
Academic Editors: Mingnan Qu and

Marco Betti

Received: 19 July 2026

Revised: 20 August 2026

Accepted: 31 August 2026

Published: 8 September 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Article

Aboveground and Belowground Photosynthesized C Allocation
and Its Microbial Utilization in Paddy Soil: Effects of Cellulose
and Nitrogen Fertilization
Shuang Wang 1,†, Tao Yang 2,†, Jiejun Xi 3, Zhi’e Hu 1,4, Mouliang Xiao 4, Zhenhua Zhang 5 and Ziwei Zhao 5,*

1 State Key Laboratory for Quality and Safety of Agro-Products, International Science and Technology
Cooperation Base for the Regulation of Soil Biological Functions and One Health of Zhejiang Province,
Ningbo University, Ningbo 315211, China; wangshuang2@nbu.edu.cn (S.W.); huzhie1996@163.com (Z.H.)

2 College of Smart Agriculture, Xinjiang University, Urumqi 830046, China; yangtao@xju.edu.cn
3 Ningbo Research Institute of Ecological and Environmental Sciences, Ningbo 315000, China;

xijiejun2016@163.com
4 State Key Laboratory for Development and Utilization of Forest Food Resources, College of Environmental

and Resource Sciences, Zhejiang A&F University, Hangzhou 311300, China; xiaomouliang@zafu.edu.cn
5 College of Resources & Environment, Hunan Agricultural University, Changsha 410128, China;

zhzh1468@163.com
* Correspondence: zhaoziweihunan@gmail.com
† These authors contributed equally to this work.

Abstract

Cellulose-derived carbon inputs to paddy soils have increased with the widespread adop-
tion of straw return as a sustainable rice cultivation practice. However, the effect of
cellulose-derived carbon inputs on photosynthesized C allocation from aboveground to
belowground and the utilization of the photosynthesized C by soil microbial groups re-
main poorly understood. In this study, using continuous 13CO2 labeling, 13C allocated to
the above- and belowground C pools was measured to study the effects of cellulose and
nitrogen fertilization on photosynthetic dynamics and microbial rhizodeposit utilization.
Cellulose, nitrogen, and combined fertilization of cellulose and nitrogen promoted the
allocation of photosynthates to the shoots. The combined fertilization of cellulose and
nitrogen maximally decreased the allocation of photosynthesized C in the belowground C
pools, including roots, soil organic matter, dissolved organic C, microbial biomass C, and
phospholipid fatty acids (PLFAs), leading to a dominant microbial community that utilized
the rhizodeposit shift by different fertilization practices. Cellulose or nitrogen fertilization
increased the percentage of 13C in the Gram-positive (G+) (a15:0, i15:0, and i16:0) and Gram-
negative (G−) (17:1ω8c) groups, while the combined fertilization of cellulose and nitrogen
stimulated the G+ (a17:0), actinomycetes (10Me16:0 and 10Me18:0), fungi (18:1ω9c), and
anaerobes (cy19:0) groups. Moreover, cellulose promoted the incorporation of rhizode-
posits into soil macro-aggregates, thereby decreasing the utilization of rhizodeposits by
microorganisms (13C-PLFA). The findings of this study suggest that under the prevalent
practice of cellulose-derived C and N fertilization inputs, belowground photosynthetic C
allocation and microbial utilization may decrease, potentially facilitating the retention of
rhizodeposit-derived C in paddy soils.

Keywords: soil organic carbon; rice rhizodeposition; continuous 13CO2 labeling; cellulose;
nitrogen fertilization; phospholipid fatty acid
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1. Introduction
Cellulose is an essential component of rice straw, accounting for 29–46% of the

dry straw biomass [1]. Rice (Oryza sativa L.) is a major cereal crop cultivated on more
than 140 million ha worldwide, producing 741–1111 million tons of rice straw and
274–411 million tons of cellulose annually [2]. Burning rice straw following harvest may
induce greenhouse gas (GHG) emissions and environmental damage [3–5]. To improve soil
quality and achieve a cleaner production system, rice straw retention in paddy fields has
become a prevalent practice instead of in situ burning or collecting for livestock sectors
and bulking agents [6–8]. Thus, a large amount of cellulose is incorporated into paddy
soils. The labile components of rice straw are decomposed immediately after being incor-
porated into the soil; however, the less-labile components, e.g., cellulose, will accumulate
in the soil [9–11]. Since the rate of straw decomposition is low during the flooded sea-
son, about 5–10% of cellulose can be degraded in nature under anaerobic conditions [12].
Moreover, cellulose in paddy soils may activate microbial activity, which influences SOC
cycling [13–15].

