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Soil organic and inorganic carbon (SOC & SIC) and microbial community structure are key indicators of soil
quality and productivity in arid-saline soils. Salinity stress and diminishing availability of freshwater (FW) for
irrigation are major constraints for productivity and improving soil quality indicators. Using treated wastewater
(TW) and implementing climate-smart cropping systems are promising alternatives to replace freshwater usage
in intensive cropping systems, however, impacts on the microbial community and net-carbon sequestration
potential are not clearly understood. This field study was conducted in an arid saline-soil to investigate soil
microbial community structure and soil carbon contents under a combination of treatments comparing bioenergy
sorghum (So) and switchgrass (Sg), two irrigation water sources (FW & TW), and gypsum amendment (GA), to a
native-soil control. After three years of implementing these treatments, soil samples were collected and analyzed
for total carbon (TC), SOC, SIC, microbial biomass-carbon (MBC) and microbial community structure. Results
showed that TW increased microbial diversity and shifted the community structure towards copiotroph-
dominated prokaryotes. Several predominant and responsive taxa were associated with divergent trends of
SOC, SIC and salinity parameters. Both SOC and SIC pools were sensitive to treatments and demonstrated
divergent trends, as contents of TC and SOC were higher in TW-treatments, but of SIC were significantly lower in
several So_TW treatments. Treatment TW_So_GA assembled a distinctive microbial community structure, accu-
mulated the highest content of SOC (7.66 g kg™1) but recorded the lowest content of SIC (6.63 g kg™!). The
lowest content of SOC was observed in native soil (4.58 g kg™1) but contained the highest SIC (8.15 g kg™ 1). The
study results revealed the agronomic systems with higher potential for increasing TC and SOC content in arid-
saline soils. Surface soil SIC was responsive to agronomic management, and several treatments produced
disparate impacts on SOC and SIC stocks, which warrant for considering TC as the key indicator for assessing
carbon sequestration in arid lands.

1. Introduction

Approximately-one-third of irrigated agricultural lands and 20 % of
total cultivated lands globally are estimated to be impacted by high
salinity (Jamil et al., 2011; Shrivastava and Kumar, 2015; Wang et al.,
2003). Salinization of agricultural land is rapidly increasing at approx-
imately 0.3-1.5 million ha of additional land salinized every year (FAO,
2015; Shrivastava and Kumar, 2015), and at this rate more than 50 % of
the arable land is estimated to be salinized by the year 2050 (Jamil et al.,
2011). Main drivers behind increased salinization are climate change-
induced aridity, increased usage of saline water for crop irrigation and
failure to implement stewardship agronomic practices (Al-Karaki, 2006;
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Cantrell and Linderman, 2001; Parihar et al., 2015).

Irrigation with saline groundwater or wastewater sources is
increasingly implemented due to increasing scarcity of freshwater
resulting from prolonged drought conditions and urban growth (Dery
et al.,, 2019). Treated wastewater (TW) from municipal sewage treat-
ment plants is a reliable source for irrigation but could be of marginal
quality due to high total dissolved salts (TDS), which may impose
additional salinity/sodicity stress on soils (Toze, 2006). Studies reported
aggravating soil salinity and sodicity and negative impacts on soil
quality including increased osmotic potential, destruction of soil struc-
ture due to clay dispersion, reduced water infiltration, poor aeration,
and reduced nutrient availability, as major concerns for continuous
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usage of TW (Chaganti et al., 2020; Gao et al., 2021; Suarez, 2013; Toze,
2006). Remediation options are available to alleviate salinity/sodicity
stress to sustainably make use of the TW resources in arid regions.
Application of gypsum as soil amendment can mitigate sodium effects on
soil structure and reduce salinity stress by improving soil permeability
and thus facilitating leaching of salts from the rooting zone (Oster and
Frenkel, 1980; Shainberg et al., 1989).

Additionally, adopting salt-tolerant crops could be a strategy to
utilize TW and increase biomass production, as comparable crop pro-
ductivity was noted for some crops under saline irrigation (Pannell and
Ewing, 2006). High biomass-producing crops such as bioenergy sor-
ghum and switchgrass have attracted attention for their salt tolerance
and higher water use efficiency (Rooney et al., 2007; Tari et al., 2013;
Zhuo et al., 2015) and have proven successful in saline soils (Chaganti
et al., 2020). These high biomass-producing crops could be suitable
options to increase organic matter return to soil and improve soil health
by utilizing TW (Jin et al., 2014; Wu et al., 2021). However, there is lack
of data on soil carbon dynamics and the soil microbial community re-
sponses and it is not clear if using TW for irrigation and high biomass
systems can improve carbon sequestration and soil quality in arid saline
soils.

It is important to assess soil carbon dynamics to realize the carbon
sequestration potential in arid lands under alternative practices, and to
ensure preservation of carbon stocks and minimize further decline of soil
quality and productivity. Both soil organic carbon (SOC) and inorganic
carbon (SIC) stocks are equally important in arid lands (Lal, 2009), as
more than half of total carbon is present in inorganic forms, which is
estimated to be between 695 and 1,738 Pg in 1 m depth (Batjes, 1996;
Eswaran et al., 1995). Several reports revealed that changes in both SOC
and SIC pools in arid soils are closely linked (Diaz-Hernandez, 2003) and
may exhibit divergent trends under different land-use management
practices (Fu et al., 2021; Raza et al., 2020), but their repsosnes to TW
irrigation is not clearly understood (Ferdush and Paul, 2021). Thus,
agronomic practices must be carefully evaluated for their impacts on
both pools of soil carbon to ensure SOC sequestration represents net
gains in total soil carbon stocks (An et al., 2019; Raza et al., 2021).
Sequestration of SOC refers to net increase in SOC stocks, largely
impacted by plant productivity and soil microbial interactions (Liang
and Zhu, 2021; Sokol and Bradford, 2019). Microbial community in-
teractions are primarily responsible for organic matter decomposition
and stabilization (Bardgett and van der Putten, 2014). Beneficial soil
microbial interactions are also critical for nutrient cycling and nutrient
availability to plants (Chowdhury et al., 2011), and improving plant
tolerance to salinity (Abdelaziz et al., 2017; Shahzad et al., 2017).
However, overall microbial diversity and abundance will be lower in
saline soil, as microbial communities are sensitive to salinity changes
and some taxa are negatively impacted by higher salinity (Jahromi et al.,
2008) and soil aridity (Stovicek and Gillor, 2022), which may signifi-
cantly alter community composition and functions (Rath et al., 2019;
Zhou et al., 2017). Several studies noted rapid shifts in some abundant
taxa in response to irrigation water induced salinity compared to rare
taxa (Ji et al., 2020; Obayomi et al., 2020), whereas some noted positive
influence of wastewater irrigation on several dominant taxonomic
groups in arid soils (Dang et al., 2019; Ibekwe et al., 2018). Higher crop
productivity was noted under wastewater irrigation (Chaganti et al.,
2021), whcih may elicit a positive feedback loop for plant-microbe in-
teractions resulting in higher organic matter return and sequestration
potential. However, long-term effects of salinity stress may increase
under TW, which could interfere with the positive feedback on soil
carbon pools and impact net sequestration potential (Rath and Rousk,
2015). Moreover, it is not clear how changes in microbial community
structure impacts SIC stocks, as variable effects were noted from no ef-
fect of microbial activity to increasing SIC pools through carbonate
precipitation (Zhao et al., 2020; Zheng et al. 2022) or driving losses
through dissolution (Chang et al. 2012). Direct and indirect role of TW
needs to be accounted as well as many nutrients in TW including Ca®*
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and HCO3 can induce pedogenic carbonate formation (Bughio et al.
2016), while nutrients such as DOC and nitrogen may stimulate mi-
crobial biomass and SOC sequestration (Hashem and Qi, 2021). How-
ever, there is lack of field data to understand these dynamics and
particularly, more data is needed on microbial community changes with
concurrent data on impacts on SOC and SIC pools in arid saline soils
(Ferdush and Paul, 2021).

