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Abstract

Aims For the sustainable development of agroeco-
systems in citrus orchards, we studied the short-term
effects of bio-organic fertilizer substitution for chemi-
cal fertilizers on the dynamic changes in the soil
environment.

Methods We carried out a field experiment in citrus
orchards. Five treatments were set up with a duration
of six months and the substitution ratio was based on
equivalent nitrogen substitution. Soil properties, soil
labile organic carbon, and soil bacteria were meas-
ured and analyzed.

Results Bio-organic fertilizers substituting chemi-
cal fertilizers could significantly increase soil organic
carbon (SOC), total nitrogen (TN), total phosphorus
(TP), dissolved organic carbon (DOC), and easily
oxidized organic carbon (EOC) content (P <0.05).
The carbon pool management index (CPMI) was the
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largest in 75% bio-organic fertilizer treatment. In addi-
tion, the substitution of chemical fertilizers with bio-
organic fertilizers significantly increased the alpha
diversity of bacterial communities, with a maximum
Shannon index of 9.78 for SF75. The relative abun-
dance of Actinobacteria, Actinobacteria and Bacteroi-
detes was higher than that of CK, while the relative
abundance of Acidobacteria and Choloflexi was lower
than that of the control group. Redundancy analysis
showed that DOC, CPMI, available potassium (AK),
and nitrate-nitrogen (NO;™-N) were the main driving
factors affecting the bacterial community structure.
The highest expression abundance of metabolic path-
ways in soil bacteria was predicted by KEGG to exist.
Conclusion We conclude that the appropriate appli-
cation of bio-organic fertilizer improved soil prop-
erties and reshaped bacterial ecology and 75% bio-
organic fertilizer is a promising fertilization practice
for citrus orchard soils.

Keywords Bio-organic fertilizer - Soil labile
organic carbon - Soil bacteria - Substitution ratio

Introduction

Citrus is one of the main economic crops in China,
and at present, citrus production in most areas of
China is still dominated by the use of chemical fer-
tilizers, and organic fertilizer resources are not fully
utilized, and excessive chemical fertilizer application
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makes citrus orchards with serious soil consolidation
and nutritional barriers to fruit tree growth, result-
ing in reduced yields and fruit quality, and substan-
tially reducing the economic benefits of orchards
(Lei et al. 2019). Chemical fertilizer misuse is cur-
rently causing serious adverse impacts globally, such
as eutrophication, air pollution, and soil acidification
(Savci 2012; Blanco-Canqui and Schlegel 2013; Sun
et al. 2015). These environmental issues, therefore,
worsen the condition and productivity of agricultural
soils, endangering entire agroecosystems and reduc-
ing the sustainability of crop production. According
to some studies, using organic fertilizers can enhance
fruit quality, lessen soil environmental issues brought
on by the misuse of chemical fertilizers, and promote
the development of sustainable agriculture (Kim et al.
2022). Bio-organic fertilizers have the characteris-
tics of both microbial and organic fertilizers and are
a class of fertilizers that rely on the production and
metabolic activities of microorganisms to provide a
comprehensive nutritional balance and lasting fertility
for plants and soils, with organic matter as the main-
stay (Wu et al. 2009). Since the end of the last cen-
tury, bio-organic fertilizer dispensing has been widely
used in experimental studies, and the use of bio-
organic fertilizers can compensate for the shortcom-
ings of chemical fertilizers to a certain extent (Wang
et al. 2017), not only to rapidly increase the content of
nutrients such as soil nitrogen, potassium, phosphorus
and organic matter (Li et al. 2021), but also to boost
soil fertility, stimulate the improvement of microbial
community structure, and increase the utilization and
abundance of microbial carbon sources (Ansari and
Mahmood 2017). The partial replacement of chemi-
cal fertilizers with organic fertilizers has been shown
to improve soil fertility, crop productivity, and soil
microbial abundance and diversity in long term (Qiao
et al. 2019; Xiang et al. 2020). Therefore, our study
chose bio-organic fertilizers to substitute chemical
fertilizers, to explore the effect of bio-organic ferti-
lizer substitution on soil fertility and soil microorgan-
isms in citrus orchards in the short term.

Farmland is an important component of the soil
organic carbon pool and is susceptible to human
activities (Zhang et al. 2021). Frequent tillage and
improper management tend to lead to a decline in
soil organic carbon stocks (Varvel and Wilhelm
2011), thus causing soil fertility degradation and
land productivity to decline (Yu et al. 2006). Soil