Allocating photosynthetic C in the soil through rhizodeposition is a major source of
SOC in paddy ecosystems. Rhizodeposits account for approximately 0.3–0.4 Mg C ha−1

during one rice harvest season [16]. Furthermore, more photosynthesized C is allocated
belowground during early growth [17]. In paddy systems, reduced soil oxygen content
suppresses oxidizing enzyme activity, which slows the mineralization of native and new
exogenous organic C [18–20]. Therefore, quantifying the input and allocation of photosyn-
thesized C in rice-soil systems under cellulose amendment is of foremost importance for
revealing the contribution of photosynthesized C to SOC in rice paddy systems. Li et al. [21]
reported that cellulose addition may improve the N microbial transformation processes,
accelerating the rhizodeposits incorporated into soil microbial biomass in ryegrass soil;
however, the effect of cellulose on the dynamics and allocation of photosynthesized C in a
rice-soil system remains unclear.

Several microbial species are involved in cellulose degradation [22–25]. For exam-
ple, the bacterial classes of Xanthomonadales, Sphingobacteriales, Rhizobiales, Caulobacteriales,
Burkholderiales, and Acidobacteria subdivision 1 and the fungal genera of Trichocladium,
Chaetomium, Dactylaria, and Arthrobotrys are active in the decomposition of cellulose [26].
Some microbial taxa, such as fungi and G− bacteria, stimulated by cellulose, can produce
non-targeted hydrolysis of SOM components via cellulolytic enzymes, which may also de-
compose other SOC components, such as chitin and hemicelluloses [13,27]. Rhizodeposits
are more labile than cellulose, especially for rhizodeposition at the early growth stage of
plants, as they contain a large proportion of low-molecular-weight amino acids, organic
acids, fatty acids, carbohydrates, and phenolics from root border cells, secretions, mucilage,
and exudates [28]. This indicates that microorganisms may prefer rhizodeposits to cellu-
lose. However, whether the presence of cellulose affects the utilization of rhizodeposits by
microorganisms in anaerobic paddy soils requires further investigation.

Rice straw return and nitrogen (N) fertilization are prevalent practices for sustainable
rice cultivation. Soil C availability and N nutritional status can affect the photosynthesized
C allocated to the soil [21,29], which implies that rice-photosynthesized C allocation from
aboveground to belowground and its utilization by microorganisms may be affected by
cellulose and N application. Therefore, the objectives of this study were to (i) quantify the
dynamics, allocation, and recovery of photosynthesized C in rice-soil systems under cellu-
lose and N fertilization, as well as (ii) reveal the effects of cellulose and N fertilization on the
utilization of photosynthates by different soil microbial communities. We hypothesized that
cellulose and N fertilization would individually reduce the allocation of photosynthesized
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C to belowground components and its microbial utilization in paddy soil and that cellulose
and N would interactively regulate these processes.

2. Materials and Methods
2.1. Experimental Design and Sampling

Soil was collected from a paddy field (28◦33′04′′ N, 113◦19′52′′ E, 80 m above sea
level) located in Changsha, Hunan Province, China. The paddy field (plowed anthrosol)
originated from granitic red soil and has been continuously cropped for over 30 years.
Plow-layer (0–20 cm) soil was collected and sieved (4 mm) under moist conditions to
remove coarse stones and visible plant residues. The air-dried soil contained 2.06% SOC,
0.26% total N, and 0.05% total P and had a pH of 5.56 (1:2.5; soil: water ratio). The soil
comprised 24.0% sand, 69.3% silt, and 6.7% clay.

