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Abstract: The phospholipid fatty acid method was used to determine the shifts in microbial biomass
due to irrigation with reverse-osmosis (RO) concentrate (or highly saline reject water) and brackish
groundwater (BGW). In this greenhouse study, RO concentrate and BGW were applied to irrigate
pecan trees for 8 months for two consecutive seasons. The objectives of the study were to (i) eval-
uate how irrigation with RO concentrate and BGW impacts soil microbial composition in pecan
rhizospheres using microbial phospholipid fatty acid (PLFA) biomarkers as indicators, and (ii) eval-
uate its implications on soil health. Three treatments of RO concentrate (EC = 8.0 dS/m), BGW
(EC = 4.0 dS/m), and the city of Las Cruces’s water (EC = 0.8 dS/m) as a control were used to irrigate
pecan trees. EC, pH, and organic matter (OM%) content of the soil samples were measured, and PLFA
biomarkers for the microbial community were determined. Na-, Cl-, and K-ion concentrations were
26.16, 32.54, and 5.93 meq/L in 2017 and 25.44, 24.26, and 5.49 meq/L in 2018, respectively, in RO
irrigation pots. For two seasons, gram-positive bacteria were dominant, while gram-negative bacteria
were not detected in the second season. PLFA biomarkers of fungi were found among all three
treatments in the first season; however, they appeared only with BGW in the second season. Actino-
mycetes were recorded in the first season while they were not seen in the second season. Increases in
soil salinity and microbial shifts could have important implications for soil health. Irrigating with RO
and BGW shifted the soil microbial composition; therefore, long-term irrigation with BGW and RO
concentrate would be deleterious for pecan production and soil health.

Keywords: PLFA biomarkers; RO concentrate; brackish groundwater; pecan; microbial community;
soil health

1. Introduction

Natural soil microbes are essential for longevity and soil health, which entails a
balance between the chemical, physical, and biological characteristics of the soil [1]. Soil
microbial communities perform important roles in cycling nutrients from soil organic
matter and maintaining plant productivity [2]. Microbes contribute to maintaining the
physical and biochemical characteristics necessary for soil fertility by converting organic
matter, depending on the amount of it in the soil, into simple, absorbable nutrients. [3].
Nutrient availability to plants is regulated by the rhizosphere microbial activity [4]. Thus,
any factor influencing the microbial community and its activities will have an impact on the
soil’s quality, the availability of nutrients, as well as the growth of plants. Salinity is even
more influential in changing microbial composition than pH or temperature [4]. This is
because higher salt concentrations outside of microbial cells have an adverse physiological
impact, which causes the microbial cells to become dehydrated [5] due to lower soil osmotic
potential and decreased water availability [6].

In saline soil, it has been observed that the ratio of bacteria to fungi rises with de-
creasing fungal biomass [7]. Saline soil negatively affects microbial enzymatic activities [8],
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respiration, and soil microbial biomass [9] and decreases soil organic matter [10]. Further-
more, microbial diversity has been reported to linearly decrease with increasing salinity in
Gurbantunggut desert soil [11]. According to Zhang et al. [10], the efficiency and abundance
of bacteria, arbuscular mycorrhizal fungi, and other microorganisms were all significantly
impacted by increasing soil salinity.

Different groups of microbes contain different fatty acids in their structural living
fat cells [12]; therefore, the PLFA method was used to monitor the formation of microbial
communities in different environments, such as agricultural soils. PLFAs are present in
the living cell membranes of the microbes [13]; therefore, a shift in the microbial compo-
sition is an indicator of the negative changes in the surrounding conditions [14]. PLFA
analysis has been used to assess and identify microbial biomass and structure [15]. PLFA
biomarker analysis revealed a broad and diversified spectrum of soil microbial composition
in seawater-irrigated soil [6]. PLFA analysis in a study on the effects of salinity above
the threshold of 31.7 dS/m on a mangrove forest found no shift in microbial community
structure; however, increased microbial biomass–prokaryotes were observed due to flood-
ing [6]. Irrigation with saline water showed that the bacterial/fungal PLFA ratio increased
with the addition of soil nitrogen and phosphorus contents [16]. Another study reported
that PLFA evaluation was not affected by salinity [13]. Chowdhury et al. [12] applied
various levels of salinity (EC 0.7, 9.3, and 17.6 dS/m) in the presence of organic matter
and found that high salinity levels decreased fungal PLFAs. On the contrary, increases
in the fungal PLFA biomarker (18:2w6,9) were the trend with higher soil salinity levels
(22.9 dS/m) [17]. Increases in PLFAs of gram-negative and gram-positive bacteria were
observed in a brackish-water-irrigated mangrove peat soil in Florida [6], likely impacting
the soil health.

