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Soil Salinity Controls Relative
Abundance of Specific Bacterial
Groups Involved in the
Decomposition of Maize Plant
Residues

Arit S. De Ledn-Lorenzana’, Laura Delgado-Balbuena’, Cristina A. Dominguez-Mendoza',
Yendi E. Navarro-Noya?, Marco Luna-Guido' and Luc Dendooven ™

" Soil Ecology Lab, Cinvestav, Ciudad de México, Mexico, Mexico, ? Catedras CONACYT, Centro Tlaxcala de Biologia de la
Conducta, Universidad Auténoma de Tlaxacala, Tlaxcala, Mexico

Extreme salinity and alkalinity in soil is known to inhibit organic material decomposition
and affect the bacterial community structure involved in its mineralization. Regular
flooding of these soils will reduce salinity, which will alter the bacterial community
involved in organic material mineralization. Soil of the former lake Texcoco with
electrolytic conductivity (EC) 157.4 dS m~" and pH 10.3 was flooded monthly, amended
with maize plant residue or its neutral detergent fiber [NDF; mostly (hemi)cellulose
and some lignin], while C mineralization and the bacterial community structure was
monitored by means of 454 pyrosequencing of the 16S rBNA gene. The EC of
the soil dropped from 157.8 to 1.7 dS m~!, but the pH (10.3) did not change
significantly over time. On the one hand, the relative abundance of some bacterial
groups, €.9., Bacillus and Gammaproteobacteria, always increased when maize plants
or NDF were applied to soil independent of the changes in soil characteristics, i.e.,
they always participated in the degradation of the organic material applied, while
the relative abundance of other groups, e.g., Acidobacteria, Alphaproteobacteria,
Chloroflexi, Clostridia, Deltaproteobacteria, Gemmatimonadetes, Planctomycetes, and
Verrucomicrobia, always decreased compared to the unamended soil. On the other
hand, the increase or decrease of the relative abundance of other bacterial groups when
organic material was applied to soil was influenced by the changes in soil characteristics.
For instance, the relative abundance of the Actinomycetales, Halomonas, and Prauseria,
did not increase when organic material was applied to soil with a high salt content, but did
when the salt content was lowered while that of the Betaproteobacteria and Pirellulales
increased when the salt content was high, but not when it was lowered. Application of the
NDF generally had a similar effect on the bacterial community structure as when maize
plants were applied. It was found that the capacity of some bacterial groups to degrade
organic material was not affected by soil salt content, while that of others was stimulated
or suppressed.
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INTRODUCTION

Organic material plays an important role in soil, one of which
is carbon sequestration, thereby mitigating global warming and
is determinant in soil structure formation (Powlson et al., 2011;
Stockmann et al., 2013; Coleman and Wall, 2014). When left
on the soil surface, it prevents wind and water erosion and
facilitates water infiltration. Most importantly, however, organic
material serves as a C substrate for the soil microbial biomass
and when mineralized provides nutrients for plants, e.g., N and
P (Strickland et al., 2009; Dungait et al., 2012; Trivedi et al.,
2013; Wieder et al., 2013). Application of organic material will
affect the bacterial community structure in soil. The relative
abundance of some bacteria will increase by organic material
application (copiotrophs) while others will decrease (oligotrophs)
in response to ecological succession or microbial substrate
preferences (Goldfarb et al., 2011; Schimel and Schaeffer, 2012).

Salts concentration as a major stress to soil microorganisms
has been subjected to several studies, where a decrease in CO,-
evolution, enzymatic activity, or microbial biomass has often
been observed (Sarig and Steinberger, 1994; Rietz and Haynes,
2003; Mamilov et al., 2004). Increasing salinity has a detrimental
effect on biologically mediated processes in soil, such as C and N-
mineralization (Pathak and Rao, 1998). In saline soils and under
drought, microbes suffer from osmotic stress, which results in
drying and lysis of cells (Oren, 2008), which reduces soil biomass.

Soil microorganisms have the ability to adapt to or
tolerate osmotic stress caused by drought or salinity (Sardinha
et al, 2003), they nevertheless have to cope with changing
osmotic pressure and thus might change their physiology and
morphology in response to this (Killham, 1994; Zahran, 1997).
Killham (1994) describes two main adaptation strategies of
microorganisms to osmotic stress (such as salinity, drought, or
freezing), both result in accumulation of solutes in the cell to
counteract the increased osmotic pressure. One strategy is to
selectively exclude the incorporated solute (e.g., Nat, ClI™) and
instead accumulate other ions necessary for metabolism (e.g.,
NH ). The other adaptation mechanism of the cell is to produce
organic compounds, which will antagonize the concentration
gradient between soil solution and cell cytoplasm. Some ions
such as (Na*t, CI7) are exclusively transported trough the cell
membrane, and other compounds are cell manufactured (betaine
and malic acid), both are energy expensive strategies, however,
those strategies were discover and have been studied in single
microorganisms (Oren, 2002). These mechanisms are known to
occur in individual microorganisms but have hardly ever been
studied on a community level (Wichern et al., 2006).