The four fertilization treatments were as follows: (1) prepared soil only (Control);
(2) carboxymethyl cellulose (419311, Sigma-Aldrich, with a degree of substitution of 0.7)
addition with a dosage of 2000 mg C kg−1 soil (+C); (3) ammonium sulfate addition
with a dosage of 100 mg N kg−1 soil (+N); and (4) combined carboxymethyl cellulose
and ammonium sulfate addition with a dosage of 2000 mg C kg−1 soil and 100 mg N
kg−1 soil, respectively (+CN). The application rates of C and N fertilization were selected
based on the actual fertilization practices for the experimental soil. Soils (41% water
content, 1.45 kg of dry soil) were mixed with cellulose and/or ammonium sulfate and
placed in a PVC pot (17 × 40 cm). All the soils were mixed with 20 mg P kg−1 soil of
NaH2PO4 and 80 mg K kg−1 soil of KCl. Four rice seedlings (Oryza sativa L., two-line
hybrid rice Zhongzao 39) were planted in each pot. A 2–3 cm layer of deionized water
was maintained above the soil for the duration of the experiment. For each treatment and
sampling date, three independent pots were used for continuous 13CO2 labeling, and an
additional three independent pots were established as unlabeled controls. Thus, a total
of 120 experimental pots (4 treatments × 5 sampling dates × 3 replicates × 2 labeling
conditions) were used. All labeled pots were transferred to a chamber for continuous
labeling, according to the method described by Ge et al. [30]. Specifically, 13CO2 was
generated by reacting NaH13CO3 (80 mL, 1 M, and 10 atom% 13C) and HCl (90 mL, 1 M).
When the CO2 concentration was <380 µL L−1, CO2 was released into the chamber. At CO2

concentrations > 400 µL L−1, a switch diverted the gas flow to pass CO2 through a NaOH
solution to trap the excess CO2. Temperature and humidity were monitored using SNT-96S
sensors (Hangzhou Time Domain Electronic Technology Co., Ltd., Hangzhou, China),
with one sensor placed inside the chamber and another positioned outside. The chamber
temperature was regulated by an air-conditioning system and maintained within 1◦C of
the ambient temperature recorded in the rice field. Two fans were operated continuously
to ensure adequate air circulation throughout the labeled chamber. To minimize potential
effects of spatial microenvironmental variation, such as differences in light intensity and
temperature gradients, all pots in the labeled chamber were randomly rearranged every
3 days throughout the experiment. Unlabeled controls were placed outside, 10–15 m away
from the labeled chamber, with independent air systems and no direct air exchange with
the labeled chambers, thereby preventing cross-contamination of 13CO2.

Three rice-growing stages were continuously 13CO2-labeled over 39 d, including the
tillering, elongation, and panicle formation stages. During the labeling, soils and plants
were sampled to analyze the assimilated 13C on days 1, 5, 10, 25, and 39. Rice stems were
cut at the soil surface to separate the shoots and roots. The roots were separated from
the soil and washed with deionized water. The shoot and root samples were oven-dried
at 60 ◦C for about 72 h until they reached a constant weight. The plants were cut into
1 cm lengths and ball-milled. Soil samples were collected and mixed to analyze the 13C
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in soil organic matter (SOM), dissolved organic C (DOC), aggregate fractions, microbial
biomass C (MBC), and phospholipid fatty acids (PLFAs). Details of the analytical methods
are provided in the Supplementary Information.

2.2. Calculations and Statistical Analysis

2.2.1. 13C in Rice-Soil Systems

The 13C amounts in the MBC, PLFAs, DOC, soil, roots, and shoots were calculated
using the following equations [31,32]:

13C = [(13Catomic%) L − (13Catomic%) UL]/100 × TC (1)

where L and UL are the labeled and unlabeled samples, respectively, and TC and 13C are
the total C and 13C contents in the different C pools, respectively. 13Catomic% was calculated
using the following equation:

13Catomic% = (δ13C/1000 + 1) RVPDB/[(δ13C/1000 + 1) RVPDB + 1] × 100% (2)

where RVPDB is the 13C/12C ratio of the international Vienna Pee Dee Belemnite standard
(RVPDB = 0.0111797). Furthermore, δ13C was calculated as follows:

δ13C = (Rs − RVPDB)/RVPDB × 1000 (3)

where Rs is the 13C/12C ratio of the plant and soil samples.

