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Introduction: The salinization of coastal soils is a primary cause of global 
land degradation. The aim of this study was to evaluate the effect of organic 
amendment on the soil microbial community within a saline gradient.

Methods: The study was designed with five levels of electrical conductivity 
(EC): 0.33, 0.62, 1.13, 1.45 and 2.04 ds m−1. By conducting indoor potted plant 
experiments, determine the effects of applying microbial organic fertilizer 
on the physicochemical properties of soil and the structure of soil microbial 
communities under different salinity concentrations.

Results: Compared with the control, higher OM content, total N, and higher 
crop biomass were observed in samples with organic amendment at the same 
salinity level. At the same salinity levels, the mean bacterial activity (AUC) and 
the mean number of substrates were higher than in the soil without organic 
amendment according to analyses by means of Biolog ECO MicroPlate. The 
results of canonical correspondence analysis indicate that after the application 
of organic amendments, the composition of loam and clay replaces soil pH, 
and aboveground biomass replaces root biomass as key indicators closely 
monitoring Community level physiological profiling (CLPP). In soil with the same 
salinity level, the application of microbial organic fertilizer led to an increase 
in the proportion of Actinobacteriota and a decrease in the proportion of 
Chloroflexi. In 0.3dS m-1 soil, the abundance of actinomycetes increased from 
23% to 27% after application of microbial organic fertilizer, while the abundance 
of basidiomycetes decreased from 20% to 6%. In addition, after the application of 
microbial organic fertilizer, RB41, blastococcus and solirubrobacter significantly 
increased, while Melothermus and Herpetosiphon significantly decreased.

Discussion: This study provides a strong theoretical basis for using microbial 
organic fertilizers to improve saline-alkali soil.
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1 Introduction

The salinization of coastal soils is a primary cause of global land 
degradation. Soil salinity in coastal areas is the main cause for the 
global land degradation that has been targeted for remediation. Many 
studies have revealed that application of organic amendment is a good 
way to improve saline-alkali lands. López-Valdez et  al. (2010) 
demonstrated that addition of microorganisms with sludge increases 
NH4

+ immobilization and induces fixation of NO3
− in an alkaline 

saline soil. It was found that organic matter (OM) can stimulate the 
growth of arbuscular mycorrhizal fungi, which can enhance plant 
growth and health on saline dryland (Hammer et al., 2011; Songlin 
et al., 2024). OM can increase available water content (Temesgen et al., 
2023) and improve the soil structure, which is important for the 
formation of macro-aggregates (Rackley, 2023). Klopp et al. found that 
application of microbes with gypsum can noticeably increase saturated 
hydraulic conductivity of saline (Klopp and Daigh, 2020). Application 
of organic amendment to a saline alkali soil was found to improve the 
soil nutrient content and the abundance of soil organisms (Hou et al., 
2021). Nevertheless, the precise effects of different kinds of organic 
amendments on nutrient mineralization and immobilization depends 
on the chemical composition and the potential of the soil microbial 
community (Landry Rossdeutsch et al., 2020). Most of recent studies 
have been conducted to research the effect of organic amendment 
from a certain salt concentration range but have hardly ever evaluated 
this effect across the soil salinity gradient.

The most important processes in a soil are inseparable from the 
microbes in the soil. These microbes can enhance the availability of 
nutrients. Arbuscular mycorrhizal fungi can grow into the smallest 
soil micropores and help plants absorb water and nutrients (Somak 
et al., 2022). Some of the soil microbes play an important role in 
making nutrients available to plants and microbes by recycling them 
in the soil (Adnane et al., 2018). The biochemical substances produced 
by soil microbes can improve the formation of the soil aggregate 
structure. In a saline soil, the biota is adversely affected because 
salinity alters the osmotic and matric potential of the soil solution. In 
recent years, biological methods were used as a practical way to 
alleviate various types of soil stress. For example, plant growth-
promoting rhizobacteria (PGPR) can alleviate the adverse effects of 
stress on plant growth (Adnane et al., 2018). Daei reported the species 
of arbuscular mycorrhizal fungi that were isolated from soils under 
salinity conditions. The right combination of fertilizers and soil 
microbes enhances the biofertilizer efficiency (Adesemoye et  al., 
2008). Nevertheless, Elgharably and Marschner (2011) showed that 
salinity depresses microbial biomass. Most studies have shown that 
soil respiration decreases with the increasing electrical conductivity 
(EC) of the soil (Setia et al., 2010).

It has been reported that the intensive application of organic 
amendment increased soil microbial biomass and activity and created 
distinct microbial community compositions (Hasbullah and 
Marschner, 2015). The soil in saline-alkali lands is detrimental to plant 
growth, and its properties differ from those of regular soil. Therefore, 
it is necessary to study the effects of soil amendments on saline-alkali 
soil improvement. Plant roots can produce organic compounds 
including carbohydrates, organic and carboxylic acids. Those products 
can serve as food for soil microbes and affect microbial activities 
(Benizri and Amiaud, 2005). Microbial characteristics also affect 
vegetation such as biomass (Gömöryová et al., 2013). In addition, 

fertilization has an impact on the microbial community structure, and 
then physiochemical properties of the soil change under the influence 
of the changes of the soil microbial functions. On the other hand, it is 
unknown which biotic of abiotic factors are associated with soil 
salinity by organic amendment application. The relation between soil 
characteristics and bacterial functional diversity after application of 
organic amendment is also not clear.

Soil microbial functional diversity is widely used to evaluate soil 
processes and ecological functions (Xiang et al., 2023). Biolog ECO 
MicroPlate were found to be an appropriate analytical method for 
discrimination between communities by selecting carbon substrates 
(Gabriela et  al., 2023). Using Biolog ECO MicroPlate, Klimek 
determined the relation between the diversity of a vascular-plant 
community and overall microbial activity in the soil (Klimek et al., 
2015). Jin reported that average well color development (AWCD) 
decreases and C utilization patters change with the increasing soil salt 
concentration (Jin et al., 2015). CLPP based on Biolog ECO MicroPlate 
offers common methods for research on functional diversity of soil 
bacteria (Klimek et al., 2016).