Soil health is inferred from a combination of physicochemical and biological properties
of the soil that assist plant productivity and growth. These factors are quantified to assess
soil health correctly [18]. Kumar et al. [19] mentioned that the amounts of soil organic
matter and nutrients are the most important indicators when considering plant yield and
soil health. Salinity stress has been identified as one of the main reasons for declining
soil health and plant growth due to ion toxicity, osmotic stress, nutrient deficiency, and
microbial diversity imbalance [20,21]. Salinity is reported to reduce the root uptake of
nitrogen, phosphorus, and potassium as essential plant nutrients and water due to osmotic
pressure [21–23]. The interaction between plants and soil microbes, which affects the
availability of nutrients, is essential to maintaining soil health, microbe diversity, and crop
productivity under duress [19,24]. Soil microbes’ diversity plays a vital role in improving
plant growth and soil health, ameliorating biotic and abiotic stresses and enhancing crop
productivity [25,26]. According to Kumar et al. [19] and Kumar et al. [21], soil health and
crop growth can be improved by certain salinity-resistant microbes such as Achromobacter,
Arthrobacter, Bacillus, Chryseobacterium Enterobacter, Ochrobactrum, and Pseudomonas. By
fixing atmospheric nitrogen, solubilizing phosphate, and releasing nutrients, cyanobacteria
also increase soil fertility and crop yield [27].

All the studies reported above utilized soils that were already saline, or NaCl was
added to the soil to create a gradient of salinity. To the best of our knowledge, no study used
irrigation with reverse osmosis (RO) concentrate (or highly saline reject water, a byproduct
of brackish groundwater desalination) and brackish groundwater (BGW) to investigate the
effects on soil health and microbial composition using the phospholipid fatty acid (PLFA)
analysis method.

Due to a lack of information on the effects of calcium-dominant saline water on soil
microbial composition, this study focused on utilizing calcium-dominant brackish ground-
water and RO concentrate. In addition, this study was conducted for two consecutive
growth seasons. The present study hypothesizes that irrigation with brackish groundwater
and RO concentrate would decrease the microbial composition in the soil and negatively
affect soil health. The objective of this study is to evaluate the irrigation-water salinity
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impacts on soil microbial composition and soil health in pecan rhizospheres using microbial
phospholipids fatty acids as indicators.

2. Materials and Methods
2.1. Site Description and Plant Material

This research was carried out in a greenhouse over the course of two seasons, from
May of 2017 to December of 2018, at the Fabian Garcia Science Center of New Mexico
State University in Las Cruces, New Mexico (32◦16′704′′ N, 106◦46′376′′ W). The roof of the
greenhouse is made entirely of plastic, and the building also includes an evaporative air
conditioner, an electric heater, and a temperature-regulating system. Four-year-old pecan
trees (Carya illinoinensis L., variety Wichita; Archer Farms, Inc., Las Cruces, NM, USA) were
grown in cylindrical pots measuring 0.035 m3, 36 cm in height, and 36 cm in diameter in
May 2017 [28]. The cultivation media was classified as sandy loam soil by the United States
Department of Agriculture classification system (USDA) [29].

2.2. Experimental Design and Treatments

Twelve pots were randomly distributed in a completely randomized design. Random-
ization was accomplished by generating random numbers in MS Excel (2013). The pecan
trees were irrigated with three different levels of saline water treatments in four replicates.
The three treatments were Fabian Garcia (city) water (control, EC = 0.8 dS/m), reverse
osmosis extracts (RO), and brackish groundwater (BGW; EC = 4.0 dS/m) [28]. The soil
absorption ratio SAR for all irrigation water was <5.1; some cation and anion concentrations
are shown in Table 1. BGW and RO concentrate were provided by the Brackish Groundwa-
ter National Desalination Research Facility in Alamogordo (32◦53′04′′ N, 105◦58′37′′ W).
A 7 L plastic bucket was used to irrigate the pecan trees every 14 days for 15 irrigations
throughout the growing season.

Table 1. Magnesium (Mg), calcium (Ca), sodium (Na), chloride (Cl), phosphorus (P), potassium (K),
and sulfur (S) ion concentrations (meq/L), SAR, and pH for the irrigation waters.

Treatment
EC (dS/m)

Mg
(meq/L)

Ca
(meq/L)

Na
(meq/L)

Cl
(meq/L)

P
(meq/L)

K
(meq/L)

S
(meq/L) SAR pH

Control 0.8 0.61 1.90 1.35 2.91 0.197 0.19 4.00 1.20 8.1
BGW 4.0 7.70 9.73 7.36 9.65 0.001 0.22 50.23 2.49 7.9
RO 8.0 18.39 15.71 21.00 12.07 0.020 0.24 132.00 5.08 8.2

Note. EC = electrical conductivity. Control = 0.8 dS/m, brackish groundwater BGW = 4.0 dS/m, and RO
concentrate = 8.0 dS/m. SAR = sodium absorption ratio. meq/L = milliequivalent per liter. dS/m = deci-siemens
per meter.

The same volumes of soil and deionized water were combined and then passed
through a piece of clothing to determine the electrical conductivity (dS/m) and pH of
the soil using portable probes [30]. The paste extract was then collected in a glass tube,
and measurements were made by dipping the probes in the solution. Soil samples were
air-dried, ground, and bagged in plastic bags for analysis of soil ion concentrations and
organic matter (OM) by AgSource laboratory (Lincoln, NE, USA) using the loss-on-ignition
technique [31]. Soil health impacts were assessed using soil chemical and microbial data.