2.2.2. PLFA Taxonomic Assignment
13C-PLFAs were classified as described previously [33,34]. Briefly, a17:0, i17:0, i16:0,

a15:0, i15:0, and i14:0 are indicators for Gram-positive bacteria (G+); 10Me17:0, 10Me18:0,
and 10Me16:0 are markers for actinomycetes; 16:1ω5c and 17:1ω8c are indicators for arbus-
cular mycorrhizal fungi (AMF) and Gram-negative bacteria (G−), respectively; 18:1ω9c
and 18:2ω6,9c are classified as fungi; and cy17:0 and cy19:0 are classified as anaerobes. The
data for all 20 PLFAs (including four other fatty acids at 18:0, 17:0, 16:0, 15:0, and 14:0) were
subsequently used for redundancy analysis (RDA), hierarchical clustering analysis, and
heat map production. In all cases, the relative percentages of 13C-PLFA biomarkers were
used for analysis.

2.2.3. Statistical Analysis

The normal distribution and homogeneity of residuals were assessed using Shapiro–
Wilk and Levene’s tests, respectively. Two-way analysis of variance (ANOVA) followed
by Tukey’s test was used to determine significant differences (p < 0.05) between treat-
ments on the same labeling day or microbial 13C-PLFAs groups on the same treatment
(Tables S1 and S2). No data transformation was applied because the model residuals
satisfied the assumptions of normality and homogeneity of variance. The statistical and
correlation analyses were performed using SPSS version 19 (IBM Corp., Armonk, NY, USA).
Using SigmaPlot version 11 (Systat Software Inc., SAN Jose, CA, USA), figures were created.
The RDA map was plotted using Canoco version 5 software (Biometris, Wageningen, The
Netherlands). The heat map and hierarchical clustering were generated using R 3.4.0 [35].

3. Results
3.1. Rice Plant Biomass

Compared with the unfertilized treatment, the rice shoot biomass significantly in-
creased (2.93–3.11 times) in the fertilized treatments during the 39-day labeling period. This
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corresponded to a 40–32% reduction in the root-to-shoot ratio (Figure 1). The combined
fertilization of cellulose and N led to a maximum increase in shoot biomass compared to a
single fertilizer, which resulted in a decrease in the root-to-shoot ratio.

 
Figure 1. Dynamics of plant properties during the 39 days of 13CO2 continuous labeling. (a) Shoot
biomass; (b) Root biomass; (c) Root/shoot ratio. Lines and symbols represent the following treatments:
Control (no addition); +C (cellulose addition); +N (ammonium sulfate addition); +CN (combined
cellulose and ammonium sulfate addition). Data points represent means and error bars represent
standard errors (n = 3). Capital letters adjacent to the points represent significant differences (p < 0.05)
between treatments on the same labeling day.

3.2. Dynamic of 13C in Plant–Soil Systems

Across the entire labeling period, simultaneous cellulose and N fertilization led to
maximum 13C (photo-assimilate) recovery in shoots, with the minimum amount of 13C
allocated to the roots, soil, and MBC (Figure 2). The addition of cellulose (both alone and in
combination with N) resulted in higher levels of photo-assimilates being incorporated into
the DOC compared with the Control and single N fertilization on labeling day 1. During
the tillering stage (labeling days 1–10), combined cellulose and N fertilization decreased the
total 13C recovered belowground from 29 to 14% (the sum of roots, soil, MBC, and DOC).
Maximum 13C MBC recovery was observed on labeling day 10 except for the combined
fertilization treatment. Compared to combined fertilization, cellulose or N fertilization
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alone induced a relatively higher recovery rate of photo-assimilates (13C) in belowground
C pools (roots, SOM, and MBC).

 
Figure 2. Dynamics of the aboveground and belowground rice 13C budget and microbial utilization
of rhizodeposits during the 39 days of 13CO2 continuous labeling. (a) Percentage of 13C recovery
in shoots; (b) Percentage of 13C recovery in roots; (c) Percentage of 13C recovery in soil (total 13C in
soil excluding 13C in MBC and DOC); (d) Percentage of 13C recovery in DOC; (e) Percentage of 13C
recovery in MBC; (f) Percentage of 13C-PLFA in 13C-MBC. Lines and symbols represent the following
treatments: Control (no addition); +C (cellulose addition); +N (ammonium sulfate addition); +CN
(combined cellulose and ammonium sulfate addition). Data points represent means and error bars
represent standard errors (n = 3). Capital letters adjacent to the points represent significant differences
(p < 0.05) between treatments on the same labeling day.