To close the knowledge gap, we  carried out a pot assay. The 
diameter of the pot is 35 centimeters and the diameter of the pot is 35 
centimeters. The objectives of the study were: (1) to evaluate the effect 
of organic amendment on soil physiochemical characteristics and 
ecological characteristic of soil microorganisms through CLPP in the 
salinity gradient; (2) to explore the relation between an array of 
microbiological and soil characteristics and plant biomass after 
organic amendment applied in saline soils.

2 Materials and methods

2.1 Field sampling and characteristics

Five soils with similar texture (loam) were collected from the 
Wudi County of Shandong Province, China (37.73 N, 117.6 E), on 
April 22, 2021 at 0 to 20 cm depth. This area is affected by the North 
China plain, is low and flat, and is located in a warm temperate semi-
humid continental monsoon climatic zone. Seawater encroachment 
and irrigation with saline water are the causes of soil salinity. The EC 
was 0.30, 0.62, 1.13, 1.45, 2.04 ds m−1 in the five soils. This range was 
chosen on the basis of other studies to induce an increase from 
moderate to strong respiration by means of salinity (Chowdhury et al., 
2011; Rui et al., 2021). Selected soil properties are shown in Table 1. 
The soils were pre-incubated for 10 days at 50% of water holding 
capacity (WHC) to stabilize their activity. The samples were for 
biological assays stored at 4°C. They were performed for the CLPP. The 
samples were for DNA extraction stored at −80°C.

2.2 Materials

The organic amendment was fermented and refined for more than 
60 days. The principal materials were animal excrement and plant 
straw. The straw was machine ground to - 5 mm lengths before organic 
composting. The materials were mixed with fermentation liquor in a 
ratio of 1: 200. The animal excrement and plant straw were obtained 
from the experimental station. The fermentation liquor was provided 
by the ETS biological science and technology development company 
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(Tianjin). It includes more than 60 strains of microbes. The organic 
amendment was analyzed and showed: EC = 0.3 ds m−1; pH = 5.8; 
total N = 17.8 g kg−1; total C = 13.25%; C/N ratio = 7.43; available 
p = 12 g kg−1 and available K = 18.02 g kg−1. Chemical fertilizer was 
obtained from experimental station, which N + P2O5 + K2O was 
15–15-15, and total Nutrient was ≥45%.

2.3 Experiment design

The pot experiment was carried out in the Yucheng agricultural 
ecological experimental station greenhouse. The soils were the same 
as those in the incubation experiment and corresponded to five levels 
of EC: 0.30, 0.62, 1.13, 1.45, and 2.04 ds m−1. Eight kilograms (wet 
weight) of soil was put in each pots. The size of the ceramic pots was 
22 × 19 × 25 cm. There were 10 treatments in the pot experiment. 
Before filling the pots with soil, we stirred the fertilizer into soil: 64 g 
of organic amendment (300 [kg N] ha−1) was added in the organic 
amendment group of soil samples. Treatment without organic 
fertilizer was used as a control in the experiment. In order to balance 
the total nutrients (N + P2O5 + K2O), 8 g of chemical fertilizer was 
added in the control group. There were 10 treatments in the pot 
experiment: the EC value of soil was 0.33 ds m−1 with organic 
amendment, 0.33 ds m−1 with chemical fertilizer; the EC value of soil 
was 0.62 ds m−1 with organic amendment, 0.62 ds m−1 with chemical 
fertilizer, the EC value of soil was 1.13 ds m−1 with organic 
amendment, 1.13 ds m−1 with chemical fertilizer, the EC value of soil 
was 1.45 ds m−1 with organic amendment, 1.45 ds m−1 with chemical 
fertilizer, the EC value of soil was 2.04 ds m−1 with organic 

amendment, 2.04 ds m−1 with chemical fertilizer. Each treatment was 
performed in triplicate.

We watered each pot with the same amount of water using a 
sprinkler to keep the soil moist but not water-logged. The crop studied 
was spring maize (Zea mays) variety Zhengdan 958, sown on April 29, 
2021, and harvested on October 8 of that year.

2.4 Sampling and analytical methods

Soil from each pot was sampled in the September 2021. One 
sample was collected with a 3-cm-diameter soil auger. Three samples 
were collected from four corners and obtain one mixed soil sample 
per plot. The fresh soil was sampled for analysis of the microbial 
community. Subsamples were air-dried and used for measurements of 
soil SOC, total N, pH. After 5 months of cultivation, we weighted the 
fresh and dried plants.

Soil pH were determined with standard procedures. The EC was 
measured in a 1:5 (soil: water, w/w) ratio mixture after 1 h of 
end-over-end shaking. The EC of a saturated pasted (ECe) was 
calculate by the equation: ECe = (14.0–0.13 × clay %) × EC1:5 (Yan and 
Marschner, 2012). Exchangeable NH4

+ and NO3
− concentrations were 

determined with a continuous-flow analyzer. Soil total N was analyzed 
using the Kjeldahl digestion method. Organic C concentrations was 
determined by the wet oxidation-redox titration method (Adesemoye 
et  al., 2008). Soil bulk density was measured by the clod method 
(Blake 1965). WHC was measured by placing thoroughly wetted soils 
in a sintered glass collected to a 100 cm water column, allowing them 
to drain for 48 h (Yan and Marschner, 2012).