@ Springer

as a carbon sink or source plays a crucial role in
the global carbon cycle, global climate change,
and the equilibrium of sustainable agricultural
development (Liang et al. 2010). Root exudates,
decomposing plant and animal remains, and dead
microbial biomass are typical sources of soil labile
organic carbon. (Bolan et al. 2014). Although the
LOC is a small portion of the soil organic carbon,
it can respond sensitively to the effects of differ-
ent agricultural management measures on the rate
and quality of SOC conversion and is an indispen-
sable and sensitive indicator to reveal the dynamic
changes of the soil carbon pool (Yang et al. 2020).
Therefore, LOC is suitable for characterizing the
turnover and availability of nutrients on farmlands
where organic fertilizers are applied in the short
term. Additionally, to evaluate the state and rate of
change of soil carbon in agro-ecosystems, the car-
bon pool management index (CPMI) value is fre-
quently utilized. CPMI is a comprehensive index of
soil carbon pool and can reflect the impact coming
from external factors on the SOC comprehensive
and dynamic manner (Sodhi et al. 2009). Organic
fertilizers contain C sources and additional macro-
nutrients and micronutrients, so the application of
organic manure can further improve soil SOC con-
tent and LOC concentration and promote soil car-
bon pool balance (Ishaq et al. 2002; Wang et al.
2003; Qiu et al. 2016). Thus, the LOC content and
CPMI indices were used to indicate the changes in
soil nutrients brought about by the application of
different alternative proportions of bio-organic fer-
tilizers in this study.

Soil microorganisms play a critical role in regu-
lating various ecosystem functions and processes,
such as climate moderation, environmental purifi-
cation, nutrient cycling, and soil organic decom-
position (Ji et al. 2018; Manjunath et al. 2018).
Numerous experiments have confirmed that soil
microorganisms can be used to indicate changes
in soil quality and the effects of fertilization man-
agement because they can modify the commu-
nity structure in time to respond to environmental
changes (Garcia-Delgado et al. 2019; Mganga et al.
2016). Increases in soil fertility, fungal diver-
sity, and fungal abundance have been seen as a
result of some chemical fertilizers being partially
replaced by organic fertilizers. (Xiang et al. 2020).
The application of organic fertilizer contributes to



Plant Soil (2023) 483:255-272

257

increasing the diversity of soil microbial commu-
nities in fields with long-term fertilization (Ding
et al. 2016). According to Wang et al. (2017), bio-
fertilizer had a significant impact on the soil bac-
terial community composition in apple orchards.
Liu et al. (2021) observed that helpful microbial
activity in the rhizosphere of kiwi is promoted by
long-term bio-fertilizer application, leading to
a microbial network conducive to plant growth.
Moreover, the application of bio-fertilizer can not
only provide C and N sources and energy for soil
microbial activities but also stimulates the secre-
tion of carbohydrates, amino acids, organic acids,
proteins, and enzymes by rhizosphere microorgan-
isms, thus suppressing the formation of related
soil-borne diseases (Badri and Vivanco 2009; Gu
et al. 2020; Kautz et al. 2006; Lehmann and Kleber
2015). The majority of recent studies have shown
that a promising tactic to improve soil fertility and
microbial diversity is the partial replacement of
chemical fertilizers with organic fertilizers (Huang
et al. 2020; Qiao et al. 2019; Xiang et al. 2020).
Hence, it is crucial to investigate the short-term
effects of partially substituting chemical fertilizers
with bio-organic fertilizers on soil fertility and bac-
terial characteristics of the soil in citrus orchards.

In this study, we hypothesized that the short-term
effects of partial substitution of chemical fertiliz-
ers with bio-organic fertilizers would improve soil
properties, soil labile organic carbon, and soil bac-
terial communities in citrus orchards. Additionally,
we anticipate obtaining the ideal substitution ratio
to enhance soil fertility and the microbiological eco-
system of the soil in order to support the sustainable
growth of agriculture.

Materials and methods
Experimental design and details

Field experiments were carried out from May 1,
2021, to November 30, 2021, in a citrus orchard in
Dayang Town, Jiande City, Zhejiang Province, China
(29°23'36"N, 119°31'32"E). It has a north subtropi-
cal monsoon climate. The average annual tempera-
ture is 16.9 °C, and there is 1500 mm of precipita-
tion on average per year. The soil type is Fluventic
Eutrochrept (USDA soil taxonomic classification)

and the citrus species is Ponkan (Citrus reticulata
‘Ponkan’). Following were the physicochemical char-
acteristics of the soil before the experiment: pH
4.15, TN,1.44 gkg™!, TP,2.53 g-kg™!, total potas-
sium (TK,10.54 g-kg™!), SOC, 14.58 gkg™!, avail-
able phosphorus (AP, 201.67 mgkg™!), and AK,
364.5 mgkg™!.

Chemical fertilizer was a potassium sulfate com-
pound fertilizer (N-P,05-K,0:18-8-14), which was
provided by Taizhou Agricultural Materials Co., Ltd.
The bio-organic fertilizer (TN, 22.50 g-kg~ I TK,
37.97 gkg™!, TP, 520 gkg™') was developed by
Yuangi Technology Co., Ltd. and was made of natu-
ral silkworm guano, vegetable meal, and walnut shell
as the main raw materials, fermented with compound
ecological flora (specific Bacillus and Lactobacillus,
etc.), with an effective live bacterial count of about
50 million/g, organic matter > 50%.