The recovery of 13C-PLFA from 13C-MBC decreased in all treatments from labeling
days 1 to 10 (Figure 2f). Combined fertilization with cellulose and N led to maximum 13C
recovery in the PLFAs compared with the single fertilizer. Both fertilized and unfertilized
soils showed similar 13C recovery (4%) in the PLFAs after the 39-day labeling.

3.3. Percentages of C and 13C in Micro-, Meso-, and Macro-Aggregates

There was no significant difference in the percentages of C in the micro- and meso-
aggregates (Figure 3b,c), whereas the percentage of 13C in each soil aggregate component
showed significant differences between the treatments (Figure 3d–f). Compared to unfer-
tilized soils, combined cellulose and N fertilization resulted in the highest proportion of
13C in the macro-aggregates, which resulted in the lowest 13C content in the meso- and
micro-aggregates. Cellulose and N fertilization alone led to similar 13C percentages in the
soil meso- and micro-aggregates.
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Figure 3. Percentage of C and 13C in different soil aggregates. (a) Percentage of C in macro-aggregates
(>0.25 mm); (b) Percentage of C in meso-aggregates (0.25–0.053 mm); (c) Percentage of C in micro-
aggregates (<0.053 mm); (d) Percentage of 13C in macro-aggregates (>0.25 mm); (e) Percentage of 13C
in meso-aggregates (0.25–0.053 mm); (f) Percentage of 13C in micro-aggregates (<0.053 mm). Data
points represent means, and error bars indicate standard errors (n = 3). Capital letters adjacent to the
points represent significant differences (p < 0.05) between treatments on the same labeling day.

3.4. Incorporation of Rhizodeposit-Derived C in Microbial Groups

The RDA of 13C-PLFAs showed that the microbial communities involved in the uti-
lization of the rhizodeposit-derived C were significantly affected by plant growth stage
and fertilization (pseudo-F = 4.03, p = 0.001, 999 permutations), with the constrained axes
explaining 81% of the total variation (Figure 4). Plant growth stage and fertilization re-
sulted in significant separation within the microbial groups. The microbial groups in the
utilization of 13C were similar in single cellulose or N-fertilized soil; however, they showed
a large discrepancy with unfertilized soil and the combined cellulose and N fertilization
soil (Figure 5).

The heat map showed that fertilization led to the specific stimulation of PLFA biomark-
ers; the individual addition of cellulose or N induced relatively higher amounts of G−
(17:1ω8c) and G+ (i15:0, a15:0, and i16:0). In contrast, simultaneous cellulose and N ap-
plication (combined fertilization) led to relatively higher amounts of fungi (18:1ω9c), G+
(a17:0), actinomycetes (10Me16:0 and 10Me18:0), and anaerobes (cy19:0).

Both single and combined fertilization treatments decreased the 13C PLFA content of
most microbial groups (Figure 6 and Table S3). Fertilization (single or combined) resulted
in a higher incorporation of 13C into G+ bacterial PLFA. N fertilization decreased G+ 13C
PLFAs, with the lowest amounts recorded under combined fertilization.
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Figure 4. Redundancy analysis of 13C-PLFA biomarkers across all five labeling days (1, 5, 10, 25, and
39). Symbols represent the following treatments: Control (no addition); +C (cellulose addition); +N
(ammonium sulfate addition); +CN (combined cellulose and ammonium sulfate addition). Numbers
before the dashes indicate labeling days (1, 5, 10, 25, and 39), while those after the dashes indicate
replicates of each labeling day (1, 2, and 3); The black dashed arrows represent environmental
variables. The red arrows indicate the directions of fertilization and time effects. The percentages
indicate the explained fitted variation along axes 1 and 2, respectively (49% and 32%).