TABLE 1 Soil characteristics.

parameter EC1:5 (ds m−1)

0.33 0.62 1.13 1.45 2.04

ECe (ds m−1) 10.6 ± 0.6 13.8 ± 3.8 19.6 ± 3.6 23.2 ± 0.26 29.9 ± 5.9

Sand (%) 43 49 47 47 45

Silt (%) 37 34 35 36 35

Clay (%) 20 17 18 17 20

Water holding capacity (%) 29 30 32 33 35

pH 8.84 ± 0.06 8.80 ± 0.05 8.94 ± 0.06 8.97 ± 0.07 9.00 ± 0.04

Total organic carbon (%) 0.8 ± 0.03 0.7 ± 0.03 0.6 ± 0.04 0.7 ± 0.02 0.6 ± 0.06

Total N (g kg−1) 0.99 ± 0.06 0.85 ± 0.07 0.79 ± 0.08 0.73 ± 006 0.57 ± 0.07

Available nutrients

P (mg kg−1) 12 ± 5.3 11.58 ± 5.7 11.29 ± 6.2 10.38 ± 6.4 9.18 ± 7.2

K (mg kg−1) 115 ± 21 133 ± 32 135 ± 24 143 ± 19 156 ± 17

NH4-N (mg kg−1) 5.5 ± 0.91 5.3 ± 0.88 4.8 ± 0.92 4.5 ± 0.99 4.0 ± 0.82

NO3-N (mg kg−1) 5.5 ± 0.09 5.2 ± 009 4.4 ± 0.08 3.2 ± 0.07 2.6 ± 0.43

Soluble cations (1:5 soil: water extract)

Na+ (mmol L) 0.41 ± 0.009 3.32 ± 0.12 9.61 ± 0.42 12.98 ± 0.22 15.54 ± 0.32

Ca+(mmol L) 0.52 ± 0.009 0.41 ± 0.023 0.65 ± 0.028 0.78 ± 0.021 0.89 ± 0.009

Mg+ (mmol L) 0.23 ± 0.009 0.26 ± 0.012 0.22 ± 0.019 0.76 ± 0.023 0.81 ± 0.021

SAR1:5 0.6 5.7 14.6 14.8 16.9
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2.5 Biolog ECO MicroPlate analysis

Biolog ECO MicroPlate (Biolog, Harward, CA, USA) was 
used to determine the nutritional versatility of microbial 
metabolic potential from the various soil treatments (Klimek 
et al., 2016; Xuekai et al., 2021). There were 96 wells in the Biolog 
Eco MicroPlates containing 31 carbon (C) sources and one 
without a C source and tetrazolium dye as the substrate utilization 
indicator.1 There were three parallel repeats for each C source 
(Supplementary Table S1). The C sources were classified into six 
substrate guilds: amino acids, carbohydrates, carboxylic acids, 
miscellaneous, amines, and polymers (Encarnación et al., 2021). 
In brief, 10 g of fresh soil was added to 90 mL of a NaCl solution 
(0.85%) in a 100 mL triangle flask. Soil solutions in the triangle 
flask were shaken for 30 min at 220 rpm. Next, they were left to 
stand for 15 min, and then we collected supernatants. Ten-fold 
dilutions (10−1 and 10−3 dilutions) in a sterile NaCl solution 
(0.85%) were prepared. The final diluent was injected into Biolog 
Microtiter plates with an eight channel sampler (150 μL per well). 
We put the plates into a biochemical incubator at 25°C. When C 
source was utilized by microorganisms, the color would change 
in the wells. The absorbance measured at 590 nm every 24 h and 
recorded with Biolog software (Biolog, Hayward, USA).

Area under the curve (AUC) served as a common indicator of 
bacterial activity (Ju and Zhang, 2015). The formula as follows:

 
( )

1
1

1
1 1 2

N n
n n

n n
i t

A AAUC t t
−

+
+

= =

+
= × −∑∑

where An and An + 1 are the absorbance of each single well at times 
points tn and tn + 1, n means the day of measurement, and N means the 
number of substrates in the plate (Koner et al., 2021). The comparison 
of CLPP for different samples was conducted at the same AWCD, 
which was 0.09 (Gabriela et al., 2023).

2.6 Soil aggregation

Clods from moist samples were gently broken apart. One part of 
the soil was used to determine the size distribution of aggregates using 
the method of wet sieving (Yu et al., 2022). Briefly, there was a series 
of three sieves (2000-, 250-, and 53-μm pore size). A 60 g subsample 
of a soil was passed through the 2000-μm sieve, and submerged in 
deionized water for 5 min at room temperature. To separate the 
aggregates, we moved the sieve 3 cm up and down, 50 times for 2 min. 
Next, the fraction retained on the 2000-μm sieve was backwashed into 
an aluminum box. The 250- to 2000-μm aggregates were collected by 
the means of the 2000-μm mesh. The <250 μm aggregates were 
collected by the 250-μm sieve, and silt and clay were collected after 
passing through the 53-μm sieve. The aggregates were oven dried 
(at 40°C).

1 http://www.biolog.com

2.7 DNA extraction and high-throughput 
qPCR

After genomic DNA extraction, the extracted genomic DNA 
was detected by 1% agarose gel electrophoresis. Specific primers 
with barcode were synthesized according to the specified 
sequencing region. In order to ensure the accuracy and reliability 
of subsequent data analysis, two conditions should be met: (1) 
Low cycle number amplification should be  used as much as 
possible; (2) Ensure that the number of cycles amplified for each 
sample is consistent. Random selection of representative samples 
for pre-experiment to ensure that in the minimum number of 
cycles, the majority of samples can be amplified with appropriate 
concentration of products. PCR was performed using TransGen 
AP221-02: TransStart Fastpfu DNA Polymerase. PCR instrument: 
ABI GeneAmp&reg;Type 9,700;

All samples were carried out according to the formal 
experimental conditions, with 3 replicates per sample. PCR 
products of the same sample were mixed and detected by 2% 
agarose gel electrophoresis. The PCR products were recovered by 
using AxyPrepDNA gel recovery kit (AXYGEN) and elution by 
Tris_HCl 2% agarose electrophoresis detection.

2.8 Analysis of microbial communities

To optimize the extraction of repeat sequences, easy to reduce 
redundant computation analysis among process, get rid of the single 
sequence with no duplication,2 in accordance with the 97% 
similarity to a repetitive sequence (not including single sequence) 
OTU clustering, the representative sequence of OTU is obtained by 
removing chimera in the process of clustering. Map all optimized 
sequences to OTU representative sequences, select sequences that 
are more than 97% similar to OTU representative sequences, and 
generate OTU table. In order to obtain the species classification 
information corresponding to each OTU, 97% of the OTU 
representative sequences with similar levels were analyzed by using 
RDP classifier Bayesian algorithm.

Software and algorithm: Qiime platform, RDP, confidence 
threshold is 0.7.

