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Salinity stress threatens soil microbiomes, a key driver of soil multifunctionality
and health. This study employed high-throughput sequencing of 16S rRNA,
PLFAs, multifunctionality index, and co-occurrence networks to gain a
comprehensive understanding of the dynamic responses of soil microbiomes
to salinity stress gradient (0, 0.4 and 1 mol NaCl). Additionally, we investigated
how these responses are shaped by the addition of vermicompost and
NPK fertilizer during short-term (2-h) and long-term (70-day) incubation
periods. Salinity stress reduced bacterial and fungal phospholipid fatty acids
(PLFA) concentrations in the short-term. Over the long-term, the microbial
community evolved into a new pattern under salt stress, favoring the
presence of Bacteriodota, a salt-tolerant phylum, while decreasing the relative
abundance of Acidobacteriota and Planctomycetota, which are more salt-
sensitive. Furthermore, salinity decreased species richness by 11.33% and soil
multifunctionality by 21.48% but increased microbial network complexity while
decreasing its stability. Incorporating vermicompost increased bacterial and
fungal PLFAs, enhanced bacterial diversity by 2.33%, promoted salt-tolerant
bacteria, and increased the complexity and stability of the bacterial network.
Conversely, the application of NPK fertilizer reduced bacterial richness, alpha
diversity and soil multifunctionality by 14.52, 5.83, and 12.34%, respectively,
further disrupting the microbial community and making resilience to salinity
stress more challenging. Furthermore, NPK fertilization increased bacterial
network complexity but decreased its stability. This study underscores the
significance of employing vermicompost to improve the health of saline soils.
Furthermore, it emphasizes the negative impacts of NPK fertilizer on soil
microbial structure and function and hinder its recovery from salinity’s impacts.
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1 Introduction

Soil salinization is a global challenge stemming from natural
and human-induced factors, particularly affecting arid and semi-
arid regions due to high temperatures, limited rainfall, and
intensive agriculture practices (Ait-El-Mokhtar et al, 2020;
Benazzouk et al., 2020). This phenomenon threatens over 11% of
irrigated soils in such areas, with projections of a 40% increase
due to climate change and intensified agriculture (Garcia-Franco
et al, 2021). Given that nearly 40% of global food production
occurs in these regions, soil salinization poses a significant threat to
global food security, causing an estimated annual loss of 124 trillion
kilocalories in agricultural productivity (Garcia-Franco et al., 2021;
Prasertsuk and Wijitkosum, 2021).

The soil microbiome is pivotal in preserving soil health and
supporting crop productivity by facilitating essential soil functions
including organic matter decomposition, nutrient cycling, and
carbon sequestration (Jiang et al., 2019). Moreover, rich and diverse
microbial networks enhance soil multifunctionality (Wagg et al.,
2019), defined as the ability of the soil to perform multiple functions
simultaneously (Delgado-Baquerizo et al., 2016). Additionally,
healthy soils are characterized by higher soil multifunctionality and
are more resilient to environmental stressors (Luo et al., 2023).

Salinity stress can profoundly affect the soil microbiome (Fierer
et al., 2021). Increased osmotic pressure and ion toxicity reduce
microbial biomass, activity, and diversity, exerting strong selective
pressure on the microbial community (Haj-Amor et al., 2022).
These alterations can disrupt nutrient cycling, impair soil metabolic
activity, and decrease soil multifunctionality (Cheng and Wan,
2023; Jia et al., 2023), ultimately jeopardizing soil health and crop
production (Abdul Rahman et al., 2021; Yan et al., 2015).

The soil microbiome can undergo interactive responses
to salinity stress when subjected to agricultural practices.
Conventional use of synthetic fertilizers reduces microbial richness,
diversity, and soil multifunctionality, negatively impacting soil
health (Castellano-Hinojosa et al, 2021). Conversely, organic
fertilizers increase bacterial diversity and richness, promoting
functional taxa involved in heterotrophic metabolism and nitrogen
fixation, thereby enhancing soil multifunctionality and microbial
network complexity (Maji et al., 2017; Gu et al., 2019; Hubanks
et al., 2018). Previous studies have indicated that applying an
organic fertilizer can alleviate the impacts of salinity on the
soil microbiome by enhancing microbial richness and providing
essential nutrients and organic matter (Mao et al., 2022; Wichern
et al.,, 2020). However, our understanding of the impact of organic
and inorganic fertilizers on the resilience of the soil microbiome to
salinity stress over time remains limited. Furthermore, it remains
unclear how the interactions between salinity and fertilizer type
impact soil microbiome structure, diversity, network complexity,
and soil multifunctionality.

Therefore, this study aimed to investigate these dynamics
by combining the PLFA and 16S rRNA sequencing analysis.
While PLFA analysis offers insights into the microbial community
structure and biomass by identifying the lipid profiles of various
microbial groups (Buyer et al., 2019), the 16S rRNA sequencing
provides detailed taxonomic information at a finer resolution,
identifying specific bacterial taxa and their relative abundances
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(Orwin et al,, 2018). Combining these methods will allows us to
capture both broad and specific changes in microbial communities.

