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Continuous expansion of sandy soil deeply threatens crop security and has become one of the main challenges
facing modern society. Chitin-rich organic material and attapulgite have been considered efficient materials to
improve degraded soil based on their rich nutrient contents and unique structures. However, their potential
effects on microbial community and functions in sandy soil are poorly understood. Therefore, we conducted a 4-
year field experiment featuring amendment with chitin-rich organic material and attapulgite and investigated
the effect of amendments on microbial community diversity, structure and function using amplicons (16S and
ITS) and metagenomic sequencing. The four treatments were as follows: (1) CK: no soil amendment; (2) SA: CK
+ attapulgite amendment; (3) SC: CK + chitin-rich organic material; and (4) SCA: CK + chitin-rich organic
material + attapulgite amendment. The results indicated that the concentrations of soil organic carbon (SOC),
total nitrogen, available phosphate (AP), available potassium, and enzyme activities increased while pH
decreased in the treatments with chitin-rich organic material application (SC and SCA). Microorganisms have
different responses to different soil amendments. Bacteria are the main components of microorganisms and their
community structure was altered under chitin-rich organic material treatments (SC and SCA). Furthermore, 14
OTUs belonging to five phyla (Proteobacteria, Actinobacteriota, Firmicutes, Gemmatimonadota, and Patescibacteria)
related to the decomposition of organic matter were enriched in SC, while 22 OTUs belonging to six phyla
(Proteobacteria, Actinobacteriota, Firmicutes, Gemmatimonadota, Patescibacteria, and Cyanobacteria) were enriched
significantly in SCA, suggesting that the combination of the two amendments had the potential to further alter
the bacterial community compared with a single amendment. The metagenomic analysis revealed a decrease in
the relative abundance of genes involved in carbon metabolism in SCA, with soil pH, AP, enzyme activity, SOC,
and bacterial community structure identified as primary influencing factors. In conclusion, we conducted a
comprehensive analysis of the effects of chitin-rich organic material and attapulgite on microorganisms in sandy
soil and found a robust link between soil properties, bacterial community structure, and microbial carbon
metabolism function.

1. Introduction

The global area of sandy soil is approximately 5 billion ha world-
wide, representing approximately 31 % of the total land area (Huang
and Hartemink, 2020). China, the world’s largest country in terms of
food production and demand, is facing the challenges of continuous
expansion of croplands across sandy soil. This deeply influences crop

security because sandy soils have low nutrient levels and poor water
storage capacity. Traditionally, frequent fertilization has been a routine
method of continuing crop production in sandy soils (Wu et al., 2022).
However, excessive or unreasonable application of fertilizers leads to
more serious soil degradation (Zhang et al., 2022) and ultimately in-
hibits crop growth.

Applying organic materials has been recommended for ameliorating
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sandy soil due to their capability to enhance the concentrations of soil
organic carbon (SOC) and total nitrogen (TN) (Luan et al., 2019; Ama-
dou et al., 2021) and thereby increase crop yields (Bonanomi et al.,
2020). Chitin, a natural polysaccharide purified from the waste of
shrimp heads and crab shells, has been widely used in agriculture
(Rkhaila et al., 2021). Chitin-rich organic material has a lower carbon-
to-nitrogen ratio (approximately 6-7) than conventional soil amend-
ments (Niaz et al., 2022; Soria et al., 2023), and hence, it can be rapidly
utilized by plants (Xue et al., 2018; Shamshina et al., 2020), promoting
their growth (Aklog et al., 2016; Winkler et al., 2017) and increasing
their yields (Sharp, 2013). Additionally, chitin-rich material application
has been shown to directly regulate the soil nutrient content and thus
improve soil fertility. For example, Zhan et al. (2021) reported that
chitin fertilizer combined with Selenium addition increased the content
of alkali-hydrolyzable nitrogen in red acid soil and thus enhanced soil
nitrogen supply capacity. Similarly, studies conducted in saline-alkali
soil in China have confirmed that chitin-rich organic material applica-
tion effectively increased the content of SOC and the carbon pool
management index (Ji et al., 2019). However, low clay content in sandy
soil prevents SOC accumulation and nutrient retention. Thus, whether
chitin-rich organic material has exceptional performance in sandy soil
for SOC and nutrient improvement is still unknown.

Water holding capacity, which is low in sandy soil, affects not only
nutrient movement, but also microbial capability to transform organic
material into stable organic matter. Attapulgite, as a mineral colloid, has
a large specific surface area and a high density of pores (Rafiq et al.,
2017). Previous research has claimed that the application of attapulgite
to sandy soil can improve the soil structure, promote the formation of
macroaggregates (>0.25 mm), and increase soil water holding capacity
(Yang et al., 2020). Yang et al. (2022) demonstrated that attapulgite
addition greatly improves soil water holding capacity and the available
water content. Jiang et al. (2015) noted that remediating fertilizer
containing attapulgite effectively improved soil water retaining capacity
due to the hydrogen bonds between the fertilizer and water.