2.9 Statistical analyses

Two-way ANOVA was performed to evaluate the differences in 
the mean physicochemical properties of a soil by means of the SPSS 
21 statistical software. The significance level was <0.05. The significant 
differences were analyzed by Tukey’s test.

The significant differences in CLPP under the influence of 
salinity and fertilizer were subjected to analysis of similarities 
(ANOSIM). It yields p value and R value. The R values were used 
to assess the degree of correlation. R ranged from 0 to 1. R = 1 

2 http://drive5.com/usearch/manual/singletons.html
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means that the correlation between factors was very high. R = 0 
means that the null hypothesis is correct (no correlation between 
samples). The global R value represented overall dissimilarity 
among the groups of samples.

We identified the contribution of chemical guilds to the similarity 
percentage (SIMPER) (Hannah et al., 2021). The average Bray–Curtis 
dissimilarity was used to evaluate differences between the factors. In 
addition, the standard deviation denotes the consistency of how a 
given variable contributes to the dissimilarity between soil salinities 
or fertilizers.

The relation between the CLPP and soil characteristics at different 
soil salinity levels and fertilizer treatments was measured with 
canonical correspondence analysis (CCA). The latter is a multivariate 
constrained ordination method. It can find the main gradients 
among factors.

3 Results

3.1 Soil physical structure properties

The bulk density was affected by the interaction of salinity and 
fertilizer. For samples without organic fertilizer, the bulk density in 
soils with EC ≥ 1.13 dS m−1 was higher than in soils with EC ≤ 1.45 dS 
m−1. With the increasing salinity, the proportion of macro-aggregates 
(> 250 μm) decreased, whereas the silt + clay fraction (< 53 μm) 
increased. When soil EC values were 0.33, 0.62, and 1.13 ds m−1, 
organic amendment applications significantly increased the proportion 
of >250 μm aggregates by 20.03, 18.51, and 20.83%, respectively, and 
reduced the proportions of <53 μm aggregates by 9.95, 16.90, and 

17.00%, compared to the control (Supplementary Table S2). Therefore, 
application of organic amendment significantly increased the 
proportion of macro-aggregates and lowered the silt + clay fraction 
content (p < 0.05). The differences in proportions of aggregates in soils 
with EC values of 1.45 and 2.04 ds m−1 were not significantly different 
compared with their controls. Salinity significantly affected the soil 
aggregate structure. The proportions of aggregates at all levels except 
the micro-aggregates (250–2000 μm) were influenced remarkably by 
the application of the organic amendment. Nevertheless, highly 
significant interactions between organic amendment and salinity were 
found in terms of the aggregate structure characteristics (Table 2).

3.2 Chemical characteristics and crop 
biomass

EC was higher than the initial values before the experiment, 
because the irrigation water contains some salt. At the same salinity 
level, we  found that in the samples with organic amendment, EC 
increased less than it did in the control samples. Except for EC 0.3 ds 
m−1, the control pH values were lower than those in the samples with 
organic amendment. This is because controls were supplemented with 
chemical fertilizer, which contains alkaline substances. Compared with 
the control, higher OM content, total N, and higher crop biomass were 
observed in samples with organic amendment at the same salinity 
level; organic amendment application increased the OM content and 
total N by 10.69–28.72% and 33.33–76.92%, respectively. In addition, 
the increase was smaller in the higher salinity soils (> 1.13 ds m−1). EC, 
pH, OM, total N, and biomass were affected significantly by salinity, 
organic amendment status, and the interaction of thereof (Table 3).

TABLE 2 Mean values and standard deviations for physical structure properties of the soils.

Soil salinity
(ds m−1)

Soil physical structure parameter

Bulk density
(g cm−3)

Macro-aggregate 
(>2,000 μm)

Macro-aggregate 
(250–2,000 μm)

Micro-aggregate 
(53–250 μm)

Silt + clay 
fraction 
(<53 μm)

No applying organic amendment

0.30 1.37 (0.01)bA 13.74 (0.44)aB 25.05 (0.69)aB 29.35 (0.21)aA 31.86 (1.01)eA

0.62 1.39 (0.04)bB 13.36 (0.12)bB 16.51 (1.22)bB 31.26 (0.63)bA 38.87 (1.71)dA

1.13 1.39 (0.02)bA 9.77 (0.24)cB 11.31 (0.59)cA 30.03 (0.50)cB 48.89 (0.54)cA

1.45 1.47 (0.00)aA 9.15 (0.54)dA 8.12 (0.23)dAB 27.72 (0.33)dB 55 (1.52)bA

2.04 1.44 (0.01)aA 3.50 (0.13)eB 5.00 (0.69)eAB 24.67 (0.38)eA 66.82 (1.64)aA

Applying organic amendment

0.30 1.37 (0.06)bA 14.33 (0.98)bA 32.23 (1.36)aA 18.41 (2.72)cB 35.03 (2.44)cA

0.62 1.46 (0.02)aA 15.66 (0.89)aA 19.74 (0.35)bA 32.29 (1.00)aA 32.3 (0.41)cB

1.13 1.43 (0.01)abA 11.66 (0.43)cA 13.81 (1.11)cA 33.95 (1.15)aA 40.58 (0.71)cB

1.45 1.43 (0.01)abB 9.81 (0.02)dA 9.82 (0.84)dA 29.86 (0.82)bA 55.88 (4.16)bA

2.04 1.42 (0.02)abA 4.05 (0.09)eA 6.33 (0.67)eA 26.24 (1.98)bA 63.38 (3.27)aA

Salinity 0.007 0.000 0.000 0.038 0.000

Fertilizer 0.322 0.026 0.002 0.449 0.012

Interaction 0.000 0.000 0.000 0.000 0.000

Values are means (n = 3) with standard error; significant differences between salinities were indicated by small letters (a, b, c); significant differences between fertilizers were indicated by 
capital letters (A, B).
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3.3 Characteristics of soil bacteria

The mean bacterial activity (AUC) at higher EC (≥ 1.45 ds m−1) 
was lower than that in the soil of EC  ≤  1.13 ds m−1 (p < 0.001). 
Application of organic amendment yield a lower AUC with the 
increasing soil salinity. In addition, at the same salinity level, the AUC 
of the soil samples with organic amendment was higher than that in 
the control (p < 0.0001; Figure 1). A significant interaction between 
salinity and the application of organic amendment was also detected.