In this study we aimed to (1) examine the immediate response
of the soil microbiome to salinity stress through a short-term
incubation study and its recovery from the induced stress after
70 days of its application, (2) identify the impact of salinity on
microbial structure and diversity, microbial network, and soil
multifunctionality, and (3) to identify the impact of vermicompost
and NPK fertilizer on the response of soil microbiome to salinity
stress. We hypothesized that salinity stress would initially reduce
microbial abundance, diversity, and functions, but recover in
time dependent manner. Additionally, we hypothesized that the
application of vermicompost would enhance microbial structure
and function, mitigating the negative effects of salinity stress.
This enhancement is expected to occur through increased
nutrient availability and the enrichment of specific microbial
taxa present in vermicompost. In contrast, we hypothesized
that chemical fertilizers would reduce microbial functions and
diversity, exacerbating the impact of salinity stress on the soil
microbiome. This detrimental effect may result from nutrient
imbalances and reduced organic matter inputs, which negatively
affect microbial community composition and lower microbial
biomass and diversity.

2 Materials and methods

2.1 Fertilizers and soil

The organic fertilizer used in this study was vermicompost
collected from a vermifilter system situated at a commercial dairy
in Hilmar, California (United States) and operated by BioFiltro
Inc. The vermifilter functions as a wastewater treatment system
for dairy wastewater, primarily composed of liquid manure. The
system employs a 0.5 m layer of woodchips as a bedding material,
inoculated with Eisenia fetida earthworms, typically inhabiting the
top 30 cm of the system. Analysis of the vermicompost revealed
key physicochemical characteristics, including a total C content of
371 g kg~! and a total N content of 29 g kg~!. The pH of the
vermicompost was 7.4, and its electrical conductivity (EC) was 3.17
dsm™1.

The soil used in this study was collected from the top 0-15 cm
of an agricultural field under commercial production in Five Points,
California, United States in 2022. The soil is a Posochanet clay
loam, saline-sodic, wet, 0-1% slopes (University of California
Davis, n.d.). After collection, the soil was sieved to an 8 mm
particle size, homogenized, stored moist in covered bins at 4°C,
and subsequently air dried for a week prior to use in the incubation
experiments. The soil had a total C content of 9.17 g kg~! and a
total N content of 1.29 g kg™ !. The soil’'s pH was 7.16 and electrical
conductivity was 2.18 ds m ™!,

2.2 Experimental design
We conducted two soil incubation experiments (short- and

long-term), using a complete randomized design with two factors:
fertilizer type and salinity level. Each factor had four replicates.
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The fertilizer types used were (1) vermicompost, (2) an equivalent
amount of N, P, and K provided as inorganic fertilizer, and (3) a
control group with no fertilizer added. We applied these fertilizer
treatments to 120 mL specimen cups, each containing 80 g of air-
dried soil. The vermicompost treatment received 1.92 g of moist
vermicompost, which equated to 371 g C Kg~! of soil, 29 g N

1 of soil, 0.69 g PO42~ Kg~! of soil, and 1.15 g K Kg~!
of soil. This application rate was chosen based on recommended
rates for California croplands and the vermicompost’s C:N ratio
(Gravuer and Guanasekara, 2016). We used a blend of urea, calcium
dihydrogen phosphate, and potassium sulfate for the inorganic
fertilizer treatment to provide the same amount of total N, P, and
K as the vermicompost treatment. All treatments, including the
control, were thoroughly mixed, and we adjusted the water content
to reach 60% of the soil’s water holding capacity determined by
the capillarity method. To calculate water holding capacity, the
initial weight of the soil sample was measured, and the sample was
saturated with water. After excess water was drained off, the sample
was reweighed to determine the amount of water retained (Haney
and Haney, 2010).

In the short-term incubation experiment, we investigated
the soil microbiome’s response to salinity stress when different
fertilizers were present. This was done by assessing the impact of
the treatments on the diversity and function of the soil microbiome
after 2 h of salinity application. This incubation time was chosen
based on previous evidence of the rapid response of the soil
microbiome to salinity, which can be detected within a few hours
of its application, as demonstrated by Rath et al. (2016) and Bursy
et al. (2008).

Each specimen cup containing 80 g of soil and a specific
fertilizer treatment was placed in a 0.5 L mason jar. Five mL of
deionized (DI) water was added to the jar to maintain moisture
of the air inside the jar. The mason jars were closed with lids
featuring a small hole at the top, covered with a piece of cotton for
gas exchange. Prior to salinity treatment, the soils underwent a 10-
day preincubation period at 25°C in the dark to equilibrate the soil
microbial community in the presence of the different fertilizers and
minimize any potential pulse effect.

Following this preincubation period, we introduced salinity
stress using NaCl solution at varying concentrations, resulting in
three distinct salinity levels: no salinity (0 mol NaCl), medium
salinity (0.4 mol NaCl), and high salinity (1 mol NaCl). These
salinity levels were selected based on the work of Szoboszlay et al.
(2019) and to reflect the salinity challenges in agricultural fields
in the western San Joaquin Valley. We adjusted the volume to
reach 60% of the water holding capacity during incubation. The
combination of salinity stress and the different fertilizer treatments
resulted in nine distinct experimental conditions (Table 1).

The mason jars containing the soil samples were then placed
in a dark environment at a constant temperature of 25°C for a
period of 2 h, following the methodology established by Rath et al.
(2016). After the 2-h incubation period, soil samples were extracted
from the specimen cups. A subsample was promptly collected and
stored at -80°C for subsequent analysis of 16S rRNA, phospholipid
fatty acid (PLFA), and enzyme activities. The remaining portion of
the soil was placed in plastic bags and stored at 4°C for further
biochemical analyses.
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TABLE 1 Salinity and fertilizer treatments applied to the soil in the short-
(2 h) and long-term (70 days) incubation experiments.