Soil microorganisms are of crucial importance in the agricultural
ecosystem, and they are very sensitive to changes in soil quality. Con-
tradictory findings have been observed in previous research concerning
changes in soil microbial diversity under chitin material application.
Randall et al. (2020) indicated that the utilization of chitin amendment
to sandy clay loam considerably increased the Shannon diversity indices
for bacterial and fungal taxa. In contrast, as reported by Andreo-Jimenez
(2021), chitin-rich amendment application in two types of sandy soil
(pH 7.2 and 5.5) resulted in a decrease and an inversion of Shannon and
Simpson’s indexes. Possible reasons for the contradictory findings may
involve the differences in soil physicochemical properties such as the C/
N ratio, which presumably allowed different types of microbes to pro-
liferate. Moreover, chitin-based amendment could enhance the growth
of specific microbe populations. Zhan et al. (2021) found that co-
incorporation of chitin fertilizer and Se to red soil resulted in the
change of microbial community and its activities. Cretoiu et al. (2014)
showed that Actinobacteria, Proteobacteria, and Bacteroidetes underwent
large and significant increases in chitin-amended sandy soil. Similarly,
some studies have demonstrated that chitin amendment led to increases
in p-Proteobacteria, y-Proteobacteria, Planctomycetes, Acidobacteria, Ver-
rucomicrobia, Actinobacteria, and Bacteroidetes, which are involved in
plant growth and the nutrient cycle (Wieczorek et al., 2014; Debode
et al., 2016). Therefore, chitin-rich material application may increase
the growth of beneficial microorganisms and improve soil fertility. Close
to the application of chitin-rich material, the application of attapulgite
has also resulted in different findings concerning the changes in the
microbial community. As shown in Liang et al. (2020), the addition of
attapulgite altered microbial diversity and richness as well as the
abundance of bacteria such as Clostridiales, Syntrophobacterales and
Methanomicrobiales. Rafiq et al. (2017) found that attapulgite biochar
could strengthen the abundance of beneficial microorganisms, reduce
nutrient leaching, and make better nutrient cycling. However, other
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studies suggested that the composition of bacterial phyla and species
diversity were unchanged (Cao et al., 2022). Overall, research tend to
show that chitin-rich material and attapulgite application alone may
alter the microbial community and enhance specific species of beneficial
microorganisms. However, because of differences in soil types and ma-
terial properties, it is still unknown whether both amendments can
achieve similar results in sandy soil when applied alone or in
combination.

Meanwhile, shifts in the microbial community may influence mi-
crobial function accordingly under amendment application (Fierer et al.,
2013). Based on metagenomics, previous studies have reported that the
addition of organic material can induce significant shifts in carbon
metabolism such as C degradation and fixation (Hu et al., 2022). Similar
to organic materials, the application of chitin-rich material can regulate
soil function, especially related to nutrient cycling. For instance, De
Tender et al. (2019) found that chitin addition increased enzyme ac-
tivities and bacterial ammonium oxidation and influenced the N cycle.
Tang et al. (2022) also reported that genes involved in phosphorus
transport were enhanced by the application of chitin fertilizer, which
means chitin fertilizer can immobilize more phosphorus and regulate
the phosphorus cycle in agroecosystems. Furthermore, attapulgite can
improve soil structure and enhance the water-holding capacity of the
soil. These changes are beneficial for microbial activity and nutrient
transport, and they may have an impact on microbial function. How-
ever, it is unclear on how microbial function, responds to attapulgite
application, either alone or in combination with chitin-rich organic
material in sandy soil.

Hence, we selected the sandy soil of the Huang-Huai-Hai plain as a
representative system, and a 4-year field experiment was conducted in
this area, where chitin-rich organic material and attapulgite were
applied as amendments. The main objectives of the study were (i) to
evaluate the long-term effects of chitin-rich organic material or/and
attapulgite amendment application on microbial community diversity,
structure and function, and (ii) to explore how chitin-rich organic ma-
terial or/and attapulgite application regulates microbial community
composition and function via shifting SOC and nutrients in sandy soil.

2. Materials and methods
2.1. Chitin-rich organic material and attapulgite

Chitin-rich organic material was produced in the laboratory. Chitin-
rich organic material included shrimp heads and crab shells, peat, straw,
and peanut shells with a weight ratio of 0.5:1.5:1:1, respectively. All
organic materials mix thoroughly and was composted aerobically under
high temperature. Attapulgite was produced from Hengyuan New Ma-
terials Co., Lt. The basic properties of the amendments are listed in
Table 1.