Each citrus tree represents a plot in the field experi-
ment, which was set up as a three-replicate, entirely
randomized design. Five treatments were: application
of 100% chemical fertilizer (CK), 75% chemical ferti-
lizer+25% bio-organic fertilizer (SF25), 50% chemi-
cal fertilizer+50% bio-organic fertilizer (SF50), 25%
chemical fertilizer+75% bio-organic fertilizer (SF75)
and 100% bio-organic fertilizer (SF100). The substitu-
tion ratio followed equal nitrogen substitution, with the
total amount of chemical fertilizer applied decreasing in
a 25% gradient using the control group as a base, while
the total amount of bio-organic fertilizer also increased
in a 25% gradient. The basal fertilizer was applied in
early June 2021 by spreading method with bio-organic
fertilizer as basal fertilizer applied to five treatments at
one time and chemical fertilizer as basal fertilizer added
to both CK and SF25 treatments. Chemical fertilizer was
applied in mid-July 2021 as an additional fertilizer, using
the spreading method. Details are shown in Table 1. The
irrigation, insecticide, and weeding measures in the cit-
rus orchard were the same as conventional management.

Soil sampling and analysis

Soil samples were gathered from citrus orchards in
October 2021. Five soil cores were sampled from 0
to 20 cm depth in each plot and mixed into one com-
posite soil sample. The soil was separated into three
sections, one section air-dried for determining phys-
icochemical properties, one section fresh sample for
the determination of ammonium nitrogen (NH,*-N)
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Table 1 The amount of fertilizer for different treatment

The amount of chemical fertilizer

The amount of bio-fertilizer

Treatment Base fertilizer Additional fertilizer Base fertilizer Additional fertilizer
kg-ha™! kg-ha™!

CK 450 750 0 0

SF25 150 750 2400 0

SF50 0 600 4800 0

SF75 0 300 7200 0

SF100 0 0 9600 0

CK represents 100% chemical fertilizer, SF25 represents 75% chemical fertilizer +25% bio-organic fertilizer, SF50 represents 50%
chemical fertilizer + 50% bio-organic fertilizer, SF75 represents 25% chemical fertilizer + 75% bio-organic fertilizer and SF100 repre-

sents 100% bio-organic fertilizer, same below

and NO;™-N, and the other section stored in a -80 °C
refrigerator for bacterial analysis.

The pH of soil was determined with a pH meter
(FE20-FiveEasy™ pH, Mettler Toledo, German).TP
was measured using the molybdenum blue method
after being digested with HCIO,-H,SO, (Gong
et al. 2019).TN and SOC were determined by Ele-
ment Analyzer (Elementar Vario EL Cube, Ger-
man) (Liu et al. 2021). AK was extracted with 1 M
neutral ammonium acetate and then estimated with
Atomic absorption spectrometry (AAS, Analytik
Jena novAA 300, German) (Li et al. 2021). AP was
assessed using the molybdenum blue method after
being extracted with HCI-NH,F (Li et al. 2021).
NH,*-N and NO;~-N were extracted with 1 M potas-
sium chloride and measured using an AA3 continu-
ous-flow autoanalyzer (SAN++, SKALAR, Nether-
lands) (Gong et al. 2019). Using Blair’s suggested
methods, the easily oxidized organic carbon (EOC)

Table 2 Chemical properties of soils under different treatments

portion was examined (Blair et al. 1995). Three dif-
ferent concentrations of KMnO4(33 mmol-L~!, 167
mmol-L~!, and 333 mmol-L~ 1) were used to extract
highly labile organic carbon (HLOC), moderately
labile organic carbon (MLOC), and low labile
organic carbon (LLOC), respectively.DOC was
determined in water extracts and processed through
0.45-um filters, then estimated via a TOC analyzer
(Multi N/C 3100 HT1300, Analytik Jena AG, Ger-
many) (Yu et al. 2019).

The extraction of total DNA and sequencing of
16SrDNA (V4-V5 region) of soil microorganisms were
entrusted to Guangdong Magigene Technology Co.

Soil DNA extraction, amplification, and sequencing
Standard protocols were followed to extract soil DNA

using the ALFA-SEQ Advanced Soil DNA Kit (Megi-
gene, Guangzhou, China), and the quantity and quality

Treatment CK SF25 SF50 SF75 SF100

pH 4.07+£0.04e 4.26+0.01d 4.48+0.01c 4.74+0.01b 5.15+0.02a

TN(gkg™) 1.33+£0.02¢ 1.53+0.02d 1.75+0.01c 2.20+0.03b 2.76+0.02a

TP (gkg™) 2.43+0.02¢ 2.57+0.02¢ 2.48+0.01d 2.94+0.01b 3.11+£0.03a

AK (mg-kg™h) 433.50+10.53d 419.10£11.55¢ 695.80+12.03¢ 977.80+10.68a 842.40+£15.65b
AP (mgkg™) 222.61+7.65¢ 216.27+7.08d 278.04+5.53b 286.37+7.13a 276.41£5.47b

NO,™-N(mg-kg™ ) 26.00+1.04d 41.00+1.05b 55.00+1.61ab 59.50+0.5a 37.50+0.76bc
NH,*-N(mg-kg™") 41.00+0.5b 47.50+0.76a 38.50+0.73¢ 48.50+0.77a 41.50+1.32b