This study was conducted to understand soil carbon dynamics and
soil microbial community changes in response to treated wastewater
irrigation in bioenergy sorghum and perennial switchgrass cropping
systems. We hypothesized that wastewater irrigation with gypsum
amendment would increase microbial biomass and microbial commu-
nity structure and increase SOC content. The objective of this study was
to evaluate the impacts of experimental factors on SOC, SIC, microbial
biomass and soil microbial community structure.

2. Material and methods
2.1. Study sites and experimental design

This study was conducted at the long-term research sites located near
the Texas A&M AgriLife Research Center, El Paso, TX, USA. This region
falls under arid climatic conditions as average annual precipitation is
approximately 17 cm and has a potential evapotranspiration of
approximately 195 cm. The soil type at the study site is Saneli Silty Clay
loam (clayey over sandy or sandy-skeletal, montmorillonitic calcareous,
thermic Vertic Torrifluvents). A soil analysis report for the study site is
provided in Table 1. A split-plot randomized block experimental design
was used in this study with two bioenergy cropping-systems of sorghum
(So) and switchgrass (Sg) as the main experimental factor. Sub-
experimental factors included two irrigation water sources [freshwater
(FW) and treated wastewater (TW)] and two amendment treatments
(gypsum amendment (GA) and no-amendment (NA) control). Gypsum
amendment treatment received gypsum and sulfur application, at a rate
of 10 and 1 Mg ha ™, respectively. Gypsum and sulfur were incorporated
into the top 15 cm of the soil before planting in only the first year. Eight
treatment combinations were evaluated in this study; (1) So_FW_GA, (2)
So_FW_NA, (3) So_TW_GA, (4) So_.TW_NA, (5) Sg FW_GA, (6) Sg_FW_NA,
(7) Sg.TW_GA, (8) Sg_ TW_NA.

All treatment combinations were replicated three times. Each
experimental plot measured 5.6 m long and 2.6 m wide with a total of 24
experimental plots. Individual plots were separated from each other by a
0.60 m wide buffer strip to avoid any edge effects of treatments and
lateral percolation of irrigation water into adjacent plots. For both
switchgrass and sorghum an inter-row spacing of 0.90 m and intra-row
spacing of 0.05 m was followed. Sorghum cultivar ES5200 (Ceres Inc.,
Thousand Oaks, CA, USA) and switchgrass cultivar “Alamo” were used

Table 1
Physical and chemical properties of soil sample
collected from the experimental field plots at 0-15 cm

soil depth.
Soil parameter Value
Sand (%) 41.9
Silt (%) 33.5
Clay (%) 24.5
Texture class Loam
CEC (cmol, kg™ 12.9
Bulk Density (g cm ™) 1.4
Saturated paste pH 8.31
EC. (dSm™) 2.64
SAR (mmol 171)%® 4.34
Soluble Na™ (mg L) 251
Soluble Ca®* (mg L) 196
Soluble Mg?" (mg L) 36.2
Soluble CI' (mg L) 486
Soluble SOF (mg L) 979
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in the study. Sorghum was planted every year in mid-May and was
harvested in the first week of November (approximately 150-160 days
after planting). Switchgrass was initially transplanted in May of 2017
and harvested once a year in every November after reaching physio-
logical maturity. Both sorghum and switchgrass plots were fertilized
once at the beginning of the experiment at 120:120:120 kg ha! of N:
P,05:K50 in the form of urea (46-0-0), monoammonium phosphate
(11-52-0) and sulfate of potash (0-0-50).

Irrigation water was applied as flood irrigation and a total of 0.61 m
(applied at m®/m? area) of either fresh or treated wastewater to both
switchgrass and sorghum for each cropping season. A total of 7-8 irri-
gations were scheduled in 3-4-week intervals per cropping season.
Freshwater was sourced from the Rio Grande River, which is the main
surface water source in the region. Treated wastewater was collected
from a local wastewater treatment facility in a 500-gallon tank and was
transported to the research site for application. Random samples of fresh
and wastewater were collected during the irrigation season and were
analyzed for their chemical properties (Table 2). Methods of water
analysis are detailed in Chaganti et al. (2021). One additional site was
used as a native background control (BC) with no history of agronomic
management for the last 20 years, which was located at an adjacent field
with similar soil type.

2.2. Soil sampling and preparation

Soil samples were collected from individual experimental plots at the
end of growing season of 2018, which was approximately-three years
after initiation of the experimental treatments. Three soil samples were
collected from individual treatment plot at 0-15 cm soil depths using a
hand-held auge. Samples were transported to lab, air dried, ground,
sieved through a 2 mm sieve and were homogenized. A subsample was
immediately stored at —80 °C until microbial DNA extraction.
Remaining samples were stored at room temperature until carbon pool
analysis.

2.3. Soil carbon analysis

A subsample of airdried sample was used for SOC and soil inorganic
carbon (SIC) analysis using standard protocols (Nelson and Sommers,
1996). Samples were first analyzed for total carbon (TC) and total ni-
trogen (TN) contents (mg kg~ 1) using dry combustion method on a total
elemental analyzer instrument (Elementar Inc.). Another set of sub
samples were acid treated (5 % HCI) in combustion vessels until all re-
actions ceased and then analyzed for TC using the same dry combustion
method. This analysis was reported as SOC-content and was used for
obtaining SIC-content after deducting from TC-content. Total elemental

Table 2
Chemical characterization of fresh water and treated wastewater used in the
study. Error values represent standard deviations for five samples.

Property Freshwater Wastewater
pH 6.78 + 0.1 6.86 + 0.03
ECiw (dS m™) 0.69 + 0.1 1.75 + 0.4
SAR 2.62 + 0.3 5.76 + 0.7
SAR Adj (mmol/L) 2.85 + 0.3 5.90 + 0.7
Na® (mg L) 107 + 6.4 286 + 46
DOC (mg L) 23.31 £ 1.8 28.41 + 1.4
NH{ (mg L)) 3.35 + 2.2 7.02 + 3.4
K" (mg L) 12.9 + 2.9 25.2 + 3.0
Mg*" (mg L) 16.5 + 1.1 26.6 + 1.6
Ca®* (mg L) 101 + 11 140 + 14
F (mgL™h) 0.35 + 0.1 1.30 £ 0.97
cl (mg LY 80 + 12 221 + 60
NOj3 (mg L) 4.75+ 0.6 59 +15
POS (mg L) 4.84 + 3.8 6.42 + 0.8
SO% (mg L) 124 + 20 246 + 33
CO% + HCO3 (mg L) 118 + 15 90 + 7.5
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analyzer measurements were calibrated using a set of two primary
standards and two verified soil standards as check references for setting
quality check thresholds. A subsample from the air-dried sample was
oven dried at 105 °C for 24 hr to determine the % moisture in air dried
sample, which was used for moisture correcting the final concentrations
of carbon on dry mass basis.

Total microbial biomass-carbon (MBC) was determined using a
modified chloroform-fumigation extraction method (Scott-Denton et al.,
2006). Briefly, a set of airdried subsamples were fumigated for
approximately 48 hr in airtight containers. Another set of samples
without fumigation were used as non-treated controls. Both sample sets
were extracted using 0.5 M K2SO4 after shaking for 2 hr and analyzed
using a wet combustion-based C/N analyzer (Shimadzu Inc.,). MBC was
estimated as the difference between K»SO4 extracted SOC in the fumi-
gated versus non-fumigated (Joergensen et al., 2011). Microbial
biomass to organic carbon ratio (MBOCR) was determined by using the
final dry mass concentration of SOC and MBC from individual soil
samples.