Control - (No fertilizer) — (No fertilizer)
2 Control + -
3 Control - +
4 Medium - (No fertilizer) - (No fertilizer)
5 Medium + -
6 Medium - +
7 High - (No fertilizer) - (No fertilizer)
8 High + -
9 High - +

For our long-term incubation experiment, soil samples were
incubated in 0.5 L Mason jars under controlled aerobic conditions
for 70 days. To enable continuous monitoring of microbial
respiration during this extended incubation, we sealed the Mason
jars airtight and incorporated two septa in the lids. We maintained
the soil's moisture content at 60% of its water holding capacity
throughout the incubation period by periodically adding sterile
deionized water as needed. Upon the conclusion of the 70-day
incubation, we destructively sampled the soils adhering to the same
procedure outlined previously for the short-term incubation.

2.3 Measurement of soil
multifunctionality

For the multifunctionality assessment, we quantified 13 soil
functions related to the carbon, nitrogen, and phosphorus cycles.
These functions included microbial biomass carbon (MBC),
mineralizable carbon, total carbon, cellulase enzyme activity (CB),
a-glucosidase enzyme activity (AG), B-glucosidase enzyme activity
(BG), and xylosidase enzyme activity (XYL) for the carbon
cycle; nitrate (NO3~-N), ammonium (NH4"-N), total nitrogen,
leucine aminopeptidase enzyme activity (LAP), and N-acetyl-
glucosaminidase enzyme activity (NAG) for the nitrogen cycle;
and phosphatase enzyme activity (PHOS) for the phosphorus
cycle. The multifunctionality index was calculated using the
averaging approach after Z-score transformation, calculated using
the multifunc package in R software (Byrnes et al., 2014).

Nitrate (NO3 " -N) and ammonium (NH41-N) concentration
were determined colorimetrically in soil samples. We prepared a
soil extract with 8 g of fresh soil using 0.5 M K,SOy, following the
methods of Doane and Horwath (2003) and Miranda et al. (2001).
To determine the concentration of MBC, we subjected a subsample
of 6 g to chloroform fumigation for 24 h, followed by an extraction
with 30 mL of 0.5 K,SO4. Another 6 g subsample was used to
prepare a non-fumigated extract. The concentrations of dissolved
organic carbon were determined by UV-persulfate oxidation
(Teledyne-Tekmar Fusion), with the MBC defined as the difference
between the fumigated and non-fumigated samples (Horwath and
Paul, 1994). Enzyme activity analysis was conducted via a high-
throughput microplate with fluorescence detection, following the
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protocol established by Bell et al. (2013). Soil respiration was
estimated over a 70-day incubation period by measuring CO,
evolution from samples using LICOR 850 IRGA CO,/H, O analyzer
(LI-COR Environmental, Lincoln Nebraska, United States). The
jars were opened for 5 min after each measurement to equilibrate
CO; and H,O gasses. Measurements were taken every 2 days,
and cumulative respiration was calculated. Total soil C (%) and N
(%) were determined by dry combustion in an elemental analyzer
(Costech analytical technologies Inc. model ECS 4010).

2.4 Analysis of the soil microbial
community structure

We evaluated the effects of salinity and fertilizer treatments
on the soil microbial community structure using two analytical
approaches: phospholipid fatty acid (PLFAs) profiling and high-
throughput sequencing of prokaryotic markers (16S rRNA).

For the PLFA analysis, soil samples were shipped to Regen
Ag Lab (Pleasanton, NE, United States). The samples underwent
extraction, fractionation, and transesterification before analysis
using a 7890-gas chromatograph (GC) equipped with a 7693
autosampler, split-spitless inlet, and flame ionization detector
(FID) from Agilent, Wilmington, DE, United States. The GC-
FID system was controlled using Agilent ChemStation and MIDT’s
Sherlock software. PLFAs were assigned to various microbial
groups, including total living microbial biomass (TLMB), total
bacteria (TB), total fungi (TF), Gram-positive bacteria (GP), Gram-
negative bacteria (GN), Actinomycetes, arbuscular mycorrhizal
fungi (AMF), and saprophytic fungi, and the results were
reported in nanograms per gram of dry soil. The biomarkers
i15:0, al5:0, i16:0, 16:1w7c, i17:0, al7:0, cy17:0, 18:1w7c, cy19:0
were used for total bacteria. The biomarkers al5:0, i15:0,
i16:0, al7:0, i17:0 were used for GP, and cyl7:0, 18:1w7c,
cy19:0, 16:1w7c for GN. The biomarker 10Mel8:0 was used for
actinomycetes. 18:2w6,9 was used for saprophytic fungi, and
16:1w5 was used for AME while 18:2w6c was used for total
fungi (Frostegard and Bédath, 1996; Ngosong et al., 2010; Zelles,
1999).