The mean number of substrates used on Biolog ECO MicroPlate 
in the soil with the highest salinity (EC 2.10 ds m−1) was significantly 
higher than in other soils (p = 0.000; Figure 2). For the samples with 
organic amendment, the mean number of substrates was significantly 
lower at EC ≥ 1.45 ds m−1 than at EC ≤ 1.13 ds m−1 (p = 0.0012). In 
addition, at the same salinity levels, the mean number of substrates was 
higher than in the soil without organic amendment. The interaction of 
salinity and fertilizer significantly affected the number of substrates.

The ANOSIM showed that significant differences in CLPP between 
salinity levels were observed in soil samples with and without organic 
amendment (Table  4). SIMPER analysis revealed that the largest 
contribution of the absence of organic amendment to the average 

dissimilarity was polymers among salinity groups; the bacteria of the soil 
of EC 2.04 ds m−1 soil were characterized by the highest use of polymers 
on Biolog ECO MicroPlate (Supplementary Table S3). Application of 
organic amendment corresponded to polymers and carboxylic acids, and 
the main consumed substrates were polymers, carboxylic acids, and 
carbohydrates at 0.4 ds m−1 (Table 5).

3.4 Shifts in microbial communities

The bacterial diversity of low-salinity soils was higher than high-
salinity soils, and principal component analysis revealed significant 
changes in bacterial community structure (Supplementary Figure S1). 
The microbial communities structure was generally divided according 
to medium and low salt concentration (0–1.45 dS m−1) and high salt 
concentration (1.45–2.04 dS m−1). The effect of fertilization treatment 
on the formation of microbial community was more obvious in 
middle-low salt soil than in high-concentration soil. At the gate level, 
soil with the same salt concentration had different microbial 
community composition under different fertilization treatments. 
Actinobacteriota, Chioroflexi, Proteobacteria, and Firmicutes are the 

TABLE 3 Mean values and standard deviations for chemical characteristics and plant biomass.

Soil salinity
(ds m−1)

Soil chemical and biomass parameter Crop biomass

EC
(ds m−1)

pH OM
(g kg−1)

Total N Root biomass Shoot biomass

No applying organic amendment

0.30 0.43eA

(0.01)

8.01cA

(0.08)

6.72aB

(0.11)

0.82aB

(0.09)

17.42aA

(0.78)

175.99abAB

(11.59)

0.62 0.96dA

(0.02)

8.11bcA

(0.06)

5.76bB

(0.05)

0.65bB

(0.07)

14.76bB

(4.89)

179.63aA

(30.08)

1.13 1.59cA

(0.01)

8.19bB

(0.02)

4.43cB

(0.10)

0.57bA

(0.04)

14.54bB

(3.32)

192.62aB

(20.36)

1.45 1.73bA

(0.04)

8.03bcA

(0.05)

3.93dB

(0.09)

0.41cA

(0.09)

12.91cAB

(1.73)

133.89cB

(9.39)

2.04 2.50aA

(0.04)

8.48aA

(0.02)

3.24eB

(0.05)

0.38cB

(0.03)

9.34dA

(0.05)

159.66bA

(4.17)

Applying organic amendment

0.30 0.41eA

(0.01)

7.99cA

(0.04)

8.65aA

(0.14)

1.32aA

(0.10)

21.62aA

(.62)

219.92aA

(2.69)

0.62 0.78dB

(0.01)

8.29bA

(0.14)

7.01bA

(0.11)

1.15bA

(0.06)

19.56bA

(3.84)

214.36aA

(14.32)

1.13 1.34cB

(0.04)

8.37bA

(0.02)

5.64cA

(0.10)

0.76cA

(0.12)

19.58bA

(0.61)

219.38aA

(12.58)

1.45 1.53bA

(0.05)

8.21bcA

(0.06)

4.35dA

(0.14)

0.62cdA

(0.03)

15.1cA

(5.12)

162.00bA

(8.20)

2.04 2.16aB

(0.04)

8.67aA

(0.18)

3.67eA

(0.10)

0.50dA

(0.06)

9.79dA

(1.16)

153.10bA

(11.05)

Salinity 0.000 0.000 0.000 0.000 0.000 0.000

Fertilizer 0.000 0.001 0.000 0.000 0.000 0.049

Interaction 0.000 0.000 0.000 0.000 0.000 0.000

Values are means (n = 3) with standard error; significant differences between salinities were indicated by small letters (a, b, c, d, e); significant differences between fertilizers were indicated by 
capital letters (A, B).
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four most dominant phyla (Figure 3A). In soil with the same salinity 
level, the application of microbial organic fertilizer led to an increase in 
the proportion of Actinobacteriota and a decrease in the proportion 
of Chloroflexi.

In 0.3 dS m−1 soil, the abundance of actinomycetes increased from 
23 to 27% after application of microbial organic fertilizer, while the 
abundance of basidiomycetes decreased from 20 to 6%. After the 
application of microbial organic fertilizer, RB41, blastococcus and 
solirubrobacter significantly increased, while Melothermus and 
Herpetosiphon significantly decreased. Under the same salt 
concentration, the actinomyces content in the treatment treated with 
microbial organic fertilizer was higher than that in the treatment 
treated with chemical fertilizer and the control group (Figure 3B). 
Removal of Nocardia is primarily driven by the application of 
microbial organic fertilizer, Nocardia being a potential human 
pathogen (Bao et al., 2020). The significant reduction of these genera 
after fertilization confirms that fertilization can reduce the 
environmental risks associated with salt concentration on the soil.

3.5 The relations among plants biomass, 
soil bacteria, and soil properties

For the samples without organic amendment, the CCA axes 
calculated for the fertilizer and soil salinity explained 66.4% 
(p  = 0.0094) and 29.1% (p  = 0.0020) of the variance (trace 
p = 0.0020). This result indicated that the soil properties (such as 
OM, micro-aggregate, and macro-aggregate contents) affect 
physiological abilities of soil microbial communities. The results 
of ANOSIM also revealed that there was a similarity between the 
CLPP and soil characteristics.