2.3. Soil Samples Preparation

Soil samples were collected from the Fabian Garcia Research Center of New Mexico
State University in early January at the end of every season. A soil probe was used to
collect soil samples from 0–25 cm depth. Samples were then bagged in plastic bags and
frozen at −20 ◦C until they were analyzed after one week.
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2.4. Samples Drying and Lipid Extraction

The method applied was published by Buyer and Sasser [32]. Two grams of wet sieved
sandy loam soil was placed in every 13 mm × 100 mm screw-cap tube of known weight.
After freezing in liquid nitrogen, samples were dried in a vacuum (Labconco, freeze-dry
system. Labconco Corporation, Kansas City, MO, USA) overnight, and dry weight was
obtained. Four mL of Bligh–Dyer extractant consisting of 200 mL of 50 mM K2HPO4 in
H2O, 500 mL methanol, and 250 mL chloroform was mixed with the internal standard
(19:0 phosphatidylcholine, Avanti Polar Lipids, Alabaster, AL, USA) and added to every
tube. The tubes were sonicated in an ultrasonic cleaning bath (Bransonic 2210, Branson
Ultrasonics Corporation, Danbury, CT, USA) for 10 min then shacked using (Apollo HP50
shaker oven. Amerex Instruments, Inc. Concord, CA, USA) for 2 h. After centrifuging
for 10 min using (Beckman model J-6B. Phoenix Equipment Inc, Phoenix, USA), the liquid
phase was transferred to another clean 13 mm × 100 mm tube. One mL chloroform and
one mL distilled water were added to every tube. The tubes were vortexed for 5 s. The
samples were centrifuged for 10 min, and the upper phase was removed and discarded.
The lower phase containing the extracted lipids was evaporated using the nitrogen gas
flow (The Meyer N-EVAP, Analytical evaporator, Organomation Association, Berlin, MA,
USA), and the samples were stored overnight at −20 ◦C.

2.5. Lipids Separation

Solid-phase extraction (SPE) was used for lipid separation as described by Christie [33]
with the following modifications using a silica gel-packed glass Pasteur pipette. The glass
Pasteur pipettes were packed with a small amount of untreated glass wool (Ohio Valley
specialty chemical, OH, USA) then 50 mg of silica gel (SIELC Technologies, Inc., Prospect
Heights, IL, USA) was added to every Pasteur pipette. Each Pasteur pipette was equipped
with 3 mL methanol followed by 3 mL chloroform. The stored dry sample was dissolved
in 1 mL chloroform and passed through silica. After that, 1 mL of chloroform followed
by 1 mL of acetone was added to wash the Pasteur pipette. After eluting with 0.5 mL of
5:5:1 methanol: chloroform: H2O, the phospholipids were collected in 1.5 mL screwcap
glass vials (Multi-Tier microplate, E&K Scientific, Santa Clara, CA, USA). The resulting
solution was evaporated in a speed vacuum for 30 min at 60 ◦C until dried.

2.6. Fatty Acids Transesterification

As mentioned by Buyer and Sasser [32], a 0.2 mL transesterification reagent (0.561 g
KOH dissolved in 75 mL methanol and 25 mL toluene) was added to each lipid residue.
The tubes were closed with PTFE/silicon caps (E&K Scientific, Santa Clara, CA, USA)
and incubated at 37 ◦C for 15 min. After that, acetic acid (0.075 moles) followed by
0.4 mL chloroform was added to each vial, shaken for 10 s, and kept stable in a rack for a
while, allowing the phases to separate. Using a pipette, 0.3 mL of the liquid bottom was
removed to a new 1 mL vial. This process was repeated, but 0.4 mL was removed and
combined with previous extractions. The chloroform was evaporated in a sped vacuum
at room temperature. The samples were dissolved in 75 µL hexane and transferred to gas
chromatography vials containing conical glass and stored at −20 ◦C.

2.7. PLFA Analysis

Gas chromatography (Agilent Technologies, Wilmington, DE, USA) was performed
on a Varian 3900 equipped with an FID detector as previously described by Buyer and
Sasser [32]. An Agilent Ultra 2 column—25 m in length, 0.2 mm internal diameter, and
0.33 µm film thickness—was used to separate the fatty acid methyl esters, or FAMEs. A
split ratio of 30:1 was used with hydrogen gas at a 1.2 mL/min flow rate. The injector
temperature was 250 ◦C and the detector temperature was 300 ◦C. Fatty acid methyl esters
(FAMEs) were identified using relative retention time to ISTD [33]. The data was recorded
for each season. The recovery was around 83.04%. The limit of detection LOD ranged
from 2 to 6 ug/mL, and the limit of quantification LOQ ranged from 6 to 17 ug/mL. The
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fatty acids i14:0, i15:0, a15:0, i16:0, i17:0, a17:0, i18:0, and 10Me16:0 were used as indicators
of gram-positive bacteria PLFAs while 15:03OH, 15:1w6c, 16:12OH, 16:1w57 9c, 17:1w8c,
18:1w7 9c, and cy17:0 PLFAs were indicators of gram-negative bacteria PLFAs [34]. The
fatty acids 18:2w6 9c, 20:1w9c, 18:1w9c, and 16:1w5c were used as indicators of fungal
PLFAs; 10Me16:0, 10Me17:0, and 10Me18:0 were used as indicators of actinomycete PLFAs;
and 16:1w5c was the indicator of AM fungi [34].