High throughput sequencing of prokaryotic markers (16s
rRNA) was conducted at the Genome Center DNA Technologies
Core of the University of California, Davis. Initially, DNA was
extracted from 1 g of frozen soil (-80°C) using the Qiagen
PowerSoil Pro Kit (Catalog No. 47016, Qiagen, Germany). The
V4 domain of the 16S rRNA was amplified using primers
515F and 806R in a two-step PCR procedure. In the first
step, PCR conditions involved an initial incubation at 95°C
for 3 min, followed by 30 cycles of 95°C for 45 s, 50°C
for 30 s, 72°C for 30 s, and a final extension at 72°C
for 3 min. In the second step, PCR conditions included an
initial incubation at 95°C for 3 min, followed by 9 cycles
of 95°C for 30 s, 58°C for 30 s, 72°C for 30 s, and a
final extension at 72°C for 3 min. The resulting product
was quantified using the Qubit High Sensitivity dsDNA kit
(Invitrogen), and individual amplicons were combined in equal
concentrations. The pooled library was purified using Ampure
XP beads (Beckman Coulter) and was assessed for quality and
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proper amplicon size on an Agilent 2100 Bioanalyzer (Agilent
Technologies). The library’s concentration was determined via
qPCR followed by 300-bp paired-end sequencing on an Illumina
MiSeq instrument (Illumina).

Subsequently, the raw sequencing data were processed using
QIIME2-2022.11 to cluster OTUs and generate an OTU table
and a taxonomy table (Bolyen et al.,, 2019). The analysis began
with importing the paired end demultiplexed FASTQ files to
QIIME using a manifest file. A denoising step was performed
on the sequence data using a DADA2 to remove lower quality
portions of the read segments. OTUs were then clustered using
de novo OTU-clustering at 97% similarity threshold, with chimera
filtering carried out using Uchime. Taxonomy assignment for each
OTU was accomplished using the Naive Bayes Classifier, which
was trained on the weighted Greengenes 13_8 99% database for
sequence from the 515F/806R region (Kachler et al., 2019). The
resulting sequences were grouped into 37944 OTUs for the short-
term incubation and 31414 OTUs for the long-term incubation,
spanning 38 phyla, 114 classes, 163 orders, 227 families, 233
groups, and 81 species. To assess diversity, Shannon diversity
indices was calculated for each sample using the diversity function.
The ACE species richness index was calculated using the estimate
function, while evenness was determined using both diversity and
specnumber functions.

2.5 Statistical analysis

We used R software (version 4.2.2) for statistical analysis
(R Core Team, 2022), conducting a two-way ANOVA to assess
salinity and fertilizer effects on PLFAs concentrations measured
in the soil. Normality and homogeneity of data were checked
using the Shapiro-Wilk test for normality and Levene’s test
for homogeneity of variances, both implemented through the
check_model function from the “car” package in R software.
The box-cox transformations were applied for variables that did
not meet the assumptions. Tukey tests were used for mean
comparisons.

For graphical representation of statistical results, we used a
dual-letter notation system to differentiate between main effects.
Uppercase letters were used to compare fertilizer treatments within
each salinity level, while lowercase letters were used to compare
salinity treatments within each fertilizer type. For variables where
a significant interaction between salinity and fertilizer was detected
lowercase letters were used to compare all treatment combinations.

Microbiome analysis included Bray-Curtis distance calculation,
PCoA visualization, and PERMANOVA. Linear models, ANOVA,
and Tukey tests examined diversity responses to salinity and
fertilizer. We used phyloseq to aggregate data, identify abundant
phyla, and conducted ANOVA to compare their relative
abundance. To identify enriched families (Segata et al,, 2011),
we employed Microbiome Analyst’s LEfSe method (Dhariwal et al.,
2017). We used random matrix theory (RMT) and Spearman
correlation to study microbial co-occurrence networks (Feng et al.,
2022). The networks were visualized in Gephi, and the network
topologies were analyzed using methods outlined in Ji et al. (2021).
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3 Results

3.1 Impact of salinity and fertilizers
application on microbial community
structure

3.1.1 Short term incubation experiment

Salinity significantly decreased total bacteria (P < 0.05)
between medium and control treatments (Figure 1B). Higher
salinity levels reduced the concentration of GN, TE and AMF
compared to control conditions (Figures 1C,E,G). The addition
of vermicompost significantly increased the abundance of all
measured microbial groups compared to the no fertilizer treatment
(Figures 1B-H). The most substantial increases were observed in
SF and AME while more moderate increases occurred in GP and
actinomycetes (Figures 1A-H).

Increasing salinity increased the ratio of GP/GN bacteria from
1.19 % 0.01 in the no fertilizer treatment to 2.43 £ 0.30 in the
high salinity treatment (Supplementary Table SI). Vermicompost
application decreased the ratio saturated to unsaturated PLFAs
from 4.22 & 0.81 in the no fertilizer treatment to 3.00 & 0.84 in
the vermicompost treatments.

Predominant bacterial phyla (relative abundance > 3%)
included Proteobacteroidota (30%), Planctomycetota (11%),
Bacteroidota (9%), Actinomycetota (9%), Chloroflexota (8%),
Bacillota (5%), Gemmatimonadota (5%), Acidobacteriota (3%),
collectively accounting for 81% of the bacterial sequences
(Supplementary Figures S1A,B).

Shannon alpha diversity and ACE index remained stable
across salinity and fertilizer treatments after 2 h of incubation
(Figures 3a,b). However, bacterial community composition shifted,
as depicted in the PCoA graph (Figure 4A). Vermicompost had a
distinct bacterial community and formed a separate cluster from
inorganic fertilizer and no fertilizer treatments. PERMANOVA
analysis identified fertilizer type as the only significant factor
shaping the bacterial community (R? = 0.20, p < 0.001).