CCA indicated a strong negative relation between the use of 
D-galactonic acid γ-lactone and root biomass (Figure 4A). The use of 
D-malic acid, D-glucosaminic acid, and glucose-1-phosphate was 
negatively related to soil total N, microaggregate content (53–250 μm), 
macro-aggregate content (> 250 μm), and OM content. In addition, it 
was obvious that the use of D-, L-α-glycerol phosphate, and D-xylose 
had a strong relation with soil pH.

FIGURE 2

Bacteria substrates used for (A) soil samples without organic amendment and (B) those with organic amendment. The middle points represent the 
means. Error bars represent 95% Tukey’s honestly significant differences. Different letters represent significant differences in AUC between salinity and 
fertilizer status.

FIGURE 1

AUC of bacterial functional activity for different salinity levels, fertilizer types, and effects of the interaction between salinity and fertilizer status. (A) AUC 
of samples without organic amendment and (B) AUC of samples with organic amendment. Central points represent the means. Error bars represent 
95% Tukey’s honestly significant differences. Different letters represent significant differences in AUC between salinity and fertilizer status.
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For soil samples with organic amendment, the CCA axis was also 
significant (p = 0.041). Nevertheless, it was different for the relation 
between soil properties and microbial characteristics.

The CCA analysis showed a positive correlation between the silt 
+ clay fraction and D-, L-α-glycerol phosphate and glycyl-L-glutamic 
acid. Shoot biomass, total N, OM content, and the proportion of 
macro-aggregates (> 250 μm) had a strong relation with β-methyl-D-
glucoside, D-xylose, and D-glucosaminic acid (Figure 4B).

4 Discussion

In this study, we found that the response of microbial activity to 
application of organic amendment depends on the soil salinity. It had 
a significant effect on soil characteristics and on diversity of the soil 
microbial community in soil samples of lower salinity with application 
of organic amendment. Furthermore, there was a significant relation 
between the soil characteristics and plant biomass and composition 
and functional soil bacterial diversity, which was measured with 
Biolog ECO MicroPlate.

4.1 The response of physicochemical 
properties, plant biomass and soil bacteria 
to application of organic amendment in 
soils of different salinity

In the soil of EC ≥ 1.45 ds m−1, the root and shoot biomass were 
obviously lower than in the soil of EC ≤ 1.13 ds m−1. At the same 
salt concentration, application of organic amendment increased the 
plant biomass compared with soil samples without organic 
amendment (Table 3). Plant residues in soil and root exudation are 
important input pathways of the available substrates (Chowdhury 
et  al., 2011). Thus, the application of organic amendment may 
improve the ability of the microbial community to utilize soil 
resources. Soils of different salinity and fertilizer status showed 
diverse properties. With the increasing salinity, the proportion of 
macro-aggregates, total N, and OM content decreased, whereas the 
silt + clay fraction increased (Table 3). The application of organic 
amendment narrowed the ranges of those factors influenced by 
salinity. Similar findings were observed on the North China Plain 
after long-term application of organic manure (Yu et  al., 2012): 

TABLE 5 Results of SIMPER analysis of dissimilarity in CLPP at different levels of salinity for soil samples with organic amendment.

Substrate
chemical 
guild

Dissimilarity measure Mean use

Average 
dissimilarity

Contribution % Cumulative % 0.3
ds m−1

0.62
ds m−1

1.13
ds m−1

1.45
ds m−1

2.04
ds m−1

Carboxylic acids 12.105 24.21 24.21 0.23 0.23 0.24 0.26 0.25

Polymers 12.583 25.17 49.38 0.25 0.20 0.23 0.32 0.26

Carbohydrates 11.295 22.59 71.97 0.22 0.27 0.20 0.18 0.25

Miscellaneous 1.106 2.21 74.18 0.04 0.02 0.01 0.02 0.02

Amino acids 7.582 15.16 89.34 0.15 0.16 0.21 0.13 0.11

Amines 5.329 10.66 100.00 0.11 0.11 0.11 0.09 0.12

Contribution % means the proportion of a substrate group in the total effect on the dissimilarity in CLPP.

TABLE 4 ANOSIM on CLPP between the salinity levels studied.

Salinity 0.3
ds m−1

0.62
ds m−1

1.13
ds m−1

1.45
ds m−1

2.04
ds m−1

No applying fertilizer

Global values R = 0.315 (0.0012)

0.3 ds m−1 — 0.846 (0.000) 0.694 (0.0101) 0.607 (0.0212) 0.590 (0.7926)

0.62 ds m−1 — 0.809 (0.000) 0.691 (0.0128) 0.620 (0.430)

1.13 ds m−1 — 0.853 (0.000) 0.684 (0.219)

1.45 ds m−1 — 0.495 (0.891)

2.04 ds m−1 —

Applying fertilizer

Global values R = 0.105 (0.0967)

0.3 ds m−1 — 0.894 (0.000) 0.902 (0.001) 0.913 (0.000) 0.840 (0.891)

0.62 ds m−1 — 0.822 (0.000) 0.818 (0.000) 0.848 (0.002)

1.13 ds m−1 — 0.855 (0.0.0108) 0.782 (0.613)

1.45 ds m−1 — 0.820 (0.724)

2.04 ds m−1 —

The significance (p values) of R values are given. The dissimilar values are also shown in bold.
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Organic amendment increased the mass proportion of macro-
aggregates at the expense of micro-aggregates and the silt + clay 
fraction. Our results also suggest that soil salt concentration and 
organic amendment can affect the turnover rate of soil nutrients 
and C cycling. Soil microorganisms can produce decomposing 
enzymes to improve the release of nutrients (Hu et al., 2017). The 

addition of microbes to the fertilizer may strongly enhance soil OM 
mineralization and the formation of a new microbial structure.

