Cyperus iria and
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Rotala indica at fallow stage. Organoheterocyclic com-
pounds and organic acids/derivatives molecules were
consumed by various microbial taxa from fallow stage
to early rice stage (Fig. 6b and c). The study showed that
Basidiomycita, Ascomycota, Acidobacteria, Chloroflexi
and Proteobacteria were observed to be involved. Dif-
ferently, Rozellomycota, Desulfobacterota, Acidobacteria,
Chloroflexi, Proteobacteria and Ascomycota exhibited
a preference for lipid-like molecules at rice cultivation
stage. Our study showed that root exudate molecules
had a greater influence than microbes on the formation
of SOM molecular diversity and compositional patterns.
However, the field experiment was coupled with dif-
ferent cultivation stages and fertilization practices, and
influenced by many environment factors. To avoid the
interference of these factors, we arranged microcosmic
experiments to verify the contribution of root exudate
molecular diversity and microbial diversity to the forma-
tion of SOM molecular diversity. Microcosm experiment
demonstrated that SOM molecular diversity had signifi-
cant positive correlations with root exudate molecular
diversity and microbial diversity (Fig. S16). This positive

feedback was strong at low thresholds and weakened
above thresholds (1770.60-1775.03). In addition, the
independent effect of root exudate molecular diversity on
SOM molecular diversity was higher than that of micro-
bial diversity.

4 Discussion
4.1 SOM molecular diversity increased during the fallow
stage

The process of SOM molecular diversity formation and
the biological community are closely related; however,
their coupling relationship is uncharacterized. Our
study provides insight into the relationship between
biomes and SOM molecule formation in agroecosys-
tems, and provides theoretical support for weed man-
agement in fallow state. The results supported our
hypothesis (1) that SOM molecules, bacteria, plants
and their root exudate molecular diversity signifi-
cantly increased during the fallow period; however,
fungal diversity decreased (Fig. 1). Fertilizer applica-
tion increased SOM molecules and biodiversity, but
the enhancement effect was lower compared to the
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cropping period. Although exogenous inputs increased
biodiversity, their effects on root exudate molecules
were not significant. Root exudate molecules were the
primary influential factor on SOM molecules, thus,
the effect of exogenous inputs on the diversity of SOM
molecules was limited (Figs. 4 and S8). The paddy fields
returned to a natural ecosystem with no anthropo-
genic disturbance in the fallow stage, and aboveground
weeds rapidly colonized and encroached on the niche
through the chemosensory effects of root exudate mol-
ecules (Korenblum et al. 2022). On the one hand, com-
petition among plants promotes diversity (Descombes
et al. 2020); on the other hand, competition also leads
to niche differentiation, which results in the coexist-
ence of more species and mediates an increase in root
exudate molecular diversity (Pastore et al. 2021). It is
well known that such chemical sequences in the rhizos-
phere recruit microbial communities with a preference
for this (Han et al. 2020; Feng et al. 2023). Bacteria pre-
ferred an accessible resource (root exudate molecules)
over fungi, facilitating rapid colonization of the bac-
terial community. Competitive interactions between

microorganisms also inhibited fungal growth, thus
reducing fungal diversity. In addition, fungal diversity
increased in high-humidity habitats, which explained
why fungal diversity was higher during rice cultivation
relative to dry and cold fallow stage (Zhang et al. 2021).