2.4. Microbial community assessment

Microbial DNA from frozen soil sample was extracted using Power-
Lyser PowerSoil DNA Isolation Kit (MO BIO Laboratories, Carlsbad, CA,
USA) according to the manufacturer’s protocol. Quality and concen-
tration of extracted DNA were determined spectrophotometrically using
a nano-spectrophotometer (GE Health Sciences Inc.,). Prokaryotic di-
versity was estimated by sequencing the V4 region of the 16S rRNA
genes  amplified by  primers  S-D-Arch-0519-a-S-15, 5/-
CAGCMGCCGCGGTAA-3', and S-D-Bact-0785-b-A-18, 5'-TACNVGGG-
TATCTAATCC-3' (Klindworth et al., 2012) and fungal diversity by
sequencing the ITS2 marker with primers ITS7 5- GTGAATCATC-
GAATCTTTG-3' and ITS4 5'- TCCTCCGCTTATTGATATGC —3’ (Thrmark
et al., 2012; White et al., 1990). Paired-end sequence data were gener-
ated on an Illumina MiSeq instrument (Illumina, San Diego, CA) as
described in the Illumina 16S metagenomic sequencing library prepa-
ration protocol. The raw sequencing reads were processed with a com-
bination of QIIME 1.9.1 (Caporaso et al., 2010) and USEARCH 8.0.1
(Edgar, 2010) software packages. Individual ITS sequence tags were
compared to the UNITE fungal ITS sequence database (Abarenkov et al.,
2010) and individual 16S sequences were compared to the Silva data-
base 128 (Quast et al., 2012) using UCLUST in order to pick referenced-
based (prokaryotes) operational taxonomic units (OTUs) at 97 % simi-
larity. The OTU abundance datasets were further normalized using cu-
mulative sum scaling (CSS) transformation (Paulson et al., 2013)
available on the QIIME platform. All the sequence data have been
deposited in the NCBI Genbank database under project numbers
PRJNA871212.

2.5. Statistical analysis

Experimental data were analyzed to compare treatment impacts on
soil chemical and microbial parameters. The statistical model was
designed to compare individual treatment factors of crop systems (SO vs
SG), two irrigation water sources (FW vs TW) and soil amendment (GA
vs NA), and their interactions through a three-way factorial ANOVA.
Additionally, the mean differences (based on least mean square differ-
ence) were estimated among the individual treatments for comparing
the differences among the treatments for SOC, SIC, TC, MBC and
MBOCR. ANOVA and mean difference analyses were performed in SAS
software (SAS Inc.). The OTU abundance with taxonomy classification
was used to prepare a graphical depiction of prokaryotic diversity
among the experimental variables. A two-way permutation multivariate
analysis of variance (PERMANOVA) was used to test the significant
differences in community structure between the experimental treat-
ments based on Bray-Curtis distance measured between the groups
(Anderson, 2001). Canonical correspondence analysis (CCA) was
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performed using PAST 3.1 software on OTU abundance data with cor-
responding soil biochemical data as environmental variables for ordi-
nation axes. The implementation of CCA in PAST software follows the
eigen analysis algorithm (Legendre and Legendre, 1998) with each
environmental variable plotted as correlations with abundance scores.

3. Results

3.1. Impact of experimental treatments on soil carbon pools and microbial
biomass

Mean content of SOC and TC were significantly different (p < 0.01)
between the crop factor (Table S1). Crop x water interaction factor
significantly impacted the SOC content, but there was no significant
difference between the amendment factor (GA vs NA) or among any
other interactions (Table S1). Higher SOC and TC content was observed
in the sorghum (So) plots, which recorded 6.58 and 13.58 g kg~! SOC
and TC, respectively, compared to the switch grass (Sg) plots, which
recorded 4.74 and 12.66 g kg~! SOC and TC, respectively (Fig. 1). Be-
tween the water factor, mean SOC and TC contents were significantly (p
< 0.05) higher in the TW-plots, which recorded 6.10 and 13.47 g kg~*
SOC and TC, respectively, compared to the freshwater (FW) irrigated
plots, which recorded 5.38 and 12.77 g kg ™! SOC and TC, respectively
(Fig. 1). Highest mean SOC and TC content was observed in the treat-
ment So_TW_GA (7.65and 14.29 g kg’l, respectively) and lowest in the
treatment Sg_FW_GA (4.86 and 12.09 g kg™1) (Fig. 1). Highest mean SOC
content was observed in the So_TW plots at 7.48 g kg ! and lowest in the
Sg_TW-plots at 4.73 g kg ™. Mean content of SOC and TC in BC-plots
were 4.58 and 12.74 g kg™!, respectively.

Mean content of SIC was significantly different (p < 0.01) between
the crop factor, but there was no significant difference between other
factors and interactions (Table S1). Somewhat opposite trends were seen
for SIC contents compared to SOC and TC in response to the treatments.
Mean content of SIC was significantly higher in the Sg-plots, which
recoded 8.00 g kg™! compared to the So-plots, which recorded 6.99 g
kg~! (Fig. 1). Highest mean SIC contents were observed in the BC-plots
at 8.15 g kg™, followed by the treatment Sg TW_NA at 7.96 g kg~* and
the lowest in the treatment So_TW_GA at 6.63 g kg™! (Fig. 1).

Microbial biomass carbon (MBC) was significantly higher in BC-plots
(1.15¢g kg’l) compared to all experimental plots (Fig. 2), but there was
no significant difference between the treatment factors (Table S1). The
MBC level in the experimental plots ranged between 0.55 and 0.70 g kg
1. which corresponded to 3.9 to 9.72 % of TC, respectively. However,
the microbial biomass to organic carbon ratio (MBOCR) metric which
represented MBC as a percentage of SOC, was significantly different
between the crop factor (Table S1), as consistently higher ratios were

16
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noted in the Sg-plots compared to So-plots (Fig. 2). other factors did not
significantly influence the MBOCR (Table S1). The highest MBOCR was
noted in the BC-plots at around 0.25 and lowest in the treatment
So_TW_NA at around 0.07. The relative proportion of organic to inor-
ganic carbon (OICR) in the treatments was significantly influenced by
crop, by water source (p < 0.05) and their interactions (Table S1).
Pearson correlation analysis between the analysis parameters indicated
a positive significant correlation between TC and SOC, and between TC
and OICR (Table 3 and Figure S1). A significant negative correlation was
observed between SOC and SIC (Table 3 and Figure S1). Additionally,
significant negative correlation was observed between the SOC and MBC
and between CNR and OICR and a significant positive correlation was
observed between the SOC and TN (Table 3).

3.2. Microbial community structure under different treatments

Diversity of prokaryotes was mostly higher in all treatment plots
compared to the BC-plots. The Shannon diversity index for prokaryotic
community in BC plots was at 5.42 + 0.17compared to above 6 in most
treatment plots, with highest recorded in the treatment So_TW_NA at
6.24 + 0.18 (Table S2). The Shannon diversity index for fungal com-
munity in BC plots was at 3.4 + 0.35, and in treatment plots it ranged
between 3.41 + 0.1 and 3.86 + 0.07, and there was no significant dif-
ferences the treatments (Table S2). Two-way permutation multivariate
analysis of variance (PERMANOVA) indicated that prokaryotic com-
munity composition was significantly different (p < 0.05) between the
two crop treatments (Table 4). Within the So-plots, the prokaryotic
community was significantly altered by the W x A interaction effect
(Table 4), but there were no significant differences within Sg-plots. The
fungal community was not significantly altered between the experi-
mental factors.