SOC(gkg™h 14.12+1.32¢ 16.37+1.21d 18.78 £1.15¢ 23.49+1.15b 30.85+1.1a

Different lowercase letters in the same line mean significant differences among different treatments (P <0.05). Data are the
means + standard deviation. TN means total nitrogen, TP means total phosphorus, AK means available potassium, AP means avail-
able phosphorus, NO;™-N means nitrate-nitrogen, NH,*-N means ammonium nitrogen, SOC means soil organic carbon
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of DNA were assessed using a NanoDrop ND-1000
spectrophotometer  (Thermo  Fisher  Scientific,
Waltham, MA, USA). The V4-V5 region of the bac-
terial 16S rDNA gene was targeted by 515F(5’-GTG
CCAGCMGCCGCGGTAA-3’) and 907R(5’-CCG
TCAATTCMTTTRAGTTT-3’). The Illumina Miseq
platform (Illumina, San Diego, CA, USA) was used to
sequence the amplified libraries. After obtaining the
raw sequences for quality control through Trimmo-
matic and FLASH. UCLUST was used to group high-
quality sequences into operational taxonomic units
(OTUs) at a 97% sequence similarity level. Taxonomic
annotation was performed against the SILVA Data-
base to obtain the corresponding bacterial taxonomic
information. Soil total DNA extraction, amplification,
library construction, sequencing, and data analysis
were performed by Guangdong Magigene Biotechnol-
ogy Co., Ltd. (Guangzhou, China).

Data analyses

IBM SPSS Statistics v26.0IBM Corp) was used to per-
form the statistical analysis. Tukey’s-HSD one-way analysis
of variance (ANOVA) was used to analyze the significant
differences(P<0.05) in soil physicochemical indicators
among different treatments. Alpha diversity indices (chaol,
good_coverage, Shannon) were calculated by the “vegan”
R package and were plotted using the “ggplot2” R package.
A redundancy analysis (RDA) was conducted using the
“vegan” R package to explore the correlations between bac-
terial community structure and selected soil properties at
the phylum level. on the Magigene Cloud platform (http://
cloud.magigene.com/), phylogenetic investigation of com-
munities by reconstruction of unobserved states (PICRUS)
was performed to predict bacterial function.

The CPMI was calculated according to the follow-
ing equations:

Carbon Pool Index (CPI) = SOC in the treatment group /SOC in the control group

Lability of Carbon (L) = Labile Organic Carbon (LOC)/Nonlabile Organic Carbon (NLOC)

Lability Index (LI) = L in the treatment group/L in the control group (L)

Carbon Pool Management Index (CPMI) = CPI x LI x 100

Result

Soil chemical properties change under different
substitution ratios

Short-term  bio-organic fertilizers substituting
chemical fertilizers has changed soil chemical
properties (Table 2). Compared to CK, the pH of
SF25, SF50, SF75, and SF100 increased signifi-
cantly with the substitution rate. The TN content
also showed a significant increase with increas-
ing substitution ratio, with increases of 15.04%,
31.58%, 65.41% and 105.26% for SF25, SF50,
SF75 and SF100 treatments, respectively, com-
pared to CK (P <0.05). The SOC content increased
significantly with increasing substitution ratio,

with SF25, SF50, SF75, and SF100 being 1.2, 1.3,
1.7, and 2.2 times higher than the CK treatment,
respectively. SF25, SF50, SF75, and SF100 treat-
ments all showed significant increases in TP con-
tent compared to CK, with SF100 showing the
largest increase of 27.98%. SF50, SF75, and SF100
treatments all significantly increased the content
of AP and AK, and showed a trend of increasing
and then decreasing with increasing substitution
ratio. The application of bio-organic fertilizer sig-
nificantly increased the NO;™-N content, with the
SF50 treatment increasing the most, 2.1 times more
than CK. While there was no discernible difference
between the SF100 treatment and CK, the NH,*-N
content was noticeably higher in the SF25 and
SF75 treatments compared to the CK treatment.
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Variations in Soil labile carbon fractions and CPMI

As depicted in Fig. 1, the DOC content of SF50, SF75
and SF100 treatments was notably higher than that of
CK treatment by 1.1, 2.7 and 3.4 times, respectively.
Bio-organic fertilizer application increased the EOC
content and increased with the percentage of substi-
tution, SF50, SF75, and SF100 treatments were sig-
nificantly higher than CK treatment and SF25 was not
significantly different from CK. The HLOC content
was the highest, ranging from 4.81 to 12.95 g-kg™!,
accounting for 40.2-61.18%. MLOC was fol-
lowed, ranging from 3.59 to 5.17 g'kg™!, account-
ing for 28.12-39.68%. LLOC had the lowest content,
ranging from 2.21 to 3.01 g-kg™!, accounting for
15.16-22.07%.