2.8. Data and Statistical Analysis

PLFA biomass (nmol/g) was calculated for bacteria, fungi, actinomycetes, and other
eukaryotes. Differences due to treatments were determined using a one-way analysis of
variance (ANOVA). Soil pH, EC, and OM data were analyzed using a one-way analysis of
variance (ANOVA). The statistical analysis was performed using SAS software, v 9.4 (SAS
Institute Inc. Cary, NC, USA). Means were separated by the least significant difference
(LSD) and were considered significant at α = 0.05.

3. Results and Discussion

Soil electrical conductivity and pH are shown in Table 2. For the 2017season, it
can be observed that the highest EC was for the soil irrigated with RO concentrate
(6.60 ± 0.03 dS/m), followed by the BGW-irrigated soil (4.80 ± 0.02 dS/m). The soil
pH ranged from 8.60 ± 0.10 for control treatment to 7.53 ± 0.14 for RO-concentrate-
irrigated soil.

Table 2. Mean and standard error of soil electrical conductivity EC (dS/m), pH, and organic matter
OM (%) for three treatments and two seasons of 2017 and 2018.

Season Treatment
(dS/m)

EC
(dS/m) pH OM

(%)

2017
Control EC 0.8 1.61 ± 0.01 c 8.60 ± 0.10 a 1.30 ± 0.05 a

BGW EC 4.0 4.80 ± 0.02 b 8.36 ± 0.17 a 0.93 ± 0.18 a
RO EC 8.0 6.60 ± 0.03 a 8.00 ± 0.25 a 0.86 ± 0.31 a

2018
Control EC 0.8 1.59 ± 0.02 c 7.93 ± 0.13 a 1.66 ± 0.41 a

BGW EC 4.0 4.81 ± 0.01 b 7.73 ± 0.06 a 2.13 ± 0.90 a
RO EC 8.0 7.30 ± 0.03 a 7.53 ± 0.14 a 0.76 ± 0.14 a

Note. EC = electrical conductivity. Control EC = 0.8 dS/m, BGW EC = 4.0 dS/m, and RO EC = 8.0 dS/m.
Lowercase letters correspond to a statistically significant difference in measurements between treatments at
∝ = 0.05. dS/m = deci-siemens per meter.

The 2018 season showed the highest EC for soil irrigated with RO concentrate
(7.30 ± 0.03 dS/m) followed by BGW (4.81 ± 0.01 dS/m) (Table 2). A similar trend was
observed in soil pH with the control treatment displaying the highest pH (7.93 ± 0.13)
followed by BGW (7.73 ± 0.06), and RO-concentrate-irrigated soil had the lowest pH
(7.53 ± 0.14) (Table 2). Although most of the references indicated no direct relation between
pH and EC [35], our results showed a slight, non-significant reduction in pH with increas-
ing salinity. In contrast to our results, in reference [10], increases in soil pH were reported
because of applying seawater versus non-saline water. This could be due to the difference
between our irrigation water, which was Ca-ion dominant, and the seawater.

Decreases in soil pH between the two seasons were more pronounced. In contrast, EC
showed increases in the second season in 2018 (Table 2). This suggested that the microbial
composition and activities could be affected by the changes in pH and EC. Reduction in
microbial composition was observed as a result of the increasing soil EC irrigated with
seawater compared with non-saline soil [6].

Soil irrigated with RO concentrate had the lowest OM content (0.86 ± 0.31%) followed
by BGW (0.93 ± 0.18%), while the highest OM content was for soil irrigated with the
control treatment (1.3 ± 0.05%) in the first season, 2017. In the second season, the highest
percentage of OM content was for the soil irrigated with BGW (2.13 ± 0.90%) followed
by the control (1.66 ± 0.41%), whereas the lowest percentage OM content was for the soil
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irrigated with RO concentrate (0.76 ± 0.14%). For the two seasons of the experiment, the
soil irrigated with RO concentrate had the lowest percentage of OM. In addition, this clearly
showed that increases in soil salinity decreased soil organic matter content, which was also
reflected in the microbial biomass and diversity.

These results agree with a previous study where organic matter and microbial biomass
were reported to decrease with increasing salinity [10]. According to the USDA, our
three treatments were considered as between slightly and moderately saline. Salinity can
decrease soil organic matter by enhancing the activity of carbon-degrading extracellular
enzymes and affecting soil bacterial communities [10].