Canonical correspondence analysis (CCA) further validated that
prokaryotic community structure in most treatment-plots shifted
significantly compared to BC plots (Figure S2). A separate analysis
leaving out the BC_treatment showed that the prokaryotic community
largely separated by TW-treatments, and by crop-amendment interac-
tion within the TW-treatment plots (Fig. 3). Among the soil metadata
used in this analysis, MBC, TC, SAR and TN were the major soil pa-
rameters that diverged along the community structure shifts. Soil pa-
rameters of SAR, pH, TC and TN largely aligned with TW-treatment,
whereas MBC aligned largely with FW-treatments.

The relative abundance of bacterial phyla indicated that Proteo-
bacteria, Actinobacteria, Acidobacteria, Firmicutes and Bacteroidetes
constituted the major phyla in all the treatments (Fig. 4). Relative
abundance of Proteobacteria, Acidobacteria and Bacteroidetes increased
in all treatment plots compared to the BC-plots. Whereas Actinobacteria
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Table 3
Pearson correlation between the individual parameters.
Parameters® TC SIC SOC TN CNR MBC MBOCR
SIC 0.20
SOC 0.60** —0.67**
TN 0.41** —0.18 0.46**
CNR 0.33* —0.60** 0.73%* —0.26
MBC —0.34* 0.05 —0.30% —0.35* —0.07
MBOCR —0.51%** 0.40%** —0.72%* —0.47%* —0.42** 0.85**
OICR 0.33* —0.85** 0.94%* 0.39* 0.73%* —0.24 —0.65%*

*p < 0.05 and ** p < 0.01.

4 TC = total carbon, SIC = soil inorganic carbon, SOC = soil organic carbon, CNR = carbon to nitrogen ratio, MBC = microbial biomass carbon, OICR = organic to
inorganic carbon ratio, MBOCR = microbial biomass to organic carbon ratio.

Table 4

Permanova analysis results for prokaryotic and fungal community composition between the experimental treatments. Water and amendment factors were tested within

the individual crop treatments.

Crop Factor Prokaryotic Fungal

Total sum of squares: 0.4558 0.4442

Within-group sum of squares: 0.4021 0.4189

F: 2.936 1.325

p (same): 0.0498 0.1656

Switchgrass Sorghum

Source Sum of squares Mean square F P Sum of squares Mean square F P

Prokaryotes Water 0.017 0.017 1.534 0.216 0.043 0.043 2.785 0.088
Amendment 0.016 0.016 1.457 0.240 0.023 0.023 1.502 0.244
Interaction 0.007 0.007 0.622 0.531 0.080 0.080 5.143 0.014
Residual 0.089 0.011 0.125 0.016 0.569
Total 0.130 0.272

Fungal Amendment 0.021 0.021 1.066 0.368 0.017 0.017 0.925 0.493
Soil 0.020 0.020 1.033 0.399 0.014 0.014 0.750 0.700
Interaction 0.033 0.033 1.678 0.083 0.012 0.012 0.680 0.791
Residual 0.156 0.020 0.146 0.018
Total 0.230 0.189

decreased in all the treatments compared to the BC-plots. Significant
shifts between the treatments were not observed at phylum level.
However, differences at OTU level were evident, as several species
within the taxonomic-orders Solirubrobacterales and Rhodospirillales

decreased significantly in So and Sg-plots compared to BC-plots
(Figure S3). Whereas several species within the family Saprospiraceae
and phylum Gemmatimonadetes increased significantly in So- and Sg-
plots compared to BC-plots. Several bacterial OTUs were differentially
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Fig. 3. Scatter plot showing the canonical correspondence analysis (CCA) of distance matrix of prokaryotic OTU abundance with soil parameters, as influenced by
experimental treatments. Several soil parameters were used as environmental variables for correspondence correlation based on eigenvalue estimates.
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abundant between the two treatments of So TW_GA vs Sg FW_NA.
Several species within family Saprospiraceae (phylum Bacteroidetes),
genus Flavisolibacter (phylum Bacteroidetes), order Solirubrobacterales
(phylumActinobacteria), genus Rubrobacter and family Xanthomonada-
ceae were at higher abundance in the treatment So_TW_GA compared to
the treatment Sg FW_NA (Figure S3). Whereas, several species with
genus Rubrobacter, order Solirubrobacterales, genus Pseudonocardia and
genus Jiangella were at lower abundance in the treatment So_TW_GA
compared to the treatment Sg FW_NA. Among the fungal phyla (Fig. 5).
Ascomycota, Zygomycota and Unclassified taxa were the major groups in
all treatments. Ascomycota constituted up to a relative abundance be-
tween 60 and 82 %. In most treatments, Asconycota increased compared
to background sites, whereas unclassified fungi and Basidiomycota
significantly decreased (Fig. 5). Phylum Glomeromycota, which repre-
sents most arbuscular mycorrhizal fungi constituted<1 % of relative
abundance, which increased in most treatments compared to BC plots.
Major OTUs detected in the experimental treatments were Funneliformis
mosseae, Claroideoglomus etunicatum, Septoglomus viscosum, Glomus
cubense and Rhizophagus fasciculatus (Figure S3). Two OTUs detected in
BC plots were Rhizophagus fasciculatus and Septoglomus viscosum.

4. Discussion

Results of this field study revealed the relationships between mi-
crobial community responses, SOC and SIC stocks and divergent impacts
of TW and crop treatment interactions on soil carbon dynamics. Water
and crop treatments significantly altered SOC and SIC contents
compared to background native plots (BC treatment), confirming that
both pools of carbon were sensitive to agronomic treatments and
contributed to soil carbon-fluxes in these arid-saline soils. As a result,
major differences in TC contents were observed between the treatments
but were largely influenced by changes in SOC. Contents of TC and SOC
were higher in several TW treatments compared to the respective FW
treatments and BC plots, which supports the study hypothesis that TW
irrigation increased the SOC content. However, a crop-water interaction
effect was more prominent, as higher SOC was mostly seen in the So_ TW
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treatments compared to the Sg_ TW treatments. Highest SOC and TC was
recorded in the treatment So_TW_GA, suggesting that gypsum amended
bioenergy sorghum systems under TW irrigation is a potential climate-
smart agronomic system for increasing soil carbon sequestration in
these soils. One of the drivers for this effect by TW-irrigation could be
higher soil organic matter (SOM) contribution through root-microbe
interactions induced by higher nutritional value of TW, as both N and
dissolved organic carbon contents were higher compared to FW
(Table 2). Nitrogen value of treated TW was noted as a major factor
driving microbial community in a previous study (Frenk et al., 2015).
Microbial diversity, which is an indicator of higher root-microbe in-
teractions (Zhang et al., 2017), was slightly higher (total Shannon di-
versity for prokaryotes and fungi) in GA amended compared to their
respective NA amended plots which received TW, which suggest the
positive effect of TW on microbial community only when used in com-
bination with gypsum amendment. Similar trends of increasing alpha
and beta diversity were observed in another study with significant
changes to microbial community composition under wastewater appli-
cation (Dang et al., 2019).