ANOVA results for the top eight most abundant bacterial
phyla (Supplementary Table S2) indicated that the relative
abundances of Pseudomonadota, Planctomycetota, Actinomycetota,
Gemmatimonadota, Bacillota, and Acidobacteriota were not
significantly affected by either salinity stress or fertilizer application
(p > 0.05). However, the application of vermicompost increased
the relative abundance of Bacteriodota from 6.29 % 0.79 in the
no fertilizer treatment to 7.75 & 1.44. Additionally, Chloroflexota
abundance decreased slightly with vermicompost application
compared to the no fertilizer treatment.

Furthermore, LEfSe analysis revealed that the prokaryotic
families Cryomorphaceae, Nakamurellaceae, Hyphomicrobiaceae,
Gordoniaceae,

Xanthomonadaceae, Rhodobacteraceae,

Mpycobacteriaceae,  Chitinophagaceae ~ were  enriched in

vermicompost-treated soils (Supplementary Figure S2).

3.1.2 Long-term incubation experiment

Medium salinity stress substantially increased TB, GN, TF,
and SF relative to the control (Figures 2B,C,E,G). However, this
effect was reversed under high salinity conditions, resulting in
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PLFAs concentrations similar to those under control salinity levels
(Figures 2B,C,E,G).

The use of vermicompost enhanced several microbial PLFAs
compared to the no fertilizer treatment, with moderate increases
in TLMB and TB, and slightly larger increases in GP and
actinomycetes (Figures 2A,B,D,F).

Inorganic fertilizer had a strong positive effect under medium
salinity, significantly increasing most bacterial markers compared
to control conditions. This effect was particularly pronounced for
GN bacteria and actinomycetes. However, this effect was reversed in
high salinity, bringing PLFAs to the same level as the control salinity
(Figures 2A,B,D-F).

The salinity level significantly influenced the GP/GN
ratio (p < 0.001), leading to a decrease from 3.31 £ 1.08
in the control to 1.69 £ 0.49 in medium salinity and
2.2 £ 0.53 in high salinity. Salinity stress affected significantly
the Saturated/Unstaturated ratio (p < 0.001). The ratio
decreased from 7.51 £ 3.09 in the control to 3.46 + 1.00
salinity and 473 £+ 127 salinity
(Supplementary Table S1).

in medium in high

Under control salinity conditions,
vermicompost slightly  the diversity
index, while the use of NPK fertilizer decreased it compared
to the high
salinity, increased the

the application of
increased Shannon

no-fertilizer treatment. In contrast, under
the application of NPK fertilizer
Shannon index compared to the control salinity (Figure 3C)
while no effects of vermicompost were observed at high
salinity.

The ACE index dropped from 864 under control salinity to 715
under high salinity (p < 0.001). Furthermore, inorganic fertilizer
application reduced bacterial richness by 18 and 19% under control
and medium salinity conditions, respectively, compared to the no-
fertilizer treatment (p < 0.05) (Figure 3D).

The PERMANOVA analysis showed significant effects of
salinity level (R? = 0.14, p < 0.001), fertilizer type (R? = 0.37,
p < 0.001), and their interaction (R* = 0.18, p < 0.001) on
bacterial community composition. The addition of inorganic
fertilizer disrupted the bacterial community the most, especially
in the control and medium salinity, with points corresponding to
those treatments clustering together, separated from high salinity
treatments. Vermicompost and no fertilizer treatments tended to
cluster together, with vermicompost treatments categorized by
salinity level (Figure 4B).

Changes in the relative abundance of the predominant bacterial
phyla under salinity and fertilizer treatments were observed
(Supplementary Table S3). Salinity stress significantly decreased
the relative abundance of Planctomycetota under both medium
and high salinity conditions. Similarly, salinity stress decreased
the relative abundance of Acidobacteriota in the no fertilizer
treatment, from 5.04 £ 0.24 in control salinity to 3.81 & 0.44 in
medium salinity.

Vermicompost significantly increased the abundance of
Bacteroidota under both medium and high salinity conditions
(p <0.001), while decreasing Chloroflexota compared to treatments
without fertilizer (p < 0.05).

The use of NPK fertilizer had varied effects on bacterial
community composition. It significantly reduced the relative
abundance of several phyla, including Planctomycetota (p < 0.001)

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1551586
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

Malal et al.

10.3389/fmicb.2025.1551586

Vermicompost

300 -

) aa
Aab

Ba Ab

200 - Bab
Ba Bab Bb
Bb
100
04

TF (ng g* dw soil)

200 -

150 -

100 -

50 4

250
‘ IBaBa‘ |I

04

Actinomycetes (ng g dw soil)