2.2. Study site, field experiments, and soil sampling

A 4-year (2015-2019) field experiment was conducted in Langfang,
Hebei Provence, China (39.36 N, 116.36E; temperate continental
monsoon climate). The annual mean temperature and precipitation in
study site is 11.9 °C and 550 mm, respectively. The soil texture is sandy
loam (5.26 % clay, 25.59 % silt, and 69.15 % sand), belongs to low yield
soil. Before the start of study, the topsoil (0-20 cm) organic C, total N,
available P, available K and pH were: 7.51 gkg ™!, 0.81 gkg ™!, 10.67 mg
kg 1,153 mg kg! and 8.84, respectively. Crop rotation comprises
winter wheat (variety ‘Langyan 43°) and summer maize (variety
‘Zhengdan 958’).

Twelve trial plots (15 m? each) were laid out in a completely ran-
domized block design, including four treatments with three replicates:
(1) CK: no amendment; (2) SA: attapulgite amendment 2.25 tha_l; 3
SC: chitin-rich organic material 15 t ha! ; and (4) SCA: the combination
of chitin-rich organic material 15 t ha™! and attapulgite amendment
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Table 1
Basic properties of the two amendments.
pH Total nitrogen Total phosphorus Total potassium Organic carbon Specific surface area (m* g~ 1) CEC
(gkg™H (gkg™H (gkg ™) (kg™ (mol 100 g™
Chitin-rich organic material 7.75 14.7 21.05 73.74 - -
Attapulgite 8.40 0.069 0.082 0.011 - 369 21.96
2.25 t ha~!. Chemical fertilizers (N, P, and K input levels were 150, PRJINA977106.

52.39, and 46.68 kg ha!, respectively) were applied equally to each
plot before wheat and maize sowing every year. After amendments and
fertilizers were applied on the surface, they were immediately plowed
into the arable layer. In October 2019, soil samples were collected at
0-20 cm depth after the maize harvested. Each treatment was randomly
sampled in five points (0-20 cm), and then, the soil samples were
thoroughly mixed and were divided into three subsamples for DNA
extraction (stored at —80 °C), fresh sample analyses (stored at 4 °C) and
chemical analysis.

Soil pH was measured with a pH meter (water/soil ratio is 2.5:1).
SOC and total nitrogen (TN) were determined using the potassium di-
chromate oxidation method and Kjeldahl method, respectively. Mineral
N was measured using a continuous flow analytical system (AA3, SEAL,
Germany) after being extracted with 2 M KCl. Available potassium (AK)
extracted with 1 M ammonium acetate, while AP extracted with 0.5 M
NaHCOs. The AK was measured with a flame photometer, and AP was
measured using the molybdenum blue method (Zheng et al., 2021a).
Soil microbial biomass C (MBC) and microbial biomass N (MBN) were
measured according to Vance et al. (1987). Firstly, soil samples were
fumigated with CHCl3, and then incubated in dark conditions at 25 °C
for 24 h. Secondly, soil samples were extracted with 0.5 M K3SO4, and
the filtrate were determined by C/N analyzer (Multi N/C3100, Analytik
Jena AG, Germany).

2.3. Analysis of enzyme activity

p-glucosidase (BG), pB-cellobiosidase (CBH), L-leucine aminopepti-
dase (LAP), N-Acetyl-glucosaminidase (NAG) were assayed using stan-
dard fluorescent method (Saiya-Cork et al., 2002). Briefly, fresh soil (1
g) was mixed with 100 mL of 50 mmol-L ™! sodium acetate buffer solu-
tion (pH 7.8) and blended for 1 min with a magnetic agitator to produce
a soil suspension. Then, 200 pL of soil suspension, 200 of pL buffer so-
lution, 50 pL of standard buffer (LAP using 7-amino-4-methyl coumarin
(AMC) as a standard substance and others using 4-methyl hydrox-
ycoumarin (MUB) as a standard substance), and 50 pL of the corre-
sponding substrate were transferred into a 96-well microplate. The
microplates were incubated in the dark at 25 °C for 4 h, and were
quantified with 365 nm excitation and 460 nm emission using a
microplate fluorometer (Synergy, BioTek, USA).

2.4. Soil DNA extraction, Illumina Misegsequencing, and metagenomic
sequencing

Fresh soil (0.5 g) DNA was extracted using an E.Z.N.A.® soil DNA Kit
(Omega Bio-tek, Norcross, GA, USA) and then was checked on 1 %
agarose gel. The bacterial 16S rRNA gene (V3-V4 region) and fungal
ITS1 region were amplified using primers 338F and 806R, and ITS1F and
ITS2R, respectively. The amplicons were paired-end sequenced (2 x
300) on the Illumina MiSeq platform (Illumina, San Diego, CA, USA).
The sequencing reads were quality-filtered and merged using Trimmo-
matic and FLASH, respectively. The operational taxonomic units (OTU)
were generated at a 97 % similarity cutoff using UPARSE (v7.1), and
chimeric sequences were removed. The taxonomy of each OTU repre-
sentative sequence was determined by using RDP Classifier against the
SILVA database (v138) and UNITE database (v8.0), with a confidence
threshold of 0.7. The raw sequence data generated in this study have
been deposited in the Sequence Read Archive (SRA) with Accession No.