Figure 5. Hierarchical clustering of 13C PLFA biomarkers. The heat map shows the relative amount of
13C PLFA biomarkers in each treatment. Each colored square of the 13C-PLFA biomarkers indicates the
relative percentage in each treatment: relative percentage = amount of each 13C-PLFA biomarker/total
amount of 13C-PLFA biomarkers in each treatment × 100. Color bar: row min and row max represent
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the lowest and highest relative percentages of 13C-PLFA biomarkers in each treatment, respectively.
The hierarchical clustering on the right side shows the treatment groups with similar compositions
of 13C-PLFA biomarkers (Control, +C, +N, and +CN treatments). The black branching lines on the
right form a hierarchical clustering dendrogram, grouping treatments with similar compositions of
13C-PLFA biomarkers (Control, +C, +N, and +CN treatments). Control: no addition; +C, cellulose
addition; +N, ammonium sulfate addition; +CN, combined cellulose and ammonium sulfate addition.
Black ovals show the dominant biomarkers in each clustering branch. Numbers after the letter D
(day) indicate labeling days (1, 5, 10, 25, and 39).

Figure 6. Changes in 13C PLFA content (number of times) standardized to the Control (unfertilized
soil) after 39 days of continuous 13CO2 labeling. Difference = (Treatment13C-PLFA-Control13C-PLFA)
/ Control13C-PLFA. Colors and letters represent the following microbial groups: G+ (Gram-positive);
G− (Gram-negative); AMF (arbuscular mycorrhizal fungi); fungi; anaerobes; and actinomycetes.
Letters on the x-axis represent the following fertilization treatments: +C, cellulose addition; +N,
ammonium sulfate addition; +CN, combined cellulose and ammonium sulfate addition. Each column
represents the means of differences relative to the Control (n = 3). Capital letters adjacent to the
columns represent significant differences (p < 0.05) between different microbial 13C-PLFA groups
within the same treatment.

4. Discussion
4.1. Allocation of Photosynthate C in Rice-Soil Systems Affected by Cellulose and N Fertilization

Because the proportion of belowground allocation of plant photo-assimilated C can
be restricted by high amounts of available C and N [29,30], fertilization (cellulose, N, or
combined) reduced the net photo-assimilated C allocated to the soil in the present study.
The amount of photo-assimilated C allocated to the soil positively correlates with root
biomass [36]; hence, a smaller amount of root biomass leads to less 13C incorporation
belowground in the combined fertilized treatment. Cellulose addition has been reported
to induce a strong positive priming effect, which may release nutrients from SOM and
potentially alter nutrient availability for plant growth [37,38]. Thus, cellulose fertilization
may have contributed to reduced root development and consequently lower 13C allocation
to roots and belowground C pools. Furthermore, the combined cellulose and N fertilization
induced the largest increase in rice aboveground biomass compared to single fertilization
(Figure 1a). These results are consistent with the outcomes of combined mineral N and
organic C treatments, which enhance rice yield [39]. Cellulose addition may also modify the
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effects of N fertilization on the belowground allocation of photo-assimilated C by altering
N immobilization, N remineralization, and denitrification processes [40,41]. However,
these processes were not directly measured in the present study and therefore should be
considered possible mechanisms. Thus, in contrast to the increased shoot yield, combined
fertilization maximized the reduction in photo-assimilated C in the belowground C pools
(roots, soil, DOC, and MBC; Figure 2).

Limited energy and labile C sources induce a dormant state of microorganisms in the
soil [42–44]. In the present study, the photosynthates were 13C-labeled and released as
labile organic substrates with high bioavailability, such as mucilage, exudates, and dead
tissue [28]. The decreasing input of 13C into the soil from labeling days 1–5 indicated
a high requirement for photosynthates for aboveground biomass growth (Figure 2a–c).
The increase in soil 13C after labeling day 5 denoted a shift in the photo-assimilated C
allocation pattern between above- and belowground, as well as the release of 13C from
root exudation, mucilage, and dead tissues, supporting microbial proliferation (Figure 2e).
Furthermore, combined cellulose and N fertilization induced higher 13C incorporation
into PLFAs relative to MBC than that observed with single cellulose or N fertilization
at the early stage of rice growth (Figure 2f), possibly because the combined fertilization
met the requirement of microbial C:N stoichiometry that promotes microbial growth [45].
However, combined cellulose and N fertilization induced the maximum shoot biomass
(Figure 1a) and the lowest 13C-MBC (Figure 2e), which may indicate that the activated
microorganisms are dedicated to nutrient transformation rather than microbial biomass
content. This process is a crucial driver of aboveground plant growth and the rate-limiting
step in productivity [46]. Thus, cellulose and N application reduced belowground photo-
assimilated C partitioning but may have promoted aboveground biomass growth by
accelerating microbial nutrient transformation.