Comrol Med|um salinity ngh salinity

salinity level

Fertilizer type: - No fertilizer - NPK fertilizer
= 5000 -
© A) = ) Aa
‘; 4000 | B 1500 4 o hab
> 3000 4 S = B: Bab
o> T 1000 - a Bb Bb Bab
2 2000 - >
S o0 A = 500 1
P =
0 0 -
800 800 -
= = (E) a
© 5
; 600 - @ 600 4 ab ab
o Ba Ba g, % abc abc
o 400 - T 400 - be
o s c ¢
o o c
o 200 - 1z=f 200 -|
N G
0 0 4
3 -
= 90 - 3 200 1
o «n
- = 150
o
2 &7 Bab Bab) —,.:
T Bb pp > 100 A
= 30 4 =
< w 50 -
@
[ 04
Contel Sditm s""""'ty High sainty Control  Medium salinity ngh salinity
salinity level salinity level
FIGURE 1
Changes in phospholipid fatty acid (PLFA) concentrations in soil samples 2 h after treatments application. Values represent means of 4 replicates +
SD. (A): No significant effect was detected. (B—D,F—H): For each fertilizer treatment (across salinity levels): means with the same uppercase letters
are not significantly different (p < 0.05). For each salinity treatment (across fertilizer types): means with the same lowercase letters are not
significantly different (p < 0.05). (E) For each combination of fertilizer type and salinity level, means followed by the same lowercase letters are not
significantly different at p < 0.05. TLMB, total living microbial biomass; TB, total bacteria; TF, total fungi; GP, Gram-positive bacteria; GN,
Gram-negative bacteria; AMF, arbuscular mycorrhizal fungi; SF, saprophytic fungi.

and Actinomycetota under both salinity conditions (p < 0.05), and
Acidobacteriota particularly under control salinity (p < 0.001).
Conversely, NPK fertilizer enhanced other bacterial groups,
significantly increasing Pseudomonadota under control salinity
(p < 0.001), Bacteroidota under high salinity (p < 0.001),
and Gemmatimonadota under both control and medium salinity
conditions (p < 0.001).

LEFSe analysis identified enriched families under different
salinity gradients, with high salinity treatments featuring

Oxalobacteraceae, ~ Pseudomonadaceae,  Sphingobacteriaceae,
Flavobacteriaceae, —and  Rhodobacteraceae as the top
biomarkers.  Fertilizers'  treatments  enriched  different
families, with Xanthomonadaceae, Streptomycetaceae,

Microbacteriaceae, Nitrosomonadaceae, and Sphingobacteriaceae
in inorganic fertilizer-treated soils, and Nitrososphaeraceae,
Cytophagaceae, Flavobacteriaceae, Pirellulaceae, Nocardiaceae in
vermicompost-treated soils (Supplementary Figure S3).

Salinity increased the network complexity by increasing the
number of nodes and edges (Figure 5; Table 2). Furthermore,
salinity promoted the network’s positive co-occurrence patterns,
especially in medium salinity (75%) (Table 2). Additionally,
medium salinity treatments displayed the lowest modularity, the
highest average clustering coefficient, and density (Table 2).

The use of both fertilizers increased the complexity of the
network, manifested by a high number of edges and nodes
(Figure 5; Table 2). The use of fertilizers decreased the network
modularity, especially in inorganic fertilizer treatments (Table 2).

Frontiers in Microbiology

3.2 Impact of salinity and fertilizers
application on soil multifunctionality

3.2.1 Short-term incubation experiment

Soil multifunctionality was significantly affected by the fertilizer
type (p < 0.01) and the interaction of fertilizer type and salinity
level (p < 0.05) (Figure 6A). Specifically, soil multifunctionality
decreased when inorganic fertilizer was applied in high salinity by
34% compared to the no fertilizer treatment.

3.2.2 Long term incubation experiment

Soil multifunctionality showed a significant decrease with
increasing salinity by 21.48% (p < 0.001). Application of inorganic
fertilizer also significantly decreased soil multifunctionality by 12%
(p <0.01) (Figure 6B).

The soil multifunctionality correlated positively with bacterial
richness (Figure 7A), and the correlation was strongest in the
vermicompost treatments (Figure 7B, R? = 0.74, p < 0.01). Bacterial
richness increased with higher soil multifunctionality across all
salinity levels except for the high salinity treatment, where the
correlation was negative (Figure 7C, R? = -0.53).

4 Discussion

Soil salinization is a global challenge that mainly affects
arid and semi-arid regions, posing a significant threat to global
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Arbuscular Mycorrhizal Fungi; SF, Saprophytic Fungi.

Changes in phospholipid fatty acid (PLFA) concentrations 70 days after treatments application. Values represent means of 4 replicates + sd. (E,G) For
each fertilizer treatment (across salinity levels): means with the same uppercase letters are not significantly different (p < 0.05). For each salinity
treatment (across fertilizer types): means with the same lowercase letters are not significantly different (p < 0.05). (A-D,F) For each combination of
fertilizer type and salinity level, means followed by the same lowercase letters are not significantly different at p < 0.05. (H): No significant effect was
detected. TLMB, total living microbial biomass; TB, total bacteria; TF, total fungi; GP, Gram positive bacteria; GN, Gram negative bacteria; AMF,

food security. Our findings emphasize the crucial role of soil
management practices in shaping microbial community dynamics
and modulating their response to salinity stress. The results of
this study highlighted the positive impact of organic fertilizers on
improving the soil microbiome’s resilience to salinity stress as it
increased microbial biomass, diversity, network complexity and
soil multifunctionality. Additionally, this study reveals the negative
impact of inorganic fertilizer use as it challenges the ability of the
soil microbiome to withstand and recover from salinity stress by
reducing microbial diversity and soil multifunctionality.