The CPMI of soil at different substitution ratios
is shown in Table 3. Compared to CK, SF25, SF50,
SE75, and SF100 all increased the soil CPMI to dif-
ferent degrees. SF7 improved the most significantly,
with an increase of 69.52 compared to CK. Both CPI
and LI of the bio-organic fertilizer application treat-
ment were greater than the control group, where CPI
increased with the increase of substitution ratio, while
LI showed a decreasing trend.

Abundance and alpha diversity of the bacterial
community

The 16 S rDNA (V4-V5 region) of soil bacteria from
the five treatments were sequenced by high-through-
put sequencing technology for amplicons and ana-
lyzed for bacterial community diversity under differ-
ent treatments. A total of 223,110 valid sequences
were available. The number of OTUs common or

Table 3 Soil carbon pool index of different treatments

Treatment CPI L LI CPMI

CK 1.00 2.12 1.00 100.00c
SF25 1.16 2.72 1.29 148.98b
SF50 1.33 2.28 1.08 143.09b
SF75 1.66 2.16 1.02 169.52a
SF100 2.18 2.13 0.67 145.34b

Different lowercase letters in the same column mean signifi-
cant differences among different treatments (P <0.05). CPI
represents Carbon Pool Index, L represents Lability of Carbon,
LI represents Lability Index, and CPMI represents carbon pool
management index

unique to the five treatments of bacterial communi-
ties can be shown by the Venn diagram (Fig. 2A),
with a total of 8965 OTUs of different species for
the five treatments. The OTU types of CKS5, SF25,
SF50, SF75, and SF100 are 2693, 3354, 3426, 3613,
and 3828, respectively. There are 733 OTU types
common to the five treatments. OTUs unique to
CK was 781, accounting for 8.71% of the total. The
unique OTUs of CKS5, SF25, SF50, SF75, and SF100
were 781, 1018, 1122, 1105, and 1376, respectively,
accounting for 8.71%, 11.36%, 12.52%, 12.33%, and
15.35% of the total OTUs, respectively.

The effects of substitution ratios on the abundance
and diversity of bacteria are shown in Fig. 2B. The
Good’s coverage values ranged between 98.0% and
98.9%, indicating that its sequencing depth could
demonstrate diversity reliably. The Chaol index was
higher than CK in all four treatments. SF75 had the
highest chaol index of 4006.3, which indicates that
SF75 has the highest species abundance. A larger
Shannon index denotes a higher diversity of the flora.
The Shannon index is used to quantify the average or
homogeneity of species abundance and diversity in
microbial communities. The Shannon index of SF75
was noticeably higher than the control other treat-
ments. In comparison to the other treatments, the
SF75 treatment’s bacterial diversity was higher and
more evenly distributed.

Composition and effect of the bacterial community in
the soil

All samples’ bacterial OTUs were classified into 35
phyla, of which a total of 11 had relative abundances
greater than 1%. The dominant phyla are Proteobac-
teria, Acidobacteria, Actinobacteria, Choloflexi, and
Bacteroidetes, with a relative abundance of more than
80%. Compared with CK, the relative abundance of
Proteobacteria increased in all bio-organic fertilizer
application treatments and showed a tendency of
growing, followed by a decrease as the substitution
ratio increased. The relative abundances of Bacteroi-
detes, Planctomycetes, and Firmicutes were higher
in SF25, SF50, SF75, and SF100 than in CK. How-
ever, Acidobacteria and Choloflexi had higher relative
abundances in CK than in other treatments.

The heatmap of soil physicochemical factors and
bacteria (phylum level) Pearson correlation analysis
is shown in Fig. 3. Actinobacteria was significantly
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and positively associated with AP, MLOC, and CPMI
(P<0.05). Acidobacteria was significantly nega-
tively related to AP, AK, MLOC, CPMI, DOC, SOC,
EOC, HLOC, pH, TP, and TN (P <0.01). Planctomy-
cetes was found to be significant positive correlated
with CPMI, DOC, SOC, EOC, HLOC, pH, TP, TN
(P<0.01), and AK, MLOC (P <0.05). Bacteroidetes
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had notable and positive correlations with AP, AK,
and pH (P<0.01) and with MLOC, CPMI, DOC,
SOC, EOC, HLOC, TP, and TN (P <0.05). Verru-
comicrobia was notably and negatively related to
MLOC (P<0.01) and NO;™-N (P <0.05). Nitros-
pirae was positively correlated with NO;™-N, signifi-
cantly negatively correlated with NH,*-N, CPMI, and
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TP (P<0.01). Proteobacteria were significantly and
positively correlated with NO;™-N (P <0.01). Firmi-
cutes were significantly and positively correlated with
LLOC, CPMI, DOC, SOC, EOC, HLOC, pH, TP,
and TN (P <0.01). Chloroflexi showed highly signifi-
cant negative correlations (P<0.01) with NO;™-N,
MLOC, CPMI, and significant negative correlations
(P<0.05) with AP, EOC, pH, SOC, and TN. Gem-
matimonadetes was significantly and positively corre-
lated with AK and AP (P <0.01).