In the first season with an EC of 2.60 dS/m and pH of 8.0, the PLFA biomass of gram-
positive bacteria of RO-concentrate irrigation presented as 15:0iso, 15:0anteiso, 16:0iso,
16:0 10-methyl, and 17:0anteiso was the highest; followed by BGW irrigation, which pre-
sented as 15:0iso, 15:0anteiso, 16:0 10-methyl, and 17:0anteiso; compared with the control
treatment, which presented as 15:0iso, 15:0anteiso, 16:0iso, and 16:0 10-methyl, showing
the bacterial ability to tolerate the osmotic stress caused by salinity (Table 3) (Figure 1).
This was the opposite with PLFAs of gram-negative bacteria, which presented as 16:1w5c,
17:1w8c, and 18:1w7c compared with the control treatment, which presented as 16:1w5c and
18:1w7c, representing the effects of RO concentrate on the microbial composition (Table 3)
(Figure 1). This trend partially agreed with another study where both gram-positive and
gram-negative bacteria increased with increasing salinity and suggested that gram-negative
bacteria has more tolerance for salinity [6]; in contrast in the present study, gram-positive
bacteria were more tolerant than gram-negative bacteria and remained for the two sea-
sons. This could be due to the different structures of the cell membrane that provide
gram-positive bacteria with an advantage over gram-negative bacteria in salinity tolerance.

Table 3. Phospholipid fatty acid (PLFA) biomarkers of gram-negative bacteria, gram-positive bacteria,
AM fungi, fungi, and actinomycetes for three treatments and two seasons of 2017 and 2018.

Season
Treatment

dS/m
PLFA Biomarkers

Bacteria Gram− Bacteria Gram+ AM Fungi Fungi Actinomycete

2017

Control EC 0.8 16:1w5c 18:1w7c
15:0iso 15:0anteiso

16:0iso
16:0 10-methyl

16:1w5c 16:1w5c
18:2w6c 16:0 10-methyl

BGW EC 4.0 16:1w5c
18:1w7c

15:0iso 15:0anteiso
16:0 10-methyl

17:0anteiso
16:1w5c 16:1w5c 16:0 10-methyl

RO EC 8.0 16:1w5c 17:1w8c
18:1w7c

15:0iso 15:0anteiso
16:0iso

16:0 10-methyl
17:0anteiso

16:1w5c 16:1w5c 16:0 10-methyl
18:0 10-methyl

2018

Control EC 0.8 18:0iso

BGW EC 4.0 18:0iso 18:2w6c
20:1w9c

RO EC 8.0 18:0iso

Note. EC = electrical conductivity. Control EC = 0.8 dS/m, BGW EC = 4.0 dS/m, and RO EC = 8.0 dS/m.
dS/m = deci-siemens per meter.

In the second season, however, with an EC of 2.84 dS/m and pH of 7.53, decreases in
gram-positive PLFA biomass presented as 18:0iso with RO-concentrate irrigation, whereas
BGW irrigation’s higher PLFA biomass presented as 18:0iso, and the control irrigation
presented with the same PLFA biomarker (Table 3) (Figure 2). In this second season, gram-
negative bacteria completely disappeared from all three treatments (Table 3) (Figure 2).
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Figure 1. Phospholipid fatty acid (PLFA) biomass of gram-positive bacteria, gram-negative bac-
teria, AM fungi, fungi, and actinomycetes (nmol/g); measurements of three treatments with four
replications for the first season, 2017. Lowercase letters correspond to a statistically significant differ-
ence in measurements between treatments at ∝ = 0.05. Control = 0.8 dS/m, brackish groundwater
BGW= 4.0 dS/m, and RO concentrate = 8.0 dS/m. nmol/g = nanomoles per gram.
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Figure 2. Phospholipid fatty acid (PLFA) biomass of gram-positive bacteria, gram-negative bac-
teria, AM fungi, fungi, and actinomycetes (nmol/g); measurements of three treatments with four
replications for the second season, 2018. Lowercase letters correspond to a statistically significant dif-
ference in measurements between treatments at ∝ = 0.05. Control = 0.8 dS/m, brackish groundwater
BGW = 4.0 dS/m, and RO concentrate = 8.0 dS/m. nmol/g = nanomoles per gram.

The PLFA biomass of AM fungi presented as 16:1w5c, slightly decreased with RO-
concentrate and BGW irrigation compared to the control treatment in the first season
(Table 3) (Figure 1). In the second season, AM fungi did not appear with all three treatments
(Table 3) (Figure 2). These results agree with the findings of [10], where the AM fungi
biomass decreased in coastal saline soils. As reported by Zhang et al. [10], the decrease
in AM fungi negatively affected the host plant’s nutrition and physiology. In addition,
this could be one of the reasons—in combination with increases in salinity—of the field
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observations on pecan tree leaves that showed signs of damage such as edge-burning, small
yellowish leaves compared with the control trees because of increasing salinity (Figure 3).
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The PLFA biomass of fungi with the control irrigation, presented as 16:1w5c and
18:2w6c, was higher than the PLFA biomass of fungi with RO-concentrate irrigation, which
presented as 16:1w5c in the first season (Table 3) (Figure 1). A similar decrease was reported
in a fungi PLFA biomass with higher salinity levels [12]. The results of the second season
presented the PLFAs of fungi as 18:2w6c and 20:1w9c only with BGW irrigation (Table 3)
(Figure 2).

Mohamed and Martiny [36] reported that with a soil salinity gradient, the fungal
composition has changed on marshland. Zhang et al. [10] reported decreases in the fungal
Hydropisphaera species, which is responsible for lignin degradation in coastal soils, affect-
ing the nutrient availabilities in the soil. This is what happened in this study, where fungi
and organic matter decreased by increasing the salinity gradient. Another study disagreed
with our findings where the fungal biomass was higher with increasing NaCl levels in the
soil [17].