4.1 Salinity produces fast changes in the
microbial community structure and
function

We hypothesized that exposure to salinity stress would
alter the microbial community in the short term. Our findings
confirmed this hypothesis: we observed a shift in microbial
structure, manifested by a decrease in the bacterial and fungal
PLFAs, indicating an immediate stress response affecting microbial
biomass and cell membrane integrity (Rath et al., 2017). However,
16S rRNA sequencing did not show significant changes in alpha or
beta diversity within this short time frame. This discrepancy can be
attributed to the differences in sensitivity and temporal dynamics
of the two methods. The PLFA analysis is highly sensitive to rapid
physiological changes (Ramsey et al., 2006), reflecting immediate
microbial stress responses through alterations in lipid content. In
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contrast, 16S rRNA sequencing provides a snapshot of community
composition and diversity (Orwin et al., 2018), which may require
more time to show detectable changes. Thus, highlighting the
importance of using complementary approaches to capture both
immediate physiological responses (PLFA) and community shifts
(16S rRNA) (Lewe et al,, 2021). Furthermore, while 16S rRNA gene
sequencing detects both active and inactive bacteria, it may not
capture rapid functional changes in the soil microbiome. Analyzing
the soil metatranscriptome using RNA-based approaches would be
necessary to observe and confirm these dynamic shifts.

The introduction of vermicompost altered the microbial
community by enhancing bacterial and fungal PLFAs and
altering the bacterial community distribution. This indicates
immediate microbial activation and decomposition of organic
matter, highlighting vermicompost’s positive role in promoting
microbial activity and overall soil health. The decrease in the
saturated to unsaturated PLFAs ratio following vermicompost
application suggests an increase in microbial activity in the
short term. This shift indicates that vermicompost supports
the growth of microbes with more unsaturated fatty acids,
typically associated with enhanced membrane fluidity and higher
metabolic activity (Bai et al., 2017). Furthermore, vermicompost
provides organic matter, creating a favorable environment
for copiotrophic and heterotrophic bacteria (Hollister et al,
2010). For instance, the relative abundance of Bacteriodota
increased substantially following the application of vermicompost.
Additionally, vermicompost use enriched specific bacterial families,
such as Mycobacteriaceae and Chitinophagaceae, known as
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copiotrophs (Finn et al, 2021; Rath et al, 2019), further
emphasizing the pulse effect induced by vermicompost. The
presence of these phyla in the soil enhances nutrient cycling,
organic matter decomposition (Cusack et al., 2010) and promotes
the production of osmolytes that can help maintain cellular
functions under saline conditions, improving the soil resilience to
salinity stress.

While the application of vermicompost promoted a shift
toward a more copiotrophic community within just 2 h, the
bacterial community structure remained unchanged with the
use of inorganic fertilizer. This discrepancy can be attributed
to the soil microbiome’s preference for the organic substrates
present in vermicompost (Wang et al, 2022). Furthermore,
the use of inorganic fertilizer decreased soil multifunctionality
under high salinity stress, suggesting a negative impact on the
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overall functioning of the soil ecosystem. Such changes could
lead to decreased soil fertility (Chen et al., 2022) and increased
environmental risks (Delgado-Baquerizo et al., 2016).

4.2 Long-term salinity stress challenges
soil microbiome resilience:
vermicompost enhances recovery while
NPK fertilization compromises it

Contrary to our hypothesis, the microbial community
remained disturbed by salinity stress after 70 days, suggesting
that the microbial community’s resilience to salinity stress was
challenged. The exposure to salinity likely caused irreversible shifts
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in community composition through strong environmental filtering
that favored the presence of salt-tolerant taxa while eliminating
sensitive ones (Rath et al., 2019). Additionally, the high energetic
costs of osmotic adaptation to salinity may have depleted resources
needed for microbial population recovery (Griffiths and Philippot,
2013). Furthermore, salinity stress can shift the soil microbial
communities into a new alternative stable state (Vrieze et al., 2017).

Salinity stress significantly altered the beta diversity of the
bacterial community, as evidenced by distinct clustering patterns
in PCoA. It also reduced bacterial richness, causing a decline
in soil multifunctionality, as confirmed by Wagg et al. (2019)
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and Cheng and Wan (2023). Additionally, salinity altered the
relative abundance of bacterial phyla. For instance, the relative
abundance of Acidobacteriota and Planctomycetota decreased with
increasing salinity. This decline can be attributed to their sensitivity
to osmotic stress and lack of salt tolerance mechanisms, making
them less competitive under salinity conditions (Yang et al., 2020).
In contrast, Bacteroidota, a phylum that includes salt-tolerant and
halophilic bacteria, increased in abundance (Canfora et al., 2014;
Dong et al., 2022; Hou et al., 2021; Rath et al.,, 2019; Zhang et al.,
2019).
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In agreement with our hypothesis, the fertilizers had varying
effects on the soil microbial community in the long-term. Applying
inorganic fertilizer increased the bacterial PLFA groups in medium
salinity but decreased them in high salinity. This initial increase can
be attributed to the immediate availability of nutrients provided by
the fertilizer, which can stimulate microbial growth and activity.
However, at high salinity levels, the benefits of inorganic fertilizer
appear to diminish. This could be due to the increased osmotic
stress imposed by high salinity, which can damage microbial cells
and reduce their activity (She et al., 2021).