Soil DNA samples of CK and SCA treatment were selected for meta-
genomic sequencing based on the amplicon sequencing data. In detail,
six DNA samples being sequenced using [llumina NovaSeq 6000 (Illu-
mina Inc., San Diego, CA, USA) at Majorbio Bio-Pharm Technology
(Shanghai, China). For each DNA sample, clean data were obtained after
removing low-quality reads (length < 50 bp or with a quality value <20
or having N bases), and these reads were assembled high-quality se-
quences into contigs by using splicing software MEGAHIT (v1.1.2). And
then, contigs were used for predicting open reading frames using Met-
aGene and translated into amino acid sequences. The sequences were
further clustered using CD-HIT (v4.6.1) to construct a non-redundant
gene catalog. Finally, the enrichment of related genes in each sample
was calculated using SOAPaligner software. The raw sequence data
generated have been deposited in the Sequence Read Archive (SRA) (No.
PRJNA977730). Functional annotation results were performed using
Diamond against the Kyoto Encyclopedia of Genes and Genomes data-
base (KEGG v94.2), and the eggNOG database.

2.5. Statistical analysis

Differences between soil physiochemical properties and enzyme ac-
tivities were tested using ANOVA (Duncan’s test) in IBM SPSS Statistics
22. The R software (v4.1.1) was utilized to conduct the following ana-
lyses. The Richness and Shannon indices were calculated under different
amendment treatments with the “vegan” package. The beta diversity of
both bacterial and fungal communities was assessed via a principal co-
ordinates analysis (PCoA) based on the Bray-Curtis distance matrices.
Additionally, differences in community structure were analyzed under
various amendment treatments using permutational multivariate anal-
ysis of variance (PERMANOVA), which was performed using the
“vegan” package. To further analyze the differences in microbiome
abundance between amendment and no amendment treatments,
DESeq2 (the “DESeq2” package of R) was used (Donhauser et al., 2021).
Redundancy analysis (RDA) was performed to reveal the relationship
between soil properties and different bacteria using the “vegan” pack-
age. In order to explore how amendments affected bacterial community
structure and microbial function, structural equation modeling (SEM)
was implemented. The chi-square test (P > 0.05) and the root MSE of
approximation (RMSEA; RMSEA <0.05 and P > 0.05) were assessed to
evaluate the fitness of the model (Chen et al., 2022). All the SEM-related
analyses were conducted using AMOS 22.0.

3. Results
3.1. Effects of different amendments on maize yield and soil properties

After 4-year amendment application, the maize yield was ordered as
follows: SCA > SC > SA ~ CK. Compared with CK, crop yield was
increased by 24.26 % under the SCA treatment (Table 2; P < 0.05).
Compared with CK, the SC and SCA treatments significantly increased
soil TN and SOC concentrations by 8.99-20.22 % and 16.97-27.97 %,
respectively (P < 0.05). Soil AK, AP, and NO3-N concentrations were
also increased significantly in the SC and SCA treatments (P < 0.05). In
addition, soil pH was lower under the SCA treatment than under other
treatments and was decreased by 5.59 % (P < 0.05) compared with CK.
MBC increased by 33.65 % under SCA compared with CK (P < 0.05). All
soil properties mentioned above under SA did not change significantly
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Table 2

Soil properties and crop yield after 4-year amendment application.
Items CK SA SC SCA
Organic carbon (g kg ') 8.90 + 0.18¢ 9.48 + 0. 89 be 10.41 + 0.86 ab 11.39 + 0.56 a
Total nitrogen (g kg™1) 0.89 +0.01 ¢ 0.90 + 0.03 be 0.97 + 0.08 b 1.07 £ 0.02 a
Available phosphorus (mg kg™1) 12.93 +5.79b 13.74 £ 0.72b 55.13+7.71a 59.26 + 15.42a
Available potassium (mg kg ') 248.67 +20.10 b 255.67 + 1.06 b 335.00 + 21.93 a 364.67 +7.51 a
pH 7.87 + 0.07 ab 7.94+0.04 a 7.75 £ 0.04 b 7.43+0.13c
NH4-N (mg kg_l) 7.68 +1.26 b 7.10 £ 0.90 b 10.52 +0.83 a 6.53 +1.32b
NO3-N (mg kg_l) 11.05 + 1.14 b 8.95+1.09b 29.83 £5.99 a 29.32 £8.01 a
MBC (mg kgfl) 197.70 £ 6.07 b 209.46 +1.95 b 208.56 + 25.68 b 264.24 £ 11.46 a
MBN (mg kg’l) 38.83 £2.97a 40.24 £ 3.70 a 39.60 + 4.94 a 48.18 £7.24 a
Yield (kg hm2) 6523 + 591 b 6734 + 561 ab 7586 + 891 ab 8106 + 961 a