4.2. Cellulose and N Fertilization Regulated the Microbial Utilization of Photo-Assimilated C

The utilization of rhizodeposits by microbial communities is regulated by C substrate
availability and nutritional status [47]. Microorganisms are active and competitive for
rhizodeposits during rice cultivation because rhizodeposits are more readily available
for microbial utilization [48]. Larger quantities of rhizodeposits from the higher photo-
assimilated C rice roots support microbial proliferation, resulting in higher microbial
biomass C during rice cultivation (Figure 2 and Figure S1). N fertilization decreases
cellulose breakdown and phosphorus acquisition associated with enzyme activity, thereby
limiting the microbial acquisition of phosphorus and labile C and reducing the microbial
utilization of rhizodeposits [49,50]. However, N fertilization decreases the available C/N
ratio, resulting in an increase in microbial C use efficiency (CUE) [51]. This change in
C availability and CUE may have contributed to the higher proportion of 13C-PLFA in
13C-MBC between labeling days 1 and 10 (Figure 2f), especially in the combined cellulose-
and N-fertilized soil that had sufficient available C and N for microbial growth. With
nitrogen consumption (Figure S2), increasing the available C/N ratio may decrease CUE
but increase the microbial respiration of rhizodeposited C to provide energy for microbial
activity [52]. Cellulose may plausibly accelerate these effects by increasing the available
soil C/N ratio, activating microbial activity, and promoting rhizodeposit consumption [13].

Nitrogen fertilization decreases the dependence of microorganisms on rhizodeposited
C in the rhizosphere soil [21]; hence, less rhizodeposited C was allocated to the PLFA
composition in the N-fertilized soils. Cellulose improves N transport, promoting N avail-
ability [21]. For example, the rhizodeposited C allocated to the PLFA compositions had a
similar pattern in the C- and N-fertilized soils, with higher proportions of 13C in the G+
(i15:0, a15:0, i16:0) and G− (17:1ω8c) soils than in the other PLFA compositions (Figure 5).
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The effect of cellulose on the allocation of rhizodeposited C to the PLFA profile is influenced
by N availability [21]. Thus, cellulose can stimulate Actinobacteria, whose abundance
accounts for only 4.6% yet encodes 16% of the total carbohydrate-active enzymes that
contribute to cellulose degradation [22]. Fungi can also metabolize cellulose by releasing
extracellular enzymes [26]. In soils with low N availability, cellulose can serve as a C
source for microbial growth and reduce rhizodeposit utilization [53]. Thus, the addition of
cellulose and N might promote the incorporation of rhizodeposited C into the fungi and
Actinobacteria, although the underlying microbial mechanisms were not directly examined
in this study.

4.3. Effects of Cellulose and N Fertilization on the Incorporation of Photo-Assimilated C into
Soil Aggregates

Nitrogen fertilization increased the proportion of macro-aggregates, thus increasing
the C content in the macro-aggregate fraction by an average of 15% [54]. Organic binding
agents such as polysaccharides (transient agents) from microbial turnover and root exu-
dates bind to the silt and clay fractions and stabilize soil aggregation [55–58]. The higher
proportion of rhizodeposit-derived C (13C in soil) in the macro-aggregates in fertilized
soils suggests that photosynthates from roots may have contributed to macro-aggregate
formation (Figure 3d), potentially favoring the retention of rhizodeposit-derived C within
this aggregate fraction during the experimental period. This corresponded to the lower 13C
values observed for MBC (Figure 2e). Cellulose is an exogenous polysaccharide that has
been reported to facilitate macro-aggregate formation and stabilization [59], which may
contribute to the physical protection of rhizodeposit-derived C within macro-aggregates.