In contrast, applying vermicompost increased the bacterial
PLFA groups even in high salinity conditions. Vermicompost
provides not only essential nutrients but also organic matter, which
can improve soil health, thereby mitigating the adverse effects of
salinity and allowing for better resilience to salinity (Gu et al., 2019;
Hubanks et al., 2018).

On the other hand, the 16S rRNA sequencing revealed that
the use of NPK fertilizer reduced alpha diversity and bacterial
richness as observed by Gao et al. (2019), Gu et al. (2019), and
Wang et al. (2023) causing a decline in soil multifunctionality. This
reduction in diversity and richness with NPK fertilizer could be due
to the selective pressure exerted by the readily available inorganic
nutrients, which may favor the growth of certain bacterial taxa
over others, leading to a less diverse microbial community (Dai
et al., 2018). In contrast, vermicompost, with its diverse array of
nutrients and organic matter, supports a more balanced microbial
environment, allowing for the enhancement of bacterial diversity
(Maji et al.,, 2017). A study by Mao et al. (2022), demonstrated
that applying organic amendments enhances bacterial diversity,
leading to a shift in the soil microbial community toward a
more salt-tolerant bacterial population (Sall et al., 2015). Indeed,
the use of vermicompost-enriched Mycobacteriaceae, commonly
found in saline environments (Rath et al., 2019), as well as the
Gordoniaceae family, known for its salt-tolerant species (Kayasth
et al,, 2014). Additionally, Mycobacteriaceae, which belongs to the
Actinomycetota phylum, are recognized for their adaptation to
stress (Kim and Lee, 2014). Moreover, the Mycobaceriaceae family
possesses genes involved in glutamate synthesis and produces
osmolytes to regulate the osmotic pressure (Finn et al., 2021).

While vermicompost did not directly increase soil
multifunctionality in this study, numerous other studies have
demonstrated the positive impact of organic fertilizers on
enhancing soil multifunctionality. Song et al. (2024) confirmed
that using organic amendment improved soil ecosystem
multifunctionality in saline soils. A study by Jia et al. (2023)
revealed that the decrease in soil salinization, along with the
increase in the soil organic matter amount, is linked to the
enhancement of soil multifunctionality by promoting the diversity
and abundance of bacterial community. Additionally, Tang et al.
(2023) found that organic fertilizer substitutions improved soil
multifunctionality by enhancing bacterial network complexity and
improving bacterial diversity.

Co-occurrence analysis showed that increasing salinity
increased the complexity of the network, with the medium salinity
treatment displaying the most complex system in terms of the
high number of nodes and edges. This aligns with findings by
Dong et al. (2022), who reported that severe salinity increased
network complexity, possibly as an adaptive response to sudden
salinity changes, maintaining ecosystem functions. The high
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percentage of positive links suggests increased cooperation among

bacteria to mitigate salt stress, emphasizing their coexistence and

interdependence. However, a high number of positive links may

compromise the stability of the bacterial network. This is attributed
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to the formation of positive feedback loops, where a reduction in

the abundance of taxa within the loop adversely impacts other

taxa within the same loop (Hernandez et al., 2021). Additionally,

the medium salinity treatment had a low modularity, indicating a

frontiersin.org



https://doi.org/10.3389/fmicb.2025.1551586
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

Malal et al.

decrease in the stability of the bacteria network following salinity
stress (Hernandez et al., 2021).

Using both fertilizers led to a more complex system, as the
number of nodes and edges was high when compared to the
control. However, vermicompost treatments displayed a more
stable network as the modularity was higher than inorganic
fertilizer treatments. Mao et al. (2022) also noted that various
organic fertilizers enhanced microbial network complexity and
stability. Although a more complex network is typically linked
to greater stability (Yuan et al., 2021), our findings indicate the
contrary for NPK fertilizer treatment. This treatment exhibits a
more complex network compared to vermicompost treatments,
yet it is less stable. This may be attributed to reduced functional
redundancy from decreased bacterial diversity after applying NPK
fertilizer (Li et al., 2022; Zhou et al, 2022), resulting in a less
stable system. In contrast, organic amendments have the potential
to increase microbial diversity and functional redundancy (Farrell
etal., 2009), resulting in a more stable system and more resilient to
abiotic stressors.

Compared to vermicompost application, the co-occurrence
network analysis results align with PLFA and PcoA results,
emphasizing the disruptive impact of inorganic fertilizer on the soil
microbial community. Thus, it will be more challenging for the
microbiome community to recover from the salinity stress when
inorganic fertilizer is applied.

5 Conclusion

This study shows the change in soil microbial function
following short-term exposure to salinity stress. However, the
microbiome structure demonstrates resistance to the immediate
effects of salinity. Over a 70-day incubation period, the soil
microbiome did not recover from the impact of salinity as
expected. On the contrary, salinity stress induces a shift in the
microbial community’s composition, reducing bacterial diversity
and soil multifunctionality and enhancing the complexity of
the bacterial network. The addition of vermicompost enhances
bacterial richness, favors the growth of salt-tolerant bacteria, and
inhibits the effect of salinity on soil multifunctionality. In contrast,
inorganic fertilizer use reduces bacterial richness, diversity, and
soil multifunctionality. The findings of this study highlight the
importance of using vermicompost to alleviate the adverse effects
of salinity on the soil microbiome. It also sheds light on the negative
impacts of inorganic fertilizers, which can worsen the effects of
salinity stress on the soil microbiome and hinder its recovery.
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