Note: CK, no amendment; SA, soil amended with attapulgite amendment; SC, soil amended with chitin-rich organic material; and SCA, soil amended with the chitin-
rich organic material and attapulgite amendment. Values are means + standard errors (n = 3). Lowercase letters indicate significant differences under different

treatments (P < 0.05, one-way ANOVA, Duncan’s HSD test).
compared with CK (P > 0.05).
3.2. Effect of different amendments on enzyme activities

In general, enzyme activities were higher under SC and SCA
compared to CK treatment. As shown in Fig. 1a, b, and ¢, BG, CBH, and
NAG, enzymes that are crucial in C cycling, showed the highest activities
in the SCA treatment, followed by the SC treatment. Compared with CK,
the activities of BG, CBH, and NAG in the SC treatment were increased
by 120 %, 529 %, and 281 %, respectively; the same activities increased
by 148 %, 636 %, and 307 %, respectively, under the SCA treatment

(Fig. 1a, b, d). Furthermore, similar increases (78 % for SC and 99 % for
SCA) were detected in the activity of LAP, an N-related enzyme (Fig. 1c).
The BG, CBH, LAP, and NAG activities also increased in SA compared
with CK. These findings indicated that amendments could enhance the
activities of C- and N-related enzymes and accelerate the cycling of
relevant nutrients.

3.3. Shifts in soil microbial community diversity, composition, and
structure

In total, 854,266 bacterial 16S rDNA and 726,467 fungal ITS high-
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Fig. 1. Extracellular enzyme activities in different treatments. CK, no amendment; SA, soil amended with attapulgite; SC, soil amended with chitin-rich organic
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quality sequences were obtained from 12 samples. These sequences were
classified as 4760 bacteria OTUs and 1313 fungal OTUs. No significant
changes were found in the bacterial or fungal a diversity under SA, SC,
or SCA treatments compared with CK (Fig. 2a and b). PCoA and PER-
MANOVA analysis revealed that bacterial p diversity was notably
different between different treatments (Fig. 2c; PERMANOVA, R? =
0.388, P = 0.008). Along the PC1 axis, the bacterial p diversity separated
chitin-rich organic material treatments (SC and SCA) from other
amendment treatments (CK and SA) at the bacterial genus level. In
contrast, the fungal community structure was unchanged under
different amendments (Fig. 2d; PERMANOVA, R?= 0.348, P = 0.076).

Acidobacteriota (ranging from 26.37 % to 28.64 %), Proteobacteria
(ranging from 19.94 % to 22.90 %), and Actinobacteriota (ranging from
13.76 % to 15.20 %) were the predominant bacterial phyla across all
samples (Fig. 2e). Further differential analysis revealed that almost no
taxa difference existed in SA (except for OTU3753) compared with CK
treatment (Fig. S2). Contrary to SA treatment, SC and SCA had obvious
taxa enrichment and depletion compared with CK treatment, and were
more pronounced in SCA than in SC. Specifically, 14 and 22 OTUs were
significantly enriched in SC and SCA, respectively, compared with CK
(Fig. 3a and b; FDR adjusted P < 0.05). These enriched microbial taxa
mostly belonged to six phyla, namely Proteobacteria (Alphaproteobacteria
and Gammaproteobacteria at the class level), Actinobacteriota (Actino-
bacteria, Acidimicrobiia, and Thermoleophilia at the class level), Cyano-
bacteria, Firmicutes, Gemmatimonadota, and Patescibacteria (Table S1).
Furthermore, 13 and 31 OTUs had been depleted in the SC and SCA
treatments, respectively (Fig. 3a and b; FDR adjusted P < 0.05). These
belonged to three phyla, namely Actinobacteriota (Acidimicrobiia, Acti-
nobacteria, MB-A2-108, and Thermoleophilia at the class level), Acid-
obacteriota, and Chlorofilexi (Table S2). Moreover, a notable overlap of
OTUs in SC and SCA was observed. Twelve bacterial OTUs were
enriched in both treatments (Fig. 3c), accounting for 54.55 % in the SCA
treatment and 85.71 % in the SC treatment; 10 and two specific OTUs
were enriched in the SCA and SC treatments, respectively. Only nine
OTUs with significant reduction were found in both treatments (Fig. 3d),
accounting for 29.03 % in the SCA treatment and 69.23 % in the SC
treatment.