In our study, soil bacterial activity can be demonstrated by AUC 
measured by means of Biolog ECO MicroPlate. It differed between 
salinity levels and fertilizer groups. The mean bacterial activity (AUC) 
at higher EC (≥1.45 ds m−1) was lower than that in the soil of 

FIGURE 3

Dynamics of the bacterial community under different fertilization treatments. (A) Relative abundances of the top 13 phyla. (B) Heatmap showing the 
relative abundances of the top 50 genera.
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EC ≤ 1.13 ds m−1. At the same salinity level, the AUC of the soil 
samples with organic amendment was higher than that of the control 
(Figure 1). Sodicity can increase swelling, dispersion, and slaking 
upon wetting and then alters physical properties of the soil and 
microbial community structure and functions (Wong et al., 2009). In 
our study, CLPP differed between soil salinity levels with organic 
amendment and without (Table  5). Schultz and Ducklow (2000) 
reported that there is a decrease in the bacterial activity from fresh 

water to saltwater. They researched the stability of bacterial 
composition and activity at different salinity levels (They et al., 2013). 
He found that CLPP are different between limnetic-oligohaline and 
mesohaline. Troussellier and Giorgio using a culture-independent 
method, demonstrated that the activity of bacterial communities 
decreases along the salinity gradient (Troussellier et al., 2002; Giorgio 
and Bouvier, 2002).

Biolog substrate utilization patterns revealed that the 
microbial metabolic potential and functional diversity declined 
with the increasing soil salt concentration (Figures 1, 2). Sardinha 
found that the number of cells of prokaryotic microorganisms 
decreases significantly with increasing salinity (Sardinha et al., 
2003). The microbial community structure also shifted as a 
consequence of changes in salinity. Pankhurst reported that fungi 
are more affected by salinization (Pankhurst et al., 2001), and 
Badran reached the same conclusion by phospholipid fatty acid 
(PLFA) analysis (Ahmed et al., 2018). Sardinha found that the 
ratio of fungi in microbial biomass is 90 and 17% repectively 
when the salt content is 2.2 and 13.2 mg g−1 soil (Sardinha et al., 
2003). In a saline soil, the composition of the bacterial community 
can undergo a shift (Chika et  al., 2022; Ma et  al., 2016). In 
addition, the fungal cell membranes may be influenced (Neelavar 
et al., 2017). The possible reason for our results is that salinization 
had an adverse effect on vegetation growth, and the amount of 
plant residues in the soil decreased. The need of saprotrophic 
microfungi for energy was not fully met.

Our data suggest that the soil MBC decreased with the 
increase in salt concentration. When the salt concentration was 
lower than 1.13 ds m−1 at the early stage of application of organic 
amendment, the MBC increased significantly as compared to the 
control (Supplementary Figure S2). Compared to the soil samples 
without organic amendment, metabolizable C and microbial 
biomass increased after application of organic amendment. Mavi 
reported that the addition of C can improve the microbial 
tolerance of salinity (Rui et al., 2021). Wichern also demonstrated 
that salinity strongly reduces microbial biomass and inhibits 
substrate decomposition (Wichern et al., 2006). Analysis of the 
combined effects of salinity and low pH leads to the conclusion 
that salinization has a suppressive effect on microbial biomass 
(Wong et  al., 2009). Garcia also found that soil respiration is 
inhibited in a degraded high-EC soil (Otieno et al., 2018). Four 
months after application of organic amendment, the MBC was 
less than that at the early stage. Most likely, there was a shift in 
community structure, from the one dominated by fungi to the 
structure dominated by halotolerant bacteria consisting mainly 
of bacteria that are less active, competitive, and diverse 
(Pankhurst et al., 2001).

The increase in the soil salt concentration decreased the diversity 
of the soil microbial community. The richness and Shannon’s index 
decreased, whereas the Simpson index increased as the soil salt 
concentration increased (Figure 2; Table 2). The addition of organic 
amendment increased the diversity of the soil microbial community 
as compared to the soil samples without organic amendment at the 
same salt concentration. Application of organic amendment also 
changed the type and magnitude of substrate utilization. A Biolog 
ECO MicroPlate contains six kinds of substrates (chemical guilds): 

FIGURE 4

A canonical correspondence analysis (CCA) ordination plot of the 
bacterial substrate utilization patterns (CLPP) with soil and plant 
properties, including pH, total N content, organic matter (OM), bulk 
density, plant biomass, and the proportions of aggregates of all sizes. 
(A) The pattern without microbial fertilizer and (B) with microbial 
fertilizer. The substrate classes are indicated according to their site 
on a Biolog EcoPlate. A2: β-methyl-D-glucoside, A3: D-galactonic 
acid γ-lactone, A4: L-arginine, B1: pyruvic acid methyl ester, B2: 
D-xylose, B3: D-galacturonic acid, B4: L-asparagine, C1: Tween 40, 
C2: i-erythritol, C3: 2-hydroxy benzoic acid, C4: L-phenylalanine, D1: 
Tween 80, D2: D-mannitol, D3: 4-hydroxy, D4: L-serine, E1: α-
cyclodextrin, E2: N-acetyl-D-glucosamine, E3: γ-hydroxybutyric 
acid, E4: L-threonine, F1: glycogen, F2: D-glucosaminic acid, F3: 
itaconic acid, F4: glycyl-L-glutamic acid, G1: D-cellobiose, G2: 
glucose-1-phosphate, G3: α-ketobutyric acid, G4: phenylethyl-
amine, H1: α-D-lactose, H2: D,L-α-glycerol phosphate, H3: D-malic 
acid, H4: putrescine.
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amino acids, carbohydrates, carboxylic acids, miscellaneous, amines, 
and polymers (Klimek et  al., 2016). The mean utilization rates of 
mainly C sources changed with the increasing salinity and after 
application of organic amendment (Table 5). Min also found that 
irrigation with water (change in salinity) can alter soil microbial 
activity and decrease community functional diversity (Min et  al., 
2015). In our saline soils, organic amendment increased microbial 
activity and diminished the adverse effects of salinity on soil microbial 
biomass and community diversity in soil samples (Figure  1; 
Supplementary Figure S2). Zhong found that application of organic 
manure significantly increases the functional diversity as compared to 
treatments without organic manure (Zhong et al., 2010). Besides, in 
the maintenance of biodiversity, root exudates play an important role. 
Adekunle emphasized the importance of organic C in microbial 
population and diversity (Adekunle et  al., 2005). In addition, 
application of organic amendment increased the soil microbial 
biomass and community diversity by providing more of organic 
C. Zhong reported that the effects of organic amendment and organic 
manure on a soil microbial community and diversity are different 
according to an analysis by the bacteria sequencing technology 
(Zhong et  al., 2010). Horn also reported that the microbial 
communities can undergo a rapid change in response to the additon 
of organic resources along a salinity gradient (Horn et al., 2014).