According to PERMANOVA analysis, the prokaryotic community was
largely different between the water and crop treatment factors, but there
were no major shifts in fungal diversity and composition. This suggests
that prokaryotes were more responsive to agronomic treatments while
fungi were relatively stable and were not as responsive. Studies have
noted similar trends in arid soils as fungi were not impacted by minor
modifications in salinity stress or nutrient fluxes (Kamble et al., 2014;
Rath et al., 2016). It was also interesting to note that prokaryotic com-
munity structure was significantly different between the sorghum and
switchgrass, suggesting that the differences in SOC and SIC contents
between the crop treatments could be influenced by microbial com-
munity changes. It is well established that microbial community is a
strong driver of SOC sequestration and generally elicits positive impacts
in low-carbon soils (Bastida et al., 2021). It was also interesting to note
within CCA-ordination analysis that the prokaryotic community of TW-
treated plots diverged from FW-plots (Fig. 3), as water-factor showed
somewhat contrasting trends for SOC and SIC contents (Fig. 1). These
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results support the assumption that the resultant microbial community
structure in TW contributed to higher organic carbon sequestration.
There is not much evidence for direct impacts of specific microbial
groups on soil carbon sequestration in arid soils (Hartman et al., 2017).
Generally, salt stress-induced changes to the microbial community were
noted to negatively impact metabolic growth and overall soil respiration
and diminish carbon decomposition potential (Setia, 2013). However,
nutrient rich TW probably induced positive feedback loops between
root-microbe interactions and increased microbial metabolism.
Increasing root-microbe interactions was shown to increase SOC in a low
carbon soil (Somenahally et al. 2020) and could also enhance organic
carbon stabilization processes (Kastner et al., 2021). Several taxa were
enriched in So_TW-GA treatment compared to BC, as higher relative
abundance was observed within Proteobacteria and Ascomycota (Figs. 4
and 5). Whereas Actinobacteria decreased in the So_TW-GA treatment
compared to BC treatment. These taxa are considered copiotrophs,
which demonstrate higher growth rates in response to nutrient pulses in
arid soils (Chen et al., 2021; Vallejos et al., 2022). Particularly, members
of Actinobacteria are typically well-represented in arid soils and showed
enhanced tolerance to desiccation (Neilson et al., 2012; Stovicek et al.,
2017). These results suggest some reorganization among copiotrophic
taxa in response to experimental treatments, which may have impacted
SOC and SIC turnover. Studies have reported these taxa as a major group
of microbes involved in SOM decomposition in arid soils (Mavi and
Marschner, 2012). One study indicated that a copiotroph-dominated
bacterial community may contribute to SOM accumulation in soils
(Wang et al., 2022) confirming the assumption that higher microbial
growth rate can return higher microbial residue derived SOM to the soil
(Shao et al., 2021). Our results confirm the nutritional value of TW as a
major driver for enhancing the copiotroph-dominated bacterial com-
munity, which probably contributed to a higher rate of organic carbon
accumulation in some treatments. However, it must be noted that gyp-
sum amendment may have mitigated negative effects of sodium in TW-
treatments, similar to the results seen in another study (Angin et al.,
2005).

A significant quantity of TC in the surface soil was constituted within
the inorganic pool, with mean SIC contents ranging between 6.6 g kg™!
to 8.8 g kg™!, which corresponded to 46 and 66 % of the TC, respec-
tively. These contents are within the range typically observed in saline
soils within arid climates (Viscarra Rossel et al., 2016), which sub-
stantiates the importance of SIC stocks in arid soils and that even smaller
changes could significantly impact carbon storage potential in arid lands
(Raza et al., 2021). Results indicated disparate trends between SIC and
SOC in response to several experimental treatments. For example, SIC
contents were significantly lower in So-plots compared to Sg-plots, and
in some TW treatments within So-plots compared to FW treatments and
BC plots. Results of this study indicated that the native SIC was mostly
conserved in Sg-treatments, whereas some quantity of SIC appeared to
be lost in the So_TW plots, which recorded the highest content of SOC,
suggesting contrasting trends between the two pools in response to this
treatment. There is some evidence connecting the SOC and SIC cycling
(Yang et al., 2010) and several studies reported a negative relationship
between the two carbon pool changes (Zhao et al., 2019; Zhao et al.,
2016). As discussed earlier, the microbial community structure was
significantly different in the treatment So_ TW_GA compared to others,
which suggest the potential role of responsive microbial community in
diminishing SIC content. There is some evidence to support that mi-
crobes are responsible for recycling some SIC into SOC pool in saline
coastal soils (Shao et al., 2022), and another study showed potential SIC
conversion to SOC through chemoautotrophic and heterotrophic path-
ways in arid soils (Liu, et al., 2021). Other studies noted microbial ac-
tivity resulted in loss of SIC from the surface soil (Bughio et al., 2016), as
microbial respiration and other metabolic processes could alter soil pH,
pCO2 and carbon-mineral complexes, which can destabilize carbonate
mineral phases and promote dissolution (Jin and Evans, 2007; Liu et al.,
2018; Monger et al., 1991). It is probable that some of the dissolved
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carbonates may have just leached down the soil profile and were not lost
as CO, emissions from the system (Lopez-Ballesteros et al., 2017).
However, field observations are lacking for direct impacts of microbial
activity on long term impacts on SIC stocks (Ferdush and Paul, 2021).
Particularly, it is important to understand whether saline soil microbial
community shifts towards copiotroph-dominated community structure,
which potentially resulted in SOC sequestration, caused any permanent
loss of SIC stocks from the surface soil.

5. Conclusions

This study presented many novel results validating the potential role
of microbial community responses on SOC and SIC contents. Results
showed that a wastewater-irrigated bioenergy sorghum cropping system
amended with gypsum significantly increased SOC content and resulted
in net increase of TC content. This combination of agronomic practices
appeared to be a promising land-use practice for achieving higher soil
carbon sequestration in arid saline soils. However, this treatment
resulted in some decline of SIC, revealing divergent effects of land use
practices on SIC and SOC -pool fluxes. Significant shifts in microbial
community structure were observed in response to many treatments and
a copiotroph-dominated prokaryotic community was assembled under
TW irrigation, but no negative impacts were observed on microbial
biomass and microbial diversity. Increases in soil organic matter by TW
irrigation without significantly impacting the soil microbial community
is appealing to the value of recycling TW irrigation for sustainable
agriculture in arid climate. However, long-term effects on salinity and
toxicity concerns must be evaluated before widely considering TW as a
reliable source of irrigation (Hashem and Qi, 2021). Establishing tem-
poral thresholds of salinity buildup and soil health metrics will be
valuable information to guide mitigation strategies to prevent negative
consequences under long-term irrigation. It was also clear that both SOC
and SIC carbon pools were sensitive to land use management, which
underscores the need for considering both forms of carbon while
assessing soil carbon sequestration in arid saline-soils. Potential linkage
between organic and inorganic carbon cycling warrants further in-
vestigations under different scenarios of carbon sequestration in arid
soils, particularly for delineating SIC stock responses over long term.

CRediT authorship contribution statement

Anil C. Somenahally: Conceptualization, Methodology, Writing —
original draft. Javid McLawrence: Methodology. Vijayasatya N.
Chaganti: Investigation, Writing — review & editing. Girisha K. Gan-
jegunte: Conceptualization, Investigation, Writing — review & editing.
Olabiyi Obayomi: Software, Writing — review & editing. Jeff A. Brady:
Software, Writing — review & editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
Data will be made available on request.
Acknowledgement

This study was supported by USDA Project No. 2017-68007-26318,
through the National Institute for Food and Agriculture, Agriculture
and Food Research Initiative. Part of Dr. Somenahally’s salary was
supported by USDA-NIFA Hatch project (Accession No. 1024085 and
Project number: TEX0-1-9603) and USDA-NIFA Mclntire-Stennis project
(Accession No. 1017765 and Project number: TEX09754). Part of Dr.



A.C. Somenahally et al.

Ganjegunte’s salary was supported by USDA-NIFA Hatch project
(Accession No. 1001806 and Project number: TEX0-1-9162).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ecolind.2023.110227.

References

Abarenkov, K., Henrik Nilsson, R., Larsson, K.H., Alexander, 1.J., Eberhardt, U.,
Erland, S., et al., 2010. The UNITE database for molecular identification of
fungi-recent updates and future perspectives. New Phytol. 186, 281-285.