3.4. Changes of microbial carbon metabolism function

The microbiomes under the SCA treatment presented a considerable
difference compared with CK than other amendment treatments. Thus,
we selected the CK and SCA treatments for metagenomic sequencing.
The KEGG and eggNOG annotation results suggested that carbon
metabolism and amino acid transport and metabolism were the most
active functions (Fig. S3). Moreover, the results confirmed that the
functional composition (i.e., NMDS ordinations of KO and COG) of the
SCA differed significantly from that of CK (stress <0.05; Fig. 4a and b).
To determine how the combined addition of chitin-rich organic material
and attapulgite affected the microbiome’s functional properties, we
performed differential abundance analysis using the most dominant
functional pathways (TOP10) on KEGG level 3 and COG level 2.
Compared with CK, the enrichment of genes related to carbon meta-
bolism, carbon fixation pathways in prokaryotes, the citrate cycle (TCA
cycle) (KEGG; Fig. 4c¢), posttranslational modification, protein turnover,
and chaperones (COG; Fig. 4d) was significantly lower in the SCA
treatment than in CK.

3.5. Linkages between microbial communities and soil properties

RDA was conducted to explore the relationship between soil prop-
erties with dominant bacterial OTUs (TOP 100) and enriched OTUs in
chitin-rich organic material treatments (Fig. 5). The first two axes
together explained 79.55 % of the total variation in the dominant bac-
terial OTUs. Soil NH-N and SOC were major factors and explained
21.34 % and 14.25 % of the variation, respectively. Moreover, the first
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axis of the RDA explained 77.52 % of the variation in the enriched OTUs
community, and the second axis explained 15.16 % of the variation. AK,
pH, NO3-N, and AP were the main factors that significantly altered
bacterial OTUs under chitin-rich organic material application (P <
0.01).

SEM was used to investigate how soil properties affected the bacte-
rial community and carbon metabolism (enrichment of ko00020
pathway functional genes) (Fig. 6a). The results showed that soil AP was
the key factor, as it positively influenced the carbon metabolism via
increasing enzyme activities (standardized total effect = 0.801).
Furthermore, soil AP was significantly associated with bacterial com-
munity structure (r = —0.825, P < 0.001), but there was no significant
relationship between bacterial community structure and carbon meta-
bolism (r = —0.276, P > 0.05). SOC was also a key factor that was
affected by soil AP (r = 0.475, P < 0.05) and that could directly regulate
carbon metabolism, even though the effect was negative (r = —0.677, P
< 0.05). Overall, this model met the significance criteria (X2 =17.166, P
= 0.443, CFI = 0.998, P = 0.029, AIC = 71.166) and could explain 61.8
% of the variation in soil AP, 82.9 % of the variation in enzyme activities,
and 66.5 % the variation in carbon metabolism.

4. Discussion

4.1. Effects of chitin-rich organic material and attapulgite on soil
properties and crop yield

In the present study, chitin-rich organic material application (alone
and in combination) significantly increased SOC (Table 2), while atta-
pulgite application alone did not had a significant effect. This indicates
that the input of organic substances can increase the SOC, similar to the
results of manure or straw return experiments (Liu et al., 2022; Song
et al., 2022). Compared with the single application of each amendment,
the combined application was able to improve SOC more effectively.
One possible reason is the physical protection of soil aggregate (Liu
et al., 2021). In our previous research (Zhang et al., 2021b), compared
with the CK treatment, SCA remarkably increased the proportion of soil
macro-aggregate, thereby increasing the content of SOC. In addition,
microbial growth results in the increase of microbial-derived C into the
soil by biomass turnover and necromass accumulation, which could also
influence the accumulation of SOC to a certain degree. In our research,
the SCA treatment increased MBC by 33.66 % in comparison to the CK
treatment (Table 2). This suggested that the ample nutrients provided by
chitin-rich organic material and the wide spacing of attapulgite effec-
tively promoted microbial growth and activity, thereby increasing the
content of SOC. Besides, our results showed that TN and NO3-N
increased under SC and SCA (Table 2). This could be the result of the low
C/N ratio (6-7) of chitin-rich material that can rapidly release N and
thereby result in higher N mineralization (Shamshina et al., 2020).
These results may also be linked to functional genes associated with soil
denitrification and nitrogen fixation under chitin fertilization (Zhan
et al., 2021). Other nutrients such as AP and AK were also increased
under chitin-rich organic material application (Table 2). These increases
can be attributed to high P and K contents in the organic material
(Table 1). In this study, activities of C- and N-cycling-related enzymes
were increased significantly under chitin-rich organic material appli-
cation (Fig. 1). This is consistent with the results of (Liu et al., 2010;
Mangalassery et al., 2019; Kang et al., 2021; Wang et al., 2021). In
general, when a certain nutrient is deficient in the soil, microorganisms
will secrete more enzymes to meet the demand for the nutrient. How-
ever, Fierer et al. (2021) suggested that when the nutrient content is
high, this will also increase the activity of the corresponding enzymes.
Our results are more in accordance with the hypothesis of Fierer, the
high C content of organic material provides sufficient substrate for mi-
crobial participation in nutrient cycling and transformation, thus
increasing enzyme activity (Fierer et al., 2021).