Zahran found that there are differences in the cell morphology 
among soils of different salinity (Sharma et al., 2021). Generally, the 
cells enlarge with the increasing salinity. The interaction of these 
factors may be one of the reasons for the shift in soil microbial biomass 
and community diversity. Some showed that the priming effect is 
caused by organic amendment and is related to the reproductive 
strategy (Cornwell et al., 2006). Paterson and Sim (2013) reported that 
priming effect is not a ubiquitous function of all components of 
microbial communities, and addition of labile C may increase the 
growth and activity of r-strategist microbial communities.

4.2 The relation between an array of 
microbiological and soil characteristics and 
plant biomass after organic amendment 
applied in saline soils

The change in soil microorganism community structure and 
function between salinity levels can determine soil characteristics. The 
ANOSIM showed that there were significant differences in CLPP 
between salinity levels (Table 4). They also obtained similar results on 
bacterial composition and activity in different salinity ranges (They 
et al., 2013). In addition, Zhao reported that salinity is a major driving 
force behind bacterial diversity according to data on 16S rRNA 
sequences (Zhao et al., 2018). Our experiment revealed that higher 
salinity soil showed lower respiration rates (Supplementary Figure S3). 
This result is consistent with other studies (Wichern et al., 2006). The 
reason is that high salt concentration cause a low osmotic potential. 
Small microbial cells may result from drawing of water out of the cells 
(Yan and Marschner, 2012). Nevertheless, the results of Rousk and 
Asghar contradict ours (Klimek et al., 2016; Asghar et al., 2012). They 
found that the response of soil respiration was not different significantly 
at different EC levels in the short-term. One possible reason is the 

difference in soil types and environment conditions between the studies. 
Application of organic amendment significantly increased soil CO2 
emissions (Supplementary Table S4). The effect decreased with the 
increasing soil salinity (Supplementary Figure S2). López-Valdez and 
Franco-Hernández demonstrated that when microorganisms are added 
along with sludge, they accelerate OM decomposition in a saline soil 
(López-Valdez et al., 2010; Franco-Hernández et al., 2003).

Our results of CCA indicate that soil pH, OM content, root 
biomass, and proportions of micro-aggregates and macro-aggregates 
had a strong relation with bacterial CLPP. In contrast, for soil samples 
with organic amendment, the silt + clay fraction instead of soil pH and 
shoot biomass instead of root biomass became the indictors closely 
tracking CLPP. The shoot-to-root biomass partitioning largely depends 
upon plant C: N content. Shoot biomass is significantly greater in soils 
subjected to high-N treatment (Landry Rossdeutsch et al., 2020). Soil 
nutrients (N, P, and S) are released into the soil through mineralization. 
Thus, soil microorganisms have a strong relation with root biomass. 
Yu et al. (2022) reported that intra-aggregate OM is incorporated into 
(and physically stabilized in) macro-aggregates. We  found that 
application of organic amendment could increases the proportion of 
macro-aggregate and decreases the silt + clay fraction. We also found 
that the soil organic C in the silt + clay fraction after application of 
organic amendment was larger than in the controls. In addition, soil 
pH serves an important function in the physical condition of 
microorganism (Figure 3A). Nevertheless, the application of organic 
amendment diminished the effect of pH (Figure 3B). This finding 
suggested that the application of organic amendment changed the 
microbial community structure and function. The influence of the silt 
+ clay fraction on soil microbial community increased. OM content 
and total N affect the microbial activity according to the supply of 
energy by assimilation and stimulate the reproduction of soil 
microorganism (Bardgett and Wardle, 2010). The stability of micro-
aggregate and macro-aggregate is an important factor for analysis of 
soil structure. Microbial acitivity has an effect on soil crumb structure, 
and soil structural properties also affect the microbial distribution and 
biomass. For soil samples with organic amendment, there are six 
chemical substrates in Biolog ECO MicroPlate. Polymers contributed 
the most to the differences in CLPP between salinity levels (Table 5). 
Compared to the samples without organic amendment, the change in 
the contribution of substrates and the relation between environment 
factors and substrates suggested that the addition of fertilizer altered 
the microbial community. Wu found that the application of organic 
amendment to a saline soil can elevate the abundance of soil organisms 
and soil nutrient content (Hou et al., 2021). In our soil samples with 
organic amendment, soil OM content, total N, the proportion of 
macro-aggregates and the silt + clay fraction positively correlated with 
the number of soil organisms. The tight relation between soil 
properties and organisms can regulate the structure and functioning 
of an ecosystem at the community level (Wardle et al., 2004).

The limitations of microbial organic fertilizers mainly include 
issues related to viability and the sustainability of their effects. On 
one hand, microbial organic fertilizers are prone to viability issues 
during production, transportation, and storage. On the other 
hand, microbial organic fertilizers do not match the long-lasting 
effects of chemical fertilizers, requiring prolonged application, 
thus increasing economic costs.
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5 Conclusion

We found that the microbial metabolic potential and functional 
diversity decline with the increasing soil salinity. For the soil of 
EC ≤ 1.13 ds m−1, application of organic amendment improves 
activity of the microbial community and microbial biomass. 
We  also demonstrated that soil salt concentration and organic 
amendment affect soil physicochemical properties and the relation 
between the environment and microbial community. Our results 
are potentially relevant for amelioration of the saline-alkali land in 
the Yellow River Delta, China. This study provides a strong 
theoretical basis for using microbial organic fertilizers to improve 
saline-alkali soil.
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