4.2 Increased SOM molecules are mainly derived
from (weed) root exudates during the fallow stage

Changes in SOM molecular diversity (richness index)
result from a shift in the dynamic balances between the
production of new molecules and the consumption of old
molecules (Figs. S10 and S11). We constructed a tempo-
ral network to characterize the potential biological fac-
tors underlying the changes in SOM molecular diversity
and composition during the succession from late to fal-
low to early rice stage. Elevated SOM molecular diversity
during the fallow period was attributed to a faster rate of
newly produced molecules than consumed molecules.
Anthropogenic disturbances such as fertilizers and pes-
ticides are reduced and weeds colonize rapidly at fallow
stage. Different plant species produce differential root
exudate molecules, and these metabolic molecules recruit
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microorganisms with different preferences (McLaugh-
lin et al. 2023; Zhalnina et al. 2018; Preece and Pefiue-
las 2020). Thus, increased above-ground plant diversity
usually leads to an explosion of bacterial diversity in the
below-ground (Oelmann et al. 2021). More newly pro-
duced root exudate molecules and recruited bacteria
mediated the increase in SOM molecules during the fal-
low stage compared to the rice cropping stages. Although
fungi were closely associated with SOM molecule forma-
tion, the link between root exudate molecules and bacte-
ria with SOM molecules exceeded 80%, which diluted the
effect of fungi on SOM molecules (Table S6 and S7).

The composition of the SOM molecular consortium
and biological communities also underwent succession
at different cultivation stages. In the temporal network,
there was a high degree of consistency in the production
of new SOM molecules from the late rice stage to the fal-
low stage and the consumption of old SOM molecules
from the fallow stage to the early rice stage (Figs. 5 and
S15). Similarly, the same pattern was observed in root
exudate molecules and bacterial communities. The SOM
molecules were dominated by lipid and lignin molecules
in the fallow stage, whereas lipids and carbohydrates
molecules dominated in the cultivation stages (Figs. 5 and
6). Organoheterocyclic compounds and Organic acids/
derivatives dominated the root exudates molecules in
the fallow stage, whereas lipid-like molecules dominated
in the cultivation stages. This suggests that the diversity
and composition of SOM molecules are predictable and
regulated by biological factors that evolve with the till-
age stage. In addition, more than 80% of the new SOM
molecules produced (in the fallow stage) were retained
in the soil during the succession from the fallow stage to
the early rice stage. More than 90% of the newly recruited
microorganisms (in the fallow stage) were present in the
rice cultivation stage, however, the newly produced root
exudate molecules were almost absent. On the one hand,
root exudates turn over quickly in the soil and are diffi-
cult to retain for long periods (Panchal et al. 2022); on the
other hand, these SOM molecules that are able to remain
in the soil for long periods are closely associated with
microbial turnover (Domeignoz-Horta et al. 2021). This
is because microbial preferences for SOM molecules pro-
mote changes in SOM molecular composition.

The results also confirmed our hypothesis (2) that
increased diversity of bacterial and root exudate mol-
ecules drives the dispersal pattern of SOM molecules.
Root exudates had the greatest impact on the SOM
molecular diversity and composition (Fig. 5). Root exu-
date molecules affect SOM molecules through two
pathways: new SOM molecules are formed by physical
mineralization and chemical decomposition after directly
entering the soil, and the formation of microbial-derived
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C assimilated by microorganisms, thus accumulat-
ing in the soil (Liang et al. 2017). Previous studies have
suggested that microorganisms consume plant-derived
organic C to sustain catabolism and anabolism, convert-
ing SOC to respiratory CO, (Liu et al. 2023a, b). In this
process, microorganisms reduce SOM molecular diver-
sity. For example, microbial diversity generally decreases
along the soil profile, and the decrease in SOM molecu-
lar diversity along the profile may be related not only to
assimilation but also to changes in microbial diversity
(Gao et al. 2023; Davenport et al. 2023). The assimila-
tion of “microbial funnels” reduces SOM molecular
diversity, however, when the number of “microbial fun-
nels’, namely, the microbial diversity, increases, the SOM
molecular diversity may also show a divergent pattern.
Thus, changes in SOM molecular diversity mediated by
microbial assimilation and diversity are dynamic pro-
cesses. When microbial diversity induces more metab-
olites than substrates for anabolic catabolism, SOM
molecular diversity shows a divergent pattern. Above-
ground plant communities reshape microbial communi-
ties and SOM molecular consortium patterns through
root exudates and litter leachates. However, the contribu-
tion of root exudates and litter leachates molecular diver-
sity to SOM molecular diversity has not been reported. In
the present study, we found that the molecular diversity
of litter leachates was significantly lower than that of root
exudates and had no significant effect on SOM molecular
diversity by comparing the metabolic molecular diversity
of root exudates and litter leachates. This suggests that
root exudate is a more important factor of plant-derived
SOM molecules than litter.