Soil Syst. 2023, 7, 37 9 of 15

Irrigation with RO concentrate showed the highest PLFA biomass of actinomycetes,
presenting as 16:0 10-methyl and 18:0 10-methyl, followed by BGW irrigation, compared
with the PLFA biomass with the control irrigation, which presented as 16:0 10-methyl in
the first season (Table 3) (Figure 1). The PLFA biomarker 18:0 10-methyl has been reported
to increase with saline soil [15], and this is similar to the present study. The second season
showed a disappearance in actinomycetes among all three treatments (Table 3) (Figure 2).
This confirms the observation of [6], who reported that actinomycetes represent a small
fraction of the soil microbial composition.

The not-assigned microbial PLFA biomass showed the greatest number of other eu-
karyotes with RO-concentrate irrigation compared with the PLFA biomass with the BGW
and control irrigation treatments in the first season (Figure 4). Decreases in not-assigned
PLFA microbial biomass with RO irrigation were more pronounced in the second season
compared to the BGW-irrigated soil, while BGW irrigation showed the highest amount of
not-assigned PLFA biomass compared with the control treatment (Figure 5). Among the
three treatments, the total PLFA microbial biomass was the greatest with RO-concentrate
irrigation, followed by the total PLFA biomass with BGW irrigation, while the control
treatment showed the lowest total PLFA microbial biomass in the first season (Figure 4).
This trend disagreed with another study that reported that total biomass was not affected
by increasing salinity [13], while [37] improved the effects of salinity in the total micro-
bial biomass. BGW irrigation showed the highest total PLFA microbial biomass, while
RO-concentrate irrigation biomass decreased in the second season (Figure 5). This could
be related to the decrease in OM content to 0.76 ± 0.14% with RO-concentrate irrigation,
which was less than the OM content 2.13 ± 0.90% for BGW irrigation (Table 2).
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Figure 4. Phospholipid fatty acid (PLFA) biomass of not-assigned and total PLFA (nmol/g) mea-
surements of three treatments with four replications for the first season, 2017. Lowercase letters
correspond to a statistically significant difference in measurements between treatments at ∝ = 0.05.
Control = 0.8 dS/m, brackish groundwater BGW = 4.0 dS/m, and RO concentrate = 8.0 dS/m.
nmol/g = nanomoles per gram.

Soil quality, productivity, and organic matter are strongly related to microbial com-
munity composition. Every component of the microbial community has a role in the soil
ecosystem. According to Hoorman [38], gram-positive bacteria, gram-negative bacteria, and
actinomycetes concentrate their biomass in the rhizosphere zone. In the rhizosphere, the
interaction between plants and bacteria (nitrogen fixation) assists soil and plant health by
making a mutualist relationship with plant roots. In general, as stated by Zhang et al. [37],
bacteria have more advantages over fungi because of their higher activity. In this study,
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with RO-concentrate irrigation, the soil microbial community shifted to a bacterial com-
munity, as the gram-positive bacteria were the dominant species in the second season,
with increases in soil salinity levels. This, consequently, would affect the role of bacteria in
decomposing the simple sugars and carbon compounds. Moreover, bacteria can improve
soil structure by producing polysaccharides, which are important for cementing clay, silt,
and sand [38].
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Figure 5. Phospholipid fatty acid (PLFA) biomass of not-assigned and total PLFA (nmol/g) mea-
surements of three treatments with four replications for the second season, 2018. Lowercase letters
correspond to a statistically significant difference in measurements between treatments at ∝ = 0.05.
Control = 0.8 dS/m, brackish groundwater BGW= 4.0 dS/m, and RO concentrate = 8.0 dS/m.
nmol/g = nanomoles per gram.

In the present study, as the results showed, the decrease in fungi biomass with RO-
concentrate irrigation caused a decrease in lignin decomposition because fungi are respon-
sible for the lignin degradation; however, the BGW showed increases in fungal biomass in
the second season, meaning that the degradation of lignin was higher with BGW irrigation
than with the RO and control treatments. The decreases in AM fungi in the first season
followed by the absence of the AM fungi in the second season could negatively affect plant
nutrition by decreasing the potassium and phosphorus uptake and negatively affecting
plant survival and growth. This is confirmed by [10,39] where some AM fungal species
such as Rhizophagus intraradices, Claroideoglomus etuncatum, and Septoglomus constrictum can
assist plant growth under saline conditions.

On the other hand, actinomycetes have the same role as fungi because of their ability
to decompose hard organic matter such as lignin [38]. As shown in Figure 1 and Table 3, the
high actinomycete PLFA biomass observed suggests that the breakdown of lignin with RO-
concentrate and BGW irrigation was higher than with the control irrigation. However, this
advantage disappeared in the second season with the disappearance of the actinomycetes
with all three treatments (Figure 2).