Numerous studies have demonstrated that SOC accumulation has
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Fig. 3. Differences in bacterial taxonomic composition under amendment treatments. Volcano plots showing differential bacteria OTUs in chitin-rich organic ma-
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rich organic material and chitin-rich organic material and attapulgite amendment treatments. SC, soil amended with chitin-rich organic material; SCA, soil amended

with chitin-rich organic material and attapulgite.

beneficial effects on crop yield (Cai et al., 2019; Li et al., 2019). How-
ever, the beneficial effects depend on the type of organic amendment,
the management of application, and the soil properties. For example, Li
et al. (2018) reported that crop yield increased by 9.9, 13.2, and 17.4 %,
under different organic amendments (pig manure, straw, and pig
manure + straw, respectively). By contrast, Wu et al. (2022) suggested
that 100 % organic manure application had no significant impact on
yield. Our results showed that the crop yield increased by 24.26 % under
SCA, better than those under SC and SA. This may have been due to the
high content of polysaccharides in chitin that can quickly provide ni-
trogen and energy for plants and microorganisms (Shamshina et al.,
2020). Moreover, chitin-rich organic material contains functional hy-
droxyl and amino groups that can be used as sustainable alternatives to
synthetic chelation agents (such as EDTA) to deliver soil nutrients and
improve crop growth (Sharp, 2013). Also, the attapulgite amendment
can increase water retention. Thus, the combination of these two ma-
terials is more favorable to maintaining the balance of the soil nutrient
system and achieving increases in crop yield.

4.2. Chitin-rich organic material application altered the bacterial
community structure and taxonomic composition

In general, organic material application increases soil energy
(organic carbon and other nutrients) and thus sustains a greater soil
microbial diversity according to the species-energy hypothesis (Clarke
and Gaston, 2006). According to a meta-analysis, bacterial alpha di-
versity increases under organic amendments compared with mineral
fertilizer (Shu et al., 2022). However, our results indicated that chitin-
rich organic material did not have any significant impact on the alpha
diversity of bacterial or fungal communities (Fig. 2a, b). Specifically, the
richness indices were lower under organic material treatments
compared with CK for both bacteria and fungi, in agreement with studies
by Ji et al. (2022) and Zhang et al., 2021a. The reason for the contra-
dicting results may be the chemical heterogeneity of organic materials.
Bacteria usually utilize labile organic carbon (Xun et al., 2018), while
chitin-rich organic material increases stable organic carbon more than
active organic carbon (Zhou et al., 2020), and this may restrict bacterial
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C utilization and reduce diversity. At the same time, the addition of
organic material may lead to competition among fungal community
members because the materials supply narrow-spectrum nutrients (Sun
et al., 2020). This compresses the living niche for certain fungal species
and ultimately reduces diversity. In contrast to the alpha diversity,
bacterial beta diversity was significantly shifted under SC and SCA
(Fig. 2¢), like it was also observed by Cheng et al. (2022). This can be
partially explained by the variation in soil physicochemical properties
under SC and SCA (Table 2). In contrast to bacteria, the current research
showed that fungal beta diversity changed little with different treat-
ments (Fig. 2d). This finding was also shown by Han et al. (2021). The
reason may be due to the different responses of fungi to soil pH. Bacteria
exhibit relatively narrow growth tolerance for soil pH, while fungi have
a wide pH optimum (covering 5-9 pH units) (Hu et al., 2017).

In the current study, SA had no influence on bacterial community
(Fig. S2). This result was attributed to the content of nutrient input being
very low (Fig. S1), which may not significantly affect microbial growth
and activity. In contrast to the SA treatment, we found that chitin-rich
organic material (SC and SCA) altered the bacterial composition
(Fig. 3). For example, the two dominant phyla Proteobacteria and Acti-
nobacteriota were significantly enriched in chitin-rich organic material
treatments. These phyla have the potential for decomposing organic
material and promoting plant growth (He et al., 2020). At the order
level, some OTUs belonging to Xanthomonadales, Burkholderiales,
Sphingomonadales, and Rhizobiales are positively related with the organic
material; Xanthomonadales and Sphingomonadales are positively corre-
lated to complex organic compound decomposition (Dominguez et al.,
2019; Wu et al., 2021; Qi et al., 2022), and Burkholderiales and Rhizo-
biales are important plant growth-promoting bacteria (Garrido-Oter
et al., 2018; Xiong et al., 2021). These results imply that chitin-rich
organic material application alters microbial function. Soil factors
such as AK, SOC, AP, TN, and NO3-N positively affected bacterial
communities, especially in those groups enriched under organic mate-
rial application (Fig. 5). These results were similar to those of previous
studies (Ali et al., 2022; Gupta et al., 2023) and suggested that nutrient
input may have significant effects on the bacterial community. Soil pH
showed an unfavorable relationship with other factors (Fig. 5). This
result was different from those of Xiao et al. (2021) and Zhao et al.
(2020) who found that soil pH was positively correlated with some taxa
and with the overall bacterial community. The varied results may be due
to the soil type. The present study was conducted in a slightly alkaline