The mean residence time (MRT) of rice rhizodeposit-derived C in soils is longer than
that of other exogenous organic substrates in rice paddy systems, such as rice straw and
roots, approximately 53 and 73% lower than the MRT of rhizodeposit-derived C, respec-
tively [60]. This is because rhizodeposits are labile substrates that are easily utilized during
microbial growth and released as microbial necromass during microbial succession [61].
Microbial necromass is a relatively stable form of SOM [62–64]. Sorption of microbial
necromass onto mineral surfaces is considered a stable form of SOM, that is, mineral-
associated organic matter (MAOM) [61]. The greater proportion of rhizodeposit-derived C
in macro-aggregates may indicate that physical protection within aggregates reduced its im-
mediate microbial utilization in fertilized soils (Figure 3d). Thus, less rhizodeposit-derived
C may have been available for microbial decomposition and subsequent transformation
into microbial necromass and bound to mineral surfaces.

5. Conclusions
In this pot experiment, carboxymethyl cellulose, N, and their combined fertilization

promoted shoot biomass and 13C incorporation, resulting in the lowest root-to-shoot ratio
(Figure 7). Consequently, cellulose and N fertilization reduced the proportion of photosyn-
thetic C allocated to the belowground C pools (root SOM, PLFA, MBC, and DOC). Cellulose
and N fertilization shifted the dominant microbial groups and decreased the number of rhi-
zodeposits incorporated into the microbial communities. Rhizodeposit-derived C allocated
to PLFA compositions showed a similar pattern with single cellulose or N fertilization,
which increased the relative percentages of the G− (17:1ω8c) and G+ (i16:0, i15:0, and
a15:0) groups. In the case of combined cellulose and N fertilization, the relative percentages
of G+ (a17:0), actinomycetes (10Me16:0 and 10Me18:0), fungi (18:1ω9c), and anaerobes
(cy19:0) were increased. Overall, under the conditions of this pot experiment, cellulose
and N fertilization shifted the dominant microbial groups associated with rhizodeposit
utilization by regulating plant and soil properties and the allocation of photosynthates in
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rice-soil systems. N and combined fertilization enhanced the incorporation of rhizodeposits
into soil macro-aggregates, which may protect them from microbial decomposition. These
findings suggest that cellulose addition, particularly in combination with N fertilization,
may have potential as a soil management strategy to promote rice shoot productivity while
enhancing the retention of recently assimilated C in soil macro-aggregates and modifying
microbial C utilization. Such effects may provide a potential pathway for improving soil C
retention while maintaining crop productivity, although their contributions to long-term
C sequestration and greenhouse gas mitigation remain to be determined. However, these
findings are restricted to the indoor pot experiment using carboxymethyl cellulose as a
model cellulose compound; further validation and in-depth investigations under field
conditions with actual rice straw return and realistic fertilization management are required
to evaluate their practical agricultural implications.

Figure 7. Conceptual diagram of the incorporation of photosynthesized C in the plant–soil system
during 39 days of 13CO2 continuous labeling. Numbers under each arrow represent 13C recovery in
roots, soil, and microorganisms (%) in the four treatments.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/agronomy16181755/s1, Table S1: Statistical results of the two-
way analysis of variance (ANOVA) analysis; Table S2: Statistical results of the two-way analysis of
variance (ANOVA) analysis; Table S3: 13C PLFA content of microbial groups; Figure S1: Dynamics
of C in plant-soil systems during the 39 days of 13CO2 continuous labeling. (a) Shoot biomass C;
(b) Root biomass C; (c) Soil organic C (SOC); (d) Microbial biomass C (MBC); (e) Dissolved organic
carbon (DOC). Lines and symbols represent the following treatments: Control, no addition; +C,
cellulose addition; +N, ammonium sulfate addition; +CN, combined cellulose and ammonium sulfate
addition. Data points represent means and error bars represent standard errors (n = 3). Capital
letters adjacent to the points represent significant differences (p < 0.05) between treatments on the
same labeling day; Figure S2: Dynamics of soil properties during the 39 days of 13CO2 continuous
labeling. (a) Total soluble N; (b) Inorganic N; (c) Soluble organic N. Lines and symbols represent the
following treatments: Control, no addition; +C, cellulose addition; +N, ammonium sulfate addition;
+CN, combined cellulose and ammonium sulfate addition. Data points represent means and error
bars represent standard errors (n = 3). Capital letters adjacent to the points represent significant
differences (p < 0.05) between treatments on the same labeling day. References in the Supplementary
Material are cited in [33,34,65–68].
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