Bacterial community affected by soil environment

Redundancy analysis (RDA) was performed with
dominant bacterial phylum as the response vari-
able and soil physicochemical properties and soil
organic carbon fraction as explanatory variables, and
the results are shown in Fig. 4. The X and Y canoni-
cal axes of Fig. 5A explained 64.64% and 21.61% of
the dominant bacterial phyla dynamics, respectively.
The results showed that AP(P<0.05), AK, NO;™-N
(P<0.01) significantly affected soil bacterial com-
munity composition. The RDA analysis plot of soil
organic carbon fraction and bacterial community is
shown in Fig. 5B. The explanation rate of the X and Y
canonical axes was 61.62% and 21.47%, respectively.
LLOC(P<0.05), DOC, and CPMI(P<0.01) signifi-
cantly affected soil bacterial community composition.
CK was less affected by soil organic carbon fraction
than the treatment with bio-organic fertilizer. The phy-
lum composition of SF75 and SF100 treatments was
more correlated with the organic carbon fraction.

SF50 SF75 SF100

others
Treatment

Soil bacterial biomarkers and functions prediction

Linear discriminant effect size (LEfSe) analysis was
performed to identify and select unique bacterial
taxa significantly associated with different substitu-
tion ratios of bio-organic fertilizer (P <0.05, Fig. 6).
The bacterial community LDA analysis detected 39
(CK=10, SF25=2, SF50=8, SF75=9, SF100=10)
biomarkers. The phyla Chloroflexi, Acidobacteria,
and Elusimicrobia were higher in the CK than in the
other treatments, while Bacteroidetes, Proteobacte-
ria, Firmicutes, and Actinobacteria were higher in the
bio-organic fertilizer treatments. The SF75 treatment
had a higher score in Gemmatimonadetes.

Based on the OTU table, the relative abundance
under different treatments of soil bacterial pathways
prediction was obtained by comparing the KEGG
database(Fig. 7). Bacteria could be classified into six
functional categories, namely Metabolism, Genetic
Information Processing, Human Diseases, Cellular
Processes, Environmental Information Processing,
and Organismal Systems (Han et al. 2021). The four
main pathways are shown in Fig. 7, with the relative
abundance of Metabolism, Genetic Information Pro-
cessing, Cellular Processes, and Environmental Infor-
mation Processing, in descending order. The relative
abundance of Metabolism of cofactors and vitamins,
Metabolism of terpenoids and polyketide, and Biosyn-
thesis of other secondary metabolites in the subpath-
ways of Metabolism were SF75>SF100>SF50>S
F25>CK. The relative abundance of Folding, sort-
ing, and degradation and Translation in the Genetic
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Fig. 4 Pearson correlation
analysis of soil phys-
icochemical factors and
abundance of the dominant
bacterial phylum. * repre-
sents significance P <0.05,
** represents significance
P <0.01, *** represents
significance P <0.001
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Fig. 6 Taxonomic cladograms illustrating biomarkers enriched significantly under different substitution ratios of bio-organic ferti-
lizer based on linear discriminant analysis (LDA) effect size analysis. Cladogram of bacterial community with LDA scores > 3.0

Information Processing subpathways were SF100>S
F75>SF50> SF25 > CK. The relative abundance of
SF75 was highest in the Cell motility subpathway of
Cellular Processes and the Membrane transport sub-
pathway of Environmental Information Processing.

Discussion
Effects of bio-organic fertilizer on soil proprieties

Our results suggested that the applied bio-organic
fertilizer significantly increased soil pH, TP, TN, and
SOC contents compared to the control group, which
is consistent with Liu et al. (2021). This is mainly due
to a large amount of organic matter in bio-organic
fertilizer and its ability to provide the full amount of
nutrients to the soil, in addition, bio-organic fertilizer
contains soil beneficial microorganisms, which can
effectively modify the soil micro-ecological environ-
ment and promote the release of plant root secretions,
thus alleviating soil acidification and increasing soil
pH (Akhtar et al. 2018). The results of Jiang et al.
(2018) indicated that organic matter can enhance the
soil’s ability to buffer acids and lessen the amount of

Ca, Mg, and K that leaches out of acidic soils. Qiu
et al. (2019) observed an increasing trend of soil TN,
TP, and TK content with the increasing percentage of
bio-organic fertilizer substitution, which is in agree-
ment with our findings.