Our results were in line with a previous study where reductions in microbial biomass,
total PLFA, bacterial biomass, and fungal biomass were recorded because of applying
4.61 and 8.04 dS/m saline water [40]. Shifting toward bacterial abundance is a result of
applying different concentrations of seawater [6]. Another study concluded the same when
it was observed that high salinity (24 dS/m) inhibited the growth of microbial biomass [41].
Xie et al. [42] stated that these conflicting observations might be attributed to soil texture,
nutrient availability, microbial acclimation to salt stress, and quantity of soluble salts. Lynch
and Whipps [43] stated that microbial growth in the soil is mostly carbon-limited; therefore,
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the organic matter has a great influence on microbial composition. Moreover, the specific
microbiota of many plants suggests that microbial diversity increases with increasing plant
diversity and therefore the heterogeneity for the microorganisms, as well. This might
explain the disappearances of several microbial species in the second season even with the
control treatment since there was no plant diversity and the organic matter was limited
and affected by the salinity in the pots.

Tables 4 and 5 show the concentrations of Na, Mg, Ca, S, Zn, and Cl ions and SAR
in the soil in the 2017 and 2018 seasons. The data recorded from both seasons showed
increases in sodium, magnesium, calcium, sulfur, zinc, and chloride ions with increasing
water salinity; however, potassium significantly decreased by 5.93 ± 0.56 meq/L with the
increasing irrigation-water salinity level in the first season (Table 5). Significant increases
were observed in Na-ion concentrations in the pots irrigated with RO concentrate by
26.16 ± 3.43–25.44 ± 4.26 meq/L for the 2017 and 2018 seasons, respectively (Table 4).
Similarly, the Mg-ion concentration increased in the pots irrigated with RO concentrate to
32.23 ± 13.15–32.11 ± 4.83 meq/L for the 2017 and 2018 seasons, respectively (Table 4). In
agreement with our results, a previous study reported increases in Na- and Mg-ion con-
centrations in a soil irrigated with increasing irrigation-water salinity up to 8.0 dS/m [44].
Another study reported decreases in Ca, P, and Zn upon irrigation with 4 dS/m KCl,
NaCl, and CaCl2 saline water [45]. The greatest ion concentration was calcium with
RO-concentrate irrigation at 164.15 ± 38.31–32.11 ± 4.83 meq/L for the two seasons, re-
spectively (Table 4). Since the EC of the soil was >4.0 dS/m and the SAR ratio was <13 in
BGW- and RO-concentrate-irrigated soil, the soil was considered saline but not sodic for
the two seasons (Table 4).

Table 4. Mean and standard error of soil Na-, Mg-, and Ca-ion concentrations (meq/L), and SAR for
three treatments and two seasons of 2017 and 2018.

Season Treatment
(dS/m)

Na
(meq/L)

Mg
(meq/L)

Ca
(meq/L) SAR

Mean ± SE

Control EC 0.8 11.58 ± 1.45 b 16.11 ± 2.85 b 125.42 ± 26.97 b 1.36 ± 0.13 b
2017 BGW EC 4.0 12.50 ± 1.91 b 22.47 ± 6.62 b 131.60 ± 31.77 b 1.38 ± 0.17 b

RO EC 8.0 26.16 ± 3.43 a 32.23 ± 13.15 a 164.15 ± 38.31 a 2.59 ± 0.29 a
Control EC 0.8 11.78 ± 1.05 b 15.12 ± 0.53 b 126.57 ± 6.66 b 0.98 ± 0.07 b

2018 BGW EC 4.0 15.33 ± 2.19 b 22.14 ± 2.13 b 141.43 ± 10.50 ab 1.18 ± 0.16 b
RO EC 8.0 25.44 ± 4.26 a 32.11 ± 4.83 a 181.30 ± 25.15 a 1.69 ± 0.20 a

Note: EC = electrical conductivity. Lowercase letters correspond to a statistically significant difference in mea-
surements between treatments at ∝ = 0.05. Control EC = 0.8 dS/m, BGW EC = 4.0 dS/m, and RO EC = 8.0 dS/m.
SAR = sodium adsorption ratio. meq/L = milliequivalent per liter. dS/m = deci-siemens per meter.

Table 5. Mean and standard error of soil S-, K-, Zn-, and Cl-ion concentrations (meq/L) for three
treatments and two seasons of 2017 and 2018.

Season Treatment
(ds/m)

S
(meq/L)

K
(meq/L)

Zn
(meq/L)

Cl
(meq/L)

Mean ± SE

Control EC 0.8 7.92 ± 5.88 b 9.00 ± 1.20 a 0.23 ± 0.05 a 6.47 ± 0.92 b
2017 BGW EC 4.0 26.46 ± 21.19 b 6.69 ± 0.68 ab 0.21 ± 0.07 a 12.86 ± 3.32 b

RO EC 8.0 52.88 ± 36.62 a 5.93 ± 0.56 b 0.27 ± 0.11 a 32.54 ± 9.70 a
Control EC 0.8 8.30 ± 2.32 b 5.91 ± 0.50 a 0.35 ± 0.04 a 4.97 ± 0.57 b

2018 BGW EC 4.0 26.92 ± 7.59 ab 5.41 ± 0.39 a 0.34 ± 0.07 a 13.21 ± 2.94 ab
RO EC 8.0 56.62 ± 16.48 a 5.49 ± 0.38 a 0.32 ± 0.07 a 24.26 ± 7.39 a

Note: EC = electrical conductivity. Lowercase letters correspond to a statistically significant difference in mea-
surements between treatments at ∝ = 0.05. Control EC = 0.8 dS/m, BGW EC = 4.0 dS/m, and RO EC = 8.0 dS/m.
meq/L = milliequivalent per liter. dS/m = deci-siemens per meter.