Abdelaziz, M.E., Kim, D., Ali, S., Fedoroff, N.V., Al-Babili, S., 2017. The endophytic
fungus Piriformospora indica enhances Arabidopsis thaliana growth and modulates
Na+/K+ homeostasis under salt stress conditions. Plant Sci. 263, 107-115.

Al-Karaki, G.N., 2006. Nursery inoculation of tomato with arbuscular mycorrhizal fungi
and subsequent performance under irrigation with saline water. Sci. Hortic. 109,
1-7.

An, H., Wu, X., Zhang, Y., Tang, Z., 2019. Effects of land-use change on soil inorganic
carbon: A meta-analysis. Geoderma 353, 273-282.

Anderson, M.J., 2001. A new method for non-parametric multivariate analysis of
variance. Austral Ecol. 26, 32-46.

Angin, 1., Yaganoglu, A.V., Turan, M., 2005. Effects of Long-Term Wastewater Irrigation
on Soil Properties. J. Sustain. Agric. 26, 31-42.

Bardgett, R.D., van der Putten, W.H., 2014. Belowground biodiversity and ecosystem
functioning. Nature 515, 505-511.

Bastida, F., Eldridge, D.J., Garcia, C., Kenny, P.G., Bardgett, R.D., Delgado-Baquerizo, M.,
2021. Soil microbial diversity—biomass relationships are driven by soil carbon
content across global biomes. ISME J. 15, 2081-2091.

Batjes, N.H., 1996. Total carbon and nitrogen in the soils of the world. Eur. J. Soil Sci. 47,
151-163.

Bughio, M.A., Wang, P., Meng, F., Qing, C., Kuzyakov, Y., Wang, X., et al., 2016.
Neoformation of pedogenic carbonates by irrigation and fertilization and their
contribution to carbon sequestration in soil. Geoderma 262, 12-19.

Cantrell, I.C., Linderman, R.G., 2001. Preinoculation of lettuce and onion with VA
mycorrhizal fungi reduces deleterious effects of soil salinity. Plant and Soil 233,
269-281.

Caporaso, J.G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F.D., Costello, E.K.,
et al., 2010. QIIME allows analysis of high-throughput community sequencing data.
Nat. Methods 7, 335-336.

Chaganti, V.N., Ganjegunte, G., Niu, G., Ulery, A., Flynn, R., Enciso, J.M., et al., 2020.
Effects of treated urban wastewater irrigation on bioenergy sorghum and soil
quality. Agric Water Manag 228, 105894.

Chaganti, V.N., Ganjegunte, G., Meki, M.N., Kiniry, J.R., Niu, G., 2021. Switchgrass
biomass yield and composition and soil quality as affected by treated wastewater
irrigation in an arid environment. Biomass Bioenergy 151, 106160.

Chang, R., Fu, B., Liu, G., Wang, S., Yao, X., 2012. The effects of afforestation on soil
organic and inorganic carbon: A case study of the Loess Plateau of China. Catena 95,
145-152.

Chen, Y., Neilson, J.W., Kushwaha, P., Maier, R.M., Barberan, A., 2021. Life-history
strategies of soil microbial communities in an arid ecosystem. ISME J. 15, 649-657.

Chowdhury, N., Marschner, P., Burns, R., 2011. Response of microbial activity and
community structure to decreasing soil osmotic and matric potential. Plant and Soil
344, 241-254.

Dang, Q., Tan, W., Zhao, X., Li, D., Li, Y., Yang, T., et al., 2019. Linking the response of
soil microbial community structure in soils to long-term wastewater irrigation and
soil depth. Sci. Total Environ. 688, 26-36.

Dery, J.L., Rock, C.M., Goldstein, R.R., Onumajuru, C., Brassill, N., Zozaya, S., et al.,
2019. Understanding grower perceptions and attitudes on the use of nontraditional
water sources, including reclaimed or recycled water, in the semi-arid Southwest
United States. Environ. Res. 170, 500-509.

Diaz-Hernandez JL, Fernandez EB, Gonzélez JL. Organic and inorganic carbon in soils of
semiarid regions: a case study from the Guadix-Baza basin (Southeast Spain).
Geoderma 2003; 114: 65-80.

Edgar, R.C., 2010. Search and clustering orders of magnitude faster than BLAST.
Bioinformatics 26, 2460-2461.

Eswaran, H., Van den Berg, E., Reich, P., 1995. In: Global Soil C ResourCes. In ‘Soils and
Global Change’. Lewis Publishers:, Boca Raton, FL, pp. 27-43.

FAO 1. Status of the world’s soil resources (SWSR)-main report. Food and Agriculture
Organization of the United Nations and Intergovernmental Technical Panel on Soils,
Rome, Italy 2015; 650.

Ferdush, J., Paul, V., 2021. A review on the possible factors influencing soil inorganic
carbon under elevated CO2. Catena 204, 105434.

Frenk, S., Dag, A., Yermiyahu, U., Zipori, 1., Hadar, Y., Minz, D., 2015. Seasonal effect
and anthropogenic impact on the composition of the active bacterial community in
Mediterranean orchard soil. FEMS Microbiol. Ecol. 91, fiv096.

Fu, C., Chen, Z., Wang, G., Yu, X., Yu, G., 2021. A comprehensive framework for
evaluating the impact of land use change and management on soil organic carbon
stocks in global drylands. Curr. Opin. Environ. Sustain. 48, 103-109.

Gao, Y., Shao, G., Wu, S., Xiaojun, W., Lu, J., Cui, J., 2021. Changes in soil salinity under
treated wastewater irrigation: A meta-analysis. Agric Water Manag 255, 106986.

Ecological Indicators 150 (2023) 110227

Hartman, W.H., Ye, R., Horwath, W.R., Tringe, S.G., 2017. A genomic perspective on
stoichiometric regulation of soil carbon cycling. ISME J. 11, 2652.

Hashem, M.S., Qi, X., 2021. Treated wastewater irrigation—A review. Water 13, 1527.

Ibekwe, A., Gonzalez-Rubio, A., Suarez, D., 2018. Impact of treated wastewater for
irrigation on soil microbial communities. Sci. Total Environ. 622, 1603-1610.

Thrmark, K., Bodeker, L.T., Cruz-Martinez, K., Friberg, H., Kubartova, A., Schenck, J.,
et al., 2012. New primers to amplify the fungal ITS2 region—evaluation by 454-
sequencing of artificial and natural communities. FEMS Microbiol Ecol 82, 666-677.

Jahromi, F., Aroca, R., Porcel, R., Ruiz-Lozano, J.M., 2008. Influence of salinity on the in
vitro development of Glomus intraradices and on the in vivo physiological and
molecular responses of mycorrhizal lettuce plants. Microb. Ecol. 55, 45.

Jamil, A., Riaz, S., Ashraf, M., Foolad, M.R., 2011. Gene Expression Profiling of Plants
under Salt Stress. Crit. Rev. Plant Sci. 30, 435-458.

Ji, M., Kong, W., Stegen, J., Yue, L., Wang, F., Dong, X., et al., 2020. Distinct assembly
mechanisms underlie similar biogeographical patterns of rare and abundant bacteria
in Tibetan Plateau grassland soils. Environ. Microbiol. 22, 2261-2272.

Jin, Z., Dong, Y., Wang, Y., Wei, X., Wang, Y., Cui, B., et al., 2014. Natural vegetation
restoration is more beneficial to soil surface organic and inorganic carbon
sequestration than tree plantation on the Loess Plateau of China. Sci. Total Environ.
485, 615-623.