Plant roots are able to use available nutrients from
the soil directly, therefore soil available nutrient is a
crucial part of soil propriety (Wang and Zabowski
1998). Concerning soil available nutrients of citrus
orchard soils, both AP and AK contents markedly
increased with bio-fertilizer application except SF25.
AP, AK, and NO;™-N contents were highly associ-
ated with substitution ratios and as the proportion of
substitution increases, they tend to increase and then
decrease. SF75 has the highest AP, AK, and NO;™-N
content. This could be mainly due to the decomposi-
tion of organic matter in bio-fertilizer thus promoting
the release of trace elements in the soil (Baumann
et al. 2013). In addition, the available nutrients con-
tained in the bio-organic fertilizer itself also increase
the soil available nutrients to a certain extent (Zhu
et al. 2022). Previous studies suggested that bio-
organic fertilizers had a major role in enhancing soil
available nutrients, which is in line with our findings
(Li et al. 2017b; Ye et al. 2020).
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Fig. 7 The predicted KEGG category abundances for the bacterial community
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Impact on soil LOC and CPMI

Soil is a potential carbon sink and its ability to
sequester organic carbon is determined by the
dynamic balance between carbon input from primary
biomass production and exogenous organic addi-
tions and carbon output from mineralization (Gong
et al. 2009). LOC accounts for about 7-32% of SOC,
which is unstable and vulnerable to human activities,
easily oxidizable, decomposable, and mineralized
(Biederbeck et al. 1994). Thus, LOC can be used as
an indicator to monitor the effect of bio-organic fer-
tilizer substitution rate on soil SOC and soil quality
(Lou et al. 2011). Many studies have demonstrated
that the usage of organic fertilizers can directly or
indirectly increase the proportion of LOC (Ding
et al. 2012; Liang et al. 2012). In the present study,
we separated EOC which was extracted from KMnO4
into three fractions HLOC, MLOC, and LLOC. Bai
et al. (2010) suggested that the application of organic
fertilizer significantly increased the EOC content in
the cultivated soil layer, and the treatment with bio-
organic fertilizer in the present study also notably
increased the EOC content compared to the control
group. The aggregates formed by organic fertilizers
can adsorb EOC and prevent its loss, thus improv-
ing the ability of soil water and nutrient supply (Yang
et al. 2021). Bio-organic fertilizer input at different
rates significantly increased HLOC and MLOC con-
tents, which is in agreement with the study of Zhang
et al. (2021), where the input of organic fertilizer
brought numerous organic matter, thereby increas-
ing the total organic carbon stock in the soil carbon
pool and enhancing the contents of all other compo-
nents (Gong et al. 2009). DOC is primarily generated
from the microbial-mediated decomposition of plant
residues and organic matter, which are water-soluble
organic carbon and make up a tiny fraction of SOC
(Li et al. 2017a). The significant increase in soil
DOC content after organic fertilizer application may
be because organic fertilizers improve the soil physi-
cal environment (e.g., porosity) and provide C and N
sources for microorganisms to apply, promoting soil
microbial activity (Yang et al. 2012), which is con-
sistent with the changes in DOC content in this study,
and the content of DOC was higher with the increas-
ing proportion of bio-organic fertilizer substitution.
Wei et al. found a significant correlation between
CPMI and carbon fractions, and CPMI is a useful

indicator for assessing changes in soil quality and
nutrient cycling due to soil management practices
(Gong et al. 2009). In general, lower CPMI means
that soil carbon stocks are being lost, while higher
CPMI represents a greater capacity for soil carbon
sequestration (Sainepo et al. 2018). The CPMI value
of bio-organic fertilizer application in our study was
higher than that of CK, and the highest CPMI value
was found in SF75. Li et al. (2018) also indicated
that CPMI was notably higher with organic fertilizer
application than with chemical fertilizer application,
and CPMI was closely related to the EOC and SOC
contents. These results all showed that the input of
organic fertilizers increased soil SOC and soil LOC
content, and also increased soil carbon pool activ-
ity and carbon storage, thus improving soil carbon
sequestration capacity and promoting soil carbon
cycling (Jiang et al. 2022).

Effects on soil bacterial community

Soil microorganisms are an important part of terres-
trial ecosystems, and the diversity and community
structure of microbes are not only closely related to
the effectiveness of biotransformation but also reflect
soil fertility status and plant health (Trivedi et al.
2013; Manasa et al. 2020; Moreira et al. 2020). Bac-
teria is considered to be a more accurate assessment
of soil fertility because of their much shorter turno-
ver time than fungi for the utilization of C substrate
(Lazcano et al. 2013; Siciliano et al. 2014; Ai et al.
2018) found that partial substitution of chemical fer-
tilizers with organic fertilizers significantly affected
soil bacterial alpha diversity. Our results showed a
remarkable effect of bio-organic fertilizer addition on
the diversity and species composition of soil bacterial
communities in citrus orchards and was closely asso-
ciated with the proportion of bio-organic fertilizer
substitution. Compared with the CK, the Chaol index
of bacterial community abundance and the Shannon
index of bacterial diversity were noticeably increased
in the bio-organic fertilizer substitution treatment,
indicating that bio-organic fertilizer substitution for
chemical fertilizers could improve the abundance and
diversity of soil bacterial communities. SF75 treat-
ment showed the most significant performance, which
is consistent with Ren et al. (2021).