Changes in above-ground plant diversity and composi-
tion were most readily observed at different stages of cul-
tivation. The composition of plants and their root exudate
molecules in the rice cultivation stages (early and late rice
stages) was similar as no dispersion pattern was exhib-
ited in the PCOAL1 axis. In contrast, the composition and
structure of dominant plants and their root exudate mol-
ecules changed significantly in the fallow stage compared
to the rice cultivation stages. Selection effect theory sug-
gests that dominant species that colonize a habitat are
more capable of influencing the structure and function
of an ecosystem. Rice (Oryza sativa) was the dominant
species during the cultivation stage, and its root exudates
were dominated by lipids that recruited Rozellomycota,
Desulfobacterota, Acidobacteria, Chloroflexi, Proteobac-
teria and Ascomycota during the rice cultivation stages
(Figs. 6 and S13). Through physicochemical processes
and microbial metabolism, they were converted into car-
bohydrates, lipid-like SOM molecules sequestered in the
soil; aboveground plant communities underwent succes-
sion with Hemistepta lyrata, Lapsanastrum apogonoides,
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Cyperus iria and Rotala indica becoming the domi-
nant species in the fallow period. Plant species turnover
resulted in the conversion of root exudate components
to Organoheterocyclic compounds and Organic acids/
derivatives, and reshaped the microbial community.
Recruited microbes were dominated by Basidiomycita,
Ascomycota, Acidobacteria, Chloroflexi and Proteobacte-
ria. Synergistic changes in plants and microbes resulted
in the transformation of SOM molecules towards lipid
and lignin molecules. In summary, changes in the
diversity and composition of SOM molecules were co-
regulated by aboveground plant communities and below-
ground microbial communities. Succession of dominant
species in the plant community led to changes in the type
of root exudates and reshaped the microbial community.
In brief, dynamic changes in biological factors determine
the fate of SOM molecular diversity and composition.

4.3 Limitations

We did not discuss the effect of season on the formation
of SOM molecules, and the effect of season on the forma-
tion of SOM molecules may be limited. Because changes
in the diversity and composition of SOM molecules
were not observed to differ between the early and late
rice stages. The FTICR-MS can only measure part of the
SOM due to the limitation of the quality window. We can
only qualitatively determine the origin of SOM molecules
but not quantitatively. Future studies should combine FT-
ICRMS and biomarker methods to elucidate the origin
of SOM molecules from both quantitative and qualita-
tive perspectives. In addition, the development of causal
inference networks can help to understand the transfor-
mation process of SOM molecules rather than through
simple correlation networks.

5 Conclusions

Continuing technological developments have pushed
us to explore SOM formation and transformation at a
deeper level. We elucidated the interactions between
SOM molecules and biomes by the combined multi-
omics analyses. Agricultural fallow maintains weed diver-
sity and mitigates the negative effects of long-term tillage
on SOM molecular diversity. Biological factors, especially
root exudate molecules, promote SOM molecular diver-
sity. Plant community succession leads to the conversion
of root exudate components to predominantly Organo-
heterocyclic compounds and Organic acids/derivatives
during fallow stage. Unique microbial communities
(Chloroflexi and Proteobacteria) are recruited, which
in turn cause the transformation from carbohydrates,
lipid-like SOM molecules to lipid-like and lignin-like
SOM molecules. Thus, changes in above-ground plant
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and below-ground microbial communities determine the
fate of SOM molecules. Our study provides a framework
for future insights into SOM succession at the molecular
level in agricultural soils.
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