Jin, V.L., Evans, R.D., 2007. Elevated CO2 increases microbial carbon substrate use and
nitrogen cycling in Mojave Desert soils. Glob. Chang. Biol. 13, 452-465.

Joergensen, R.G., Wu, J., Brookes, P.C., 2011. Measuring soil microbial biomass using an
automated procedure. Soil Biol. Biochem. 43, 873-876.

Kamble, P.N., Gaikwad, V.B., Kuchekar, S.R., Bdath, E., 2014. Microbial growth,
biomass, community structure and nutrient limitation in high pH and salinity soils
from Pravaranagar (India). Eur. J. Soil Biol. 65, 87-95.

Kastner, M., Miltner, A., Thiele-Bruhn, S., Liang, C., 2021. Microbial Necromass in
Soils—Linking Microbes to Soil Processes and Carbon Turnover. Frontiers in
Environmental. Science 9.

Klindworth, A., Pruesse, E., Schweer, T., Peplies, J., Quast, C., Horn, M., et al., 2012.
Evaluation of general 16S ribosomal RNA gene PCR primers for classical and next-
generation sequencing-based diversity studies. Nucleic Acids Res. 41, 1-11.

Lal, R., 2009. Sequestering carbon in soils of arid ecosystems. Land Degrad. Dev. 20,
441-454.

Legendre P, Legendre L. Numerical ecology: second English edition. Developments in
environmental modelling 1998; 20.

Liang, C., Zhu, X., 2021. The soil Microbial Carbon Pump as a new concept for terrestrial
carbon sequestration. Sci. China Earth Sci. 64, 545-558.

Liu Z, Sun Y, Zhang Y, Feng W, Lai Z, Qin S. Soil Microbes Transform Inorganic Carbon
Into Organic Carbon by Dark Fixation Pathways in Desert Soil. Journal of
Geophysical Research: Biogeosciences 2021; 126(5): €2020JG006047.

Liu, T., Wang, L., Feng, X., Zhang, J., Ma, T., Wang, X., et al., 2018. Comparing soil
carbon loss through respiration and leaching under extreme precipitation events in
arid and semiarid grasslands. Biogeosciences 15, 1627-1641.

Lopez-Ballesteros, A., Serrano-Ortiz, P., Kowalski, A.S., Sanchez-Canete, E.P., Scott, R.L.,
Domingo, F., 2017. Subterranean ventilation of allochthonous CO2 governs net CO2
exchange in a semiarid Mediterranean grassland. Agric. For. Meteorol. 234-235,
115-126.

Mavi, M.S., Marschner, P., 2012. Drying and wetting in saline and saline-sodic
soils—effects on microbial activity, biomass and dissolved organic carbon. Plant and
Soil 355, 51-62.

Monger, H.C., Daugherty, L.A., Lindemann, W.C., Liddell, C.M., 1991. Microbial
precipitation of pedogenic calcite. Geology 19, 997-1000.

Neilson, J.W., Quade, J., Ortiz, M., Nelson, W.M., Legatzki, A., Tian, F., et al., 2012. Life
at the hyperarid margin: novel bacterial diversity in arid soils of the Atacama Desert
Chile. Extremophiles 16, 553-566.

Nelson, D.W., Sommers, L.E., 1996. Total Carbon, Organic Carbon, and Organic Matter.
In: Page, A., Helmke, P., Loeppert, R., Soltanpour, P.N., Tabatabai, M.A.,
Johnston, C.T., Sumner, M.E. (Eds.), Methods of Soil Analysis: Part 3 Chemical
Methods. D, Sparks, pp. 961-1010.

Obayomi, O., Edelstein, M., Safi, J., Mihiret, M., Ghazaryan, L., Vonshak, A., et al., 2020.
The combined effects of treated wastewater irrigation and plastic mulch cover on soil
and crop microbial communities. Biol. Fertil. Soils 56, 729-742.

Oster, J.D., Frenkel, H., 1980. The chemistry of the reclamation of sodic soils with
gypsum and lime. Soil Sci. Soc. Am. J. 44 (1), 41-45.

Pannell, D.J., Ewing, M.A., 2006. Managing secondary dryland salinity: options and
challenges. Agric Water Manag 80, 41-56.

Parihar, P., Singh, S., Singh, R., Singh, V.P., Prasad, S.M., 2015. Effect of salinity stress on
plants and its tolerance strategies: a review. Environ. Sci. Pollut. Res. 22,
4056-4075.

Paulson JN, Stine OC, Bravo HC, Pop M. Differential abundance analysis for microbial
marker-gene surveys. Nature methods 2013; 10: 1200-1202.Qin Y, Druzhinina I S,
Pan X, Yuan Z. Microbially Mediated Plant Salt Tolerance and Microbiome-based
Solutions for Saline Agriculture. Biotechnology Advances 2016; 34, 1245-1259.

Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, et al. The SILVA ribosomal
RNA gene database project: improved data processing and web-based tools. Nucleic
acids research 2012; 41: D590-D596.

Rath, K.M., Maheshwari, A., Bengtson, P., Rousk, J., 2016. Comparative Toxicities of
Salts on Microbial Processes in Soil. Appl. Environ. Microbiol. 82, 2012-2020.

Rath, K.M., Fierer, N., Murphy, D.V., Rousk, J., 2019. Linking bacterial community
composition to soil salinity along environmental gradients. ISME J. 13, 836-846.

Rath, K.M., Rousk, J., 2015. Salt effects on the soil microbial decomposer community and
their role in organic carbon cycling: A review. Soil Biol. Biochem. 81, 108-123.


https://doi.org/10.1016/j.ecolind.2023.110227
https://doi.org/10.1016/j.ecolind.2023.110227
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0005
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0005
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0005
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0010
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0010
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0010
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0015
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0015
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0015
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0020
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0020
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0025
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0025
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0030
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0030
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0035
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0035
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0040
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0040
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0040
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0045
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0045
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0050
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0050
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0050
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0055
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0055
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0055
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0060
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0060
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0060
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0065
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0065
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0065
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0070
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0070
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0070
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0075
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0075
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0075
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0080
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0080
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0085
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0085
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0085
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0090
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0090
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0090
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0095
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0095
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0095
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0095
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0105
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0105
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0110
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0110
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0120
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0120
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0125
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0125
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0125
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0130
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0130
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0130
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0135
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0135
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0140
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0140
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0145
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0150
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0150
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0155
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0155
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0155
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0160
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0160
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0160
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0165
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0165
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0170
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0170
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0170
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0175
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0175
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0175
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0175
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0180
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0180
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0185
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0185
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0190
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0190
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0190
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0195
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0195
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0195
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0200
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0200
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0200
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0205
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0205
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0215
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0215
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0225
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0225
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0225
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0230
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0230
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0230
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0230
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0235
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0235
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0235
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0240
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0240
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0245
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0245
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0245
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0436
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0436
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0436
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0436
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0250
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0250
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0250
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0255
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0255
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0260
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0260
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0265
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0265
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0265
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0280
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0280
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0285
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0285
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0290
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0290

A.C. Somenahally et al.

Raza, S., Miao, N., Wang, P., Ju, X., Chen, Z., Zhou, J., et al., 2020. Dramatic loss of
inorganic carbon by nitrogen-induced soil acidification in Chinese croplands. Glob.
Chang. Biol. 26, 3738-3751.

Raza, S., Zamanian, K., Ullah, S., Kuzyakov, Y., Virto, L., Zhou, J., 2021. Inorganic carbon
losses by soil acidification jeopardize global efforts on carbon sequestration and
climate change mitigation. J. Clean. Prod. 128036.

Rooney, W.L., Blumenthal, J., Bean, B., Mullet, J.E., 2007. Designing sorghum as a
dedicated bioenergy feedstock. Biofuels Bioprod. Biorefin. 1, 147-157.