Sulfur-ion concentrations significantly increased to 52.88± 36.62–56.62± 16.48 meq/L
in RO-irrigated pots in the 2017 and 2018 seasons, respectively, while K-ion concentrations
decreased to 5.93 ± 0.56–5.49 ± 0.38 meq/L in RO pots in 2017 and 2018 seasons, respec-
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tively (Table 5). No differences in Zn-ion concentrations throughout the two seasons were
found; however, the Cl-ion concentrations increased up to 32.54 ± 9.70–24.26 ± 7.39 meq/L
in RO irrigation pots of the 2017 and 2018 seasons, respectively (Table 5).

Salinity was found to increase the concentration of sodium in soil, although it also
reduced the amount of organic matter, soil K exchangeable, and microbial biomass [10,37].
These reported results are in assent with our findings where Na increased while the OM, K,
and microbial biomass decreased with RO-concentrate irrigation pots. This, consequently,
would negatively affect soil health and productivity. The K/Na ratio must be higher to
reduce the negative effects of Na on soil microbial composition, and accordingly, soil
health. As mentioned above, every microbe species has a role in the soil ecosystem; thus,
the absence of such species would interrupt the biogeochemical processes, which are
responsible for organic matter degradation and nutrient availabilities, and accordingly, soil
health [38,40].

Previous studies suggested that several parameters should be examined for soil health
assessment. Such parameters include texture, bulk density, hydraulic conductivity, salin-
ity, OM, pH, and microbial activity [46,47]. In this study, we found that with increasing
irrigation-water salinity, soil salinity increased. This increase in soil salinity would neg-
atively affect the soil structure, decreasing soil porosity, water retention, and nutrient
availability. Ikemura and Shukla [48] mentioned that soil with EC from 7 to 10 dS/m has
severe limitations for productivity. In this study, the soil EC was higher than 7 dS/m in the
pots irrigated with BGW and RO concentrate, and limitations in soil health led to decreases
in pecan growth (Figure 3). A range of 0.5–1.0% soil organic matter content caused severe
limitations in soil productivity [48]. Soil OM decreased with continuous RO irrigation to
0.76%, which could cause reductions in nutrient availability and microbial diversity that
could adversely affect productivity and soil health. Previous studies mentioned reductions
in soil nutrient availability, microbes, enzyme activities, and physiochemical properties
due to decreases in soil OM content because of increases in soil salinity [49–52]. Specifically,
as the K/Na ratio decreased in RO-irrigated soil, the availability of K for plants and mi-
crobes’ activities was inhibited, resulting in declining productivity. According to [19,53,54],
increases in Na-ion concentrations in the soil led to changes in soil porosity, aeration,
and water conductance, thereby decreasing nutrient mobility, microbial composition, and
crop yield.

Bulk density was reported to increase with increasing soil salinity for soils irrigated
with RO concentrate (EC around 8.0 dS/m) [29]. Increases in soil bulk density and decreases
in infiltration rates were the result of saline-sodic drainage (EC 11.2 dS/m), irrigation
with saline water [55], and irrigation with treated wastewater [56]. Greater decreases in
soil hydraulic conductivity have been observed in clay than in sand soil irrigated with
brackish groundwater (4.1 dS/m) or RO concentrate (8.0 dS/m) used to irrigate halophytic
species [57]. According to [58,59], decreases in clay-loam soil irrigated with highly saline-
sodic waters, 5.64 and 8.5 dS/m, respectively, were recorded with attendant decreases in
soil macro-porosity. Thus, irrigation with RO concentrate has the potential to deteriorate
productivity and soil health unless proper irrigation management is applied.

4. Conclusions

RO concentrate and BGW were used to irrigate pecan trees in a greenhouse. This
caused shifts in the soil microbial composition considering PLFA biomarkers as indicators.
Gram-positive bacteria were found to be dominant even with control, BGW, and RO-
concentrate treatments. PLFAs of fungi appeared in both seasons; however, in the second,
they appeared in a higher amount only with BGW. Soil organic matter decreased as the
irrigation-water salinity increased. Na and Cl concentrations increased in the soils irrigated
with BGW and RO concentrate. These changes would affect the pecan tree’s growth through
the nutrient availabilities necessary for a healthy soil term.
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This study shows how the shift in the PLFA microbial biomass due to salinity could
affect the soil environment and be reflected in pecan tree growth. According to this
study, the important role of micro-organisms in soil health and productivity becomes clear,
as well as how soil microorganisms are affected by salinity, especially reverse-osmosis
concentrate. Continuous irrigation with brackish groundwater and RO concentrate will
cause a reduction in pecan growth, productivity, and soil health.
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