sandy soil, and the decrease in soil pH made the soil environment closer
to a neutral environment that was more suitable for bacterial growth
(Lauber et al., 2008).

4.3. Microbial carbon metabolism was altered under the combined
application of chitin-rich organic material and attapulgite

Carbon metabolism is the main metabolic pathway of microorgan-
isms and comprises the most basic function of life (Pang et al., 2021). It
encompasses the uptake, degradation and transformation of carbon
sources. However, our metagenomic analyses indicated that the func-
tional genes involved in carbon metabolism, carbon fixation pathways in
prokaryotes, and the citrate cycle (TCA cycle) decreased significantly
under SCA. This result was in opposition to that of Chen et al. (2019),
who found that the genes participating in carbon metabolism were
enriched under long-term organic fertilization. The reason may due to
negative priming effect: (i) microorganisms preferentially utilize easily
available carbon from chitin-rich organic material and hence inhibit the
decomposition of native SOC based on ‘preferential substrate utilization’
theory (Qiu et al., 2022); (ii) a high density of pores from attapulgite
most likely results in more native SOC to enter, which reduce the
decomposition of native SOC (Zheng et al., 2021b). Furthermore,
application of chitin-rich organic material and attapulgite had obvious
increasing effects on soil aggregate formation, especially macroaggre-
gate (>0.25 mm), which protect more SOC from microbial
decomposition.

Several studies have suggested that changes in carbon metabolism
are closely related to the activities of bacteria. For example, activities of
phyla Gemmatimonadetes, Actinobacteria, Proteobacteria, and Chloroflexi,
which are the main contributors to carbon metabolism, increased under
manure treatment (Khodadad et al., 2011; Tao et al., 2023). However,
Yu et al. (2020) found that Bacteroidetes and Gemmatimonadetes have
negative effect on the decomposition of SOC. These opposite results may
indicate that carbon metabolism was also be related with community
structure (Fig. 6) not just special taxonomic composition. This is in line
with Wang et al. (2020). They found that bacterial community structure
was negatively associated with carbon metabolism, especially in car-
bohydrate utilization related to glucose and cellobiose. The above result
due to less bacterial functional redundancy in the late stages, which lead
to inadequate functional complementary for recalcitrant SOC decom-
position (Yu et al., 2020).
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In addition, soil factors such as AP, SOC, and pH play important roles
in influencing microbial carbon metabolism. Soil AP was the most
effective factor for microbial carbon metabolism, as confirmed by Hu
et al. (2022). Possible reasons may link to the higher P availability being
important for microbial growth. Higher P availability also enhances
microbial demand for other nutrients, such as C, and thus drives the
community to switch investment (Yao et al., 2018). By contrast, SOC
significantly inhibited microbial carbon metabolism (Fig. 6). This may
be related to the characteristics of organic carbon. In the current study,
chitin-rich organic material introduced a large amount of organic car-
bon from different materials such as peat, straw, and peanut shells, and
this enhanced the content of stable organic carbon in the soil (Zhou
et al., 2020). Therefore, the microbes invested more energy into motility
and enzyme production to consume the complex organic C (Allison
et al., 2010), resulting in a lower growth rate and lower C use efficiency
(Morrissey et al., 2023). Altogether, our results revealed that microbial
carbon metabolism was affected by different amendments through
changing soil properties and soil enzyme activities, but further research
is needed to assess specific carbon metabolism pathways and verify the
correlation relationships between soil amendment, soil physicochemical
properties, and microbial function.

5. Conclusions

Collectively, we show a mechanistic link between soil properties,
bacterial community structure and carbon metabolism function. Com-
bined application of chitin-rich organic material and attapulgite shifted
sandy soil nutrition retention (i.e., SOC, AP and pH), led to notable
variation of bacterial community structure and increase of beneficial
species, and inhibited microbial carbon metabolism function. These
results suggest that chitin-rich organic material and attapulgite addition
is an effective way to build SOC and nutrient stocks, improving soil
fertility and keeping sandy soil sustainable. But further research is
needed to determine more specific pathways related to carbon
metabolism.
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