Setia, R., Rengasamy, P., Marschner, P., 2013. Effect of exchangeable cation
concentration on sorption and desorption of dissolved organic carbon in saline soils.
Science of the Total Environment 465, 226-232.

Shahzad, R., Khan, A.L., Bilal, S., Waqas, M., Kang, S.-M., Lee, L.-J., 2017. Inoculation of
abscisic acid-producing endophytic bacteria enhances salinity stress tolerance in
Oryza sativa. Environ. Exp. Bot. 136, 68-77.

Shainberg, 1., Sumner, M., Miller, W., Farina, M., Pavan, M., 1989. Fey M. A review.
Advances in soil science, Use of gypsum on soils, pp. 1-111.

Shao, P., Lynch, L., Xie, H., Bao, X., Liang, C., 2021. Tradeoffs among microbial life
history strategies influence the fate of microbial residues in subtropical forest soils.
Soil Biol. Biochem. 153, 108112.

Shao, P., Li, T., Dong, K., Yang, H., Sun, J., 2022. Microbial residues as the nexus
transforming inorganic carbon to organic carbon in coastal saline soils. Soil Ecology
Letters 4, 328-336.

Shrivastava, P., Kumar, R., 2015. Soil salinity: a serious environmental issue and plant
growth promoting bacteria as one of the tools for its alleviation. Saudi journal of
biological sciences 22, 123-131.

Sokol, N.W., Bradford, M.A., 2019. Microbial formation of stable soil carbon is more
efficient from belowground than aboveground input. Nat. Geosci. 12, 46.

Somenahally, A., DuPont, J.I., Brady, J., McLawrence, J., Sarkar, R., Rouquette Jr, F.M.,
2020. Root-mycorrhizae interactions contributed to organic carbon density in the
sandy soil profiles of adapted grazing lands. Appl. Soil Ecol. 154, 103656.

Stovicek, A., Gillor, O., 2022. The Response of Soil Microbial Communities to Hydration
and Desiccation Cycles in Hot Desert Ecosystems. Microbiology of Hot Deserts.
Springer, pp. 319-339.

Stovicek, A., Kim, M., Or, D., Gillor, O., 2017. Microbial community response to
hydration-desiccation cycles in desert soil. Sci. Rep. 7, 45735.

Suarez D. L. 2013. Use of marginal-quality waters for sustainable crop production.
Developments in Soil Salinity Assessment and Reclamation: Innovative Thinking and
Use of Marginal Soil and Water Resources in Irrigated Agriculture, pp. 367-381.

Tari, 1., Laskay, G., Takacs, Z., Podr, P., 2013. Response of sorghum to abiotic stresses: A
review. J. Agron. Crop Sci. 199, 264-274.

10

Ecological Indicators 150 (2023) 110227

Toze, S., 2006. Reuse of effluent water—benefits and risks. Agric Water Manag 80,
147-159.

Vallejos, M.B., Marcos, M.S., Barrionuevo, C., Olivera, N.L., 2022. Salinity and N input
drive prokaryotic diversity in soils irrigated with treated effluents from fish-
processing industry. Appl. Soil Ecol. 175, 104443.

Viscarra Rossel, R.A., Behrens, T., Ben-Dor, E., Brown, D.J., Dematte, J.A.M.,
Shepherd, K.D., et al., 2016. A global spectral library to characterize the world’s soil.
Earth Sci. Rev. 155, 198-230.

Wang, W., Vinocur, B., Altman, A., 2003. Plant responses to drought, salinity and
extreme temperatures: towards genetic engineering for stress tolerance. Planta 218,
1-14.

Wang, M., Xu, Z., Huang, Z., Zhang, Y., 2022. Soil carbon accrual under harvest residue
retention modulated by the copiotroph-oligotroph spectrum in bacterial community.
J. Soil. Sediment. 22, 2459-2474.

White, T., Bruns, T., Lee, S., Taylor, J., 1990. Amplification and direct sequencing of
fungal ribosomal RNA genes for phylogenetics. In: Innis, M., Gelfland, D.,

Sninsky, J., White, T. (Eds.), PCR Protocols: A Guide to Methods and ApplicAtions.
Academic Press, San Diego, CA, pp. 315-322.

Wu, L., Zhang, S., Ma, R., Chen, M., Wei, W., Ding, X., 2021. Carbon sequestration under
different organic amendments in saline-alkaline soils. Catena 196, 104882.

Yang, Y., Fang, J., Ji, C., Ma, W., Su, S., Tang, Z., 2010. Soil inorganic carbon stock in the
Tibetan alpine grasslands. Global Biogeochem. Cycles 24.

Zhang, R., Vivanco, J.M., Shen, Q., 2017. The unseen rhizosphere root-soil-microbe
interactions for crop production. Curr. Opin. Microbiol. 37, 8-14.

Zhao, W., Zhang, R., Huang, C., Wang, B., Cao, H., Koopal, L.K., et al., 2016. Effect of
different vegetation cover on the vertical distribution of soil organic and inorganic
carbon in the Zhifanggou Watershed on the loess plateau. Catena 139, 191-198.

Zhao, W., Zhang, R., Cao, H., Tan, W., 2019. Factor contribution to soil organic and
inorganic carbon accumulation in the Loess Plateau: Structural equation modeling.
Geoderma 352, 116-125.

Zhao, X., Zhao, C., Stahr, K., Kuzyakov, Y., Wei, X., 2020. The effect of microorganisms
on soil carbonate recrystallization and abiotic CO, uptake of soil. Catena 192,
104592.

Zheng, Z., Liu, B., Fang, X., Fa, K., Liu, Z., 2022. Dryland farm soil may fix atmospheric
carbon through autotrophic microbial pathways. Catena 214, 106299.

Zhou, M., Butterbach-Bahl, K., Vereecken, H., Briiggemann, N., 2017. A meta-analysis of
soil salinization effects on nitrogen pools, cycles and fluxes in coastal ecosystems.
Glob. Chang. Biol. 23, 1338-1352.

Zhuo, Y., Zhang, Y., Xie, G., Xiong, S., 2015. Effects of salt stress on biomass and ash
composition of switchgrass (Panicum virgatum). Acta Agriculturae Scandinavica,
Section B—Soil & Plant. Science 65, 300-309.


http://refhub.elsevier.com/S1470-160X(23)00369-2/h0295
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0295
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0295
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0300
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0300
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0300
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0305
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0305
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0437
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0437
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0437
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0310
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0310
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0310
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0315
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0315
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0320
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0320
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0320
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0325
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0325
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0325
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0330
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0330
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0330
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0335
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0335
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0340
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0340
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0340
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0345
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0345
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0345
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0350
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0350
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0360
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0360
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0365
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0365
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0370
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0370
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0370
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0375
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0375
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0375
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0380
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0380
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0380
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0385
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0385
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0385
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0390
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0390
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0390
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0390
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0395
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0395
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0400
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0400
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0405
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0405
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0410
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0410
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0410
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0415
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0415
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0415
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0420
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0420
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0420
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0425
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0425
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0430
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0430
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0430
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0435
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0435
http://refhub.elsevier.com/S1470-160X(23)00369-2/h0435

	Response of soil microbial Communities, inorganic and organic soil carbon pools in arid saline soils to alternative land us ...
	1 Introduction
	2 Material and methods
	2.1 Study sites and experimental design
	2.2 Soil sampling and preparation
	2.3 Soil carbon analysis
	2.4 Microbial community assessment
	2.5 Statistical analysis

	3 Results
	3.1 Impact of experimental treatments on soil carbon pools and microbial biomass
	3.2 Microbial community structure under different treatments

	4 Discussion
	5 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgement
	Appendix A Supplementary data
	References