Some studies have suggested that organic fer-
tilizers can provide more adequate nutrients for
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heterotrophic bacterial activity than inorganic fertiliz-
ers, reducing competition between bacterial commu-
nities and that the introduction of naturally occurring
microorganisms in organic fertilizers into the soil can
increase microbial diversity (Dong et al. 2014; Han
et al. 2021; Lin et al. 2019). In the present study, the
dominant soil bacterial phyla in all treatments were
Acidobacteria, Proteobacteria, Choloflexi, Actino-
bacteria, and Bacteroidetes, which were in agree-
ment with previous studies (Hartmann et al. 2015;
Ding et al. 2016). Proteobacteria and Bacteroidetes
prefer eutrophic environments, and their abundance
in this study was higher in the bio-organic fertilizer
treatment than in the CK treatment. The bio-organic
fertilizer application not only increased the soil nutri-
ents but also promoted the symbiotic nitrogen fixa-
tion of Proteobacteria and the utilization of carbon
sources by Bacteroidetes (Liu et al. 2016; Xu et al.
2016; Liang et al. 2018). Acidobacteria is acidophilic
bacteria, and the application of bio-organic fertilizers
increases the pH of the soil, thus harming the growth
and multiplication of Acidobacteria (Minnisto et al.
2013; Huang et al. 2015) found that Acidobacteria
were involved in carbon cycling via the degradation
of plant residues. Our study found that bio-organic
fertilizer application enhanced the relative abundance
of Chloroflexi, which was consistent with what was
found in banana plantation soils by Li et al. (2021).
Furthermore, in the present study, the abundance of
Firmicutes was higher in the bio-organic fertilizer
treatment than that of the control treatment and soil
pH and LOC fractions were significantly increased
with the addition of bio-organic fertilizers. The
remarkable positive relationship between Firmicutes
and soil pH and LOC fraction showed that the addi-
tion of bio-organic fertilizer could provide an appro-
priate environment for the growth and multiplication
of Firmicutes and promote its participation in organic
matter decomposition and carbohydrate metabolism
(Zhao et al. 2017).

Relations between bacterial and soil properties, and
bacterial functional prediction

Soil properties are closely related to soil microbial
community structure and can affect soil microor-
ganisms to varying degrees (Xun et al. 2015). In the
present study, the main contributors of the bacterial
structure were AK, DOC, CPMI, and NO;™-N based
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on RDA analysis which was conducted on soil proper-
ties and soil bacterial community (phylum level). Liu
et al. (2021) and Li et al. (2021) found that SOC, AK,
and pH were the main factors affecting the bacterial
community structure of applied bio-organic fertiliz-
ers. These findings may be attributable to the specific
effects of bio-organic fertilizers application on soil
properties (e.g. SOC, pH) and the rhizosphere environ-
ment, which affect the soil microbial community struc-
ture in turn (Liu et al. 2021). Our study indicated that
the presence of microorganisms and organic matter in
the bio-organic fertilizer itself might have influenced
the DOC content and bacterial community composi-
tion. Acidobacteria was found the ability to contribute
to the productivity of carbon cycling in soils as many
members of the Acidobacteria phylum can accelerate
the C cycle (Wu et al. 2019). Moreover, bacteria play
a crucial role in N cycling because they can absorb and
utilize nitrogen from soil to further synthesize biomol-
ecules with important physiological functions (e.g.,
proteins and nucleotides) (Sarathchandra et al. 2001;
Shen et al. 2014) found that Gemmatimonadetes and
Bacteroidetes were highly correlated with the available
nutrients in the soil, for instance, AP and AK contents,
which was consistent with our results.

To further understand the effects of bio-fertilizer
and its substitution rate on the bacterial community,
LEfSe analysis, and KEGG prediction were used to
find biomarkers and the relative abundance of func-
tional pathways, respectively. Biomarkers differed
significantly among different bio-organic fertilizer
substitution rates in our study. Acidobacteria and Pro-
teobacteria were the Most of all significant biomarkers
in bacteria, which was consistent with Liu et al. (2021).
In this study, metabolism was found to be the main
function of soil bacteria and its relative abundance
was the highest. And the application of bio-organic
fertilizers effectively promotes amino acid metabo-
lism, metabolism of cofactors and vitamins, Metabo-
lism of terpenoids and polyketides, and Biosynthesis
of other secondary metabolites. Soil microorganisms
are mainly involved in the material cycle and transfor-
mation of the soil through their metabolic activities,
regulating the metabolic processes of the organism
(Wu et al. 2016). The metabolism of amino acids, car-
boxylic acids, polymers, and amines is susceptible to
organic fertilization (Yang et al. 2011), and bio-organic
fertilization in this study enhanced the abundance of
Amino acid metabolism, especially in SF75.
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Conclusion

The partial substitution of chemical fertilizers with
bio-organic fertilizers improved citrus orchard soil
nutrient content, soil LOC content, and bacterial
community diversity. Combining these three aspects,
75% bio-organic fertilizer substitution was the most
effective in this study. Soil bacterial community com-
position was significantly correlated with CPMI and
DOC content. The PICRUSt functional prediction
suggested that the application of bio-organic fertilizer
increased the relative abundance of bacterial metabo-
lism. Suitable bio-organic fertilizer substitution helps
to improve soil properties and provide sufficient sub-
strate for bacterial communities, thus improving the
soil micro-ecological environment and achieving sus-
tainable agricultural development.
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