Adverse effects of high salt concentrations in soils include
dispersion and flocculation of soil particles that affect organic
matter solubility and its availability, thus affecting the microbial
community structure (Wong et al., 2008, 2009, 2010; Baumann
and Marschner, 2013; Setia and Marschner, 2013). Little is known
on how salinity affects soil microorganism communities and their
metabolic capacities (Chowdhury et al., 2011; Rath and Rousk,
2015). It has been reported that salinity reduces the microbial
biomass (Tripathi et al., 2006) and changes the microbial
community composition (Wichern et al., 2006; Gennari et al.,

2007; Chowdhury et al., 2011). Most of the studies consist of
experiments where salts are added to soils (Rath and Rousk,
2015).

Soil from the former lake Texcoco is characterized by a
high salinity and alkalinity. The Texcoco soil has been flooded
since the mid 70’ to lower the salt content so that it could be
vegetated. The vegetation, initially the grass Distichlis spicata (L.)
Greene and the salt cedar (Tamarix aphylla (L.) Karst.), prevents
wind erosion and dust pollution in nearby Mexico city (Luna-
Guido et al., 2000). Flooding the soil sharply decreased the salt
content and altered the bacterial and archaeal population as
determined by cloning and Sanger sequencing of thel6S rRNA
gene (Valenzuela-Encinas et al., 2008, 2009). Rath and Rousk
(2015) stated that there is no current information on the effects
of salinity on a natural saline soil microbial community using
up-to-date molecular techniques, neither describing what would
happen if this stress factor would be removed.

In a previous study, an extreme alkaline saline soil with
pH 10.3 and EC 157.8 dS m~! was flooded regularly for
10 months (de Ledn-Lorenzana et al, 2017). By flooding
the same soil samples under controlled conditions, the salt
content decreased, while most other soil characteristics, e.g.,
pH, remained the same. Flooding the soil altered the bacterial
community structure, but it remains to be investigated if the
changes in salinity altered the bacterial metabolic capacity.
Therefore, the soil was flooded, then amended with maize residue
and its neutral detergent fraction [mostly (hemi) cellulose and
some lignin] and incubated aerobically for 28 days. The C and
N mineralization was determined during the aerobic incubation
and the bacterial community structure monitored by means of
454 pyrosequencing of the 16S rRNA gene. The objective of this
research was to study how lowering the soil salt content affected
the bacteria involved in the degradation of organic material.

MATERIALS AND METHODS
Soil Sampling Site

The soil from the former lake bed is located near the valley of
Mexico City (Mexico) at an altitude of 2,240 masl with a mean
annual temperature of 16°C and annual precipitation of 705 mm.
Details of the soil characteristics and vegetation can be found
in Luna-Guido et al. (2000). Soil was sampled at random with
a stony soil auger diameter seven cm (Eijkelkamp, Giesbeek,
NI) by augering 30-times the 0-15cm layer of three different
plots with a size of ca. 400 m?. As such, approximately 30 kg
soil was collected from each plot. The soil from each plot was
pooled (so that three soil samples were obtained) and taken to
the laboratory. This field-based replication was maintained in the
laboratory experiment.

Flooding of the Soils and Incubation of the

Columns

The soil from each plot (n = 3) was passed separately through a
5 mm sieve, adjusted to 40% water holding capacity (WHC) and
was pre-incubated separately in drums for 7 days. Each drum
with a 701 volume capacity contained 10 kg soil and was closed
airtight. The drums contained a beaker with 500 ml distilled H,O
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to avoid desiccation and a beaker with 1,000ml 1 M NaOH
solution to trap CO; evolved. The drums were opened every day
to avoid anaerobic conditions in the soil.

After 7 days, 8 sub-samples of 1.5 kg soil from each plot (n = 3)
were packed separately into PVC columns with diameter 10.5 cm
and length 30 cm to a bulk density of 0.95 g cm ™3, the mean bulk
density found in this soil (Beltrdn-Hernandez et al., 2007). The
columns were fitted at the bottom with thin plastic plates with
holes drilled equally distributed over their surface. On top of it,
a polyethylene filter disc (nominal pore size 0.5 Lm) was placed
and a layer of acid washed sand 0.16 kg to prevent loss of soil
particles during leaching (Bellini et al., 1996).

The experimental design was complex and therefore given in
Figure S1. One column from each plot (n = 3) was selected at
random and the soil was removed. Five hundred g were used
to characterize the soil (Table 1) while the rest was used for an
aerobic incubation experiment described below.

The remaining columns were flooded with 31 distilled water
and drained freely until approximately 50% WHC. The top of the
columns were fitted with parafilm to avoid drying of the soil but
to allow aeration. The soil was then conditioned aerobically at
constant water content (approximately 50% WHC) for 1 month.
Distilled water was applied to the soil columns when required
to maintain the soil at 50% WHC. After 1 month, the soil
was removed from three columns, three different treatments
were applied and the soil was incubated aerobically as described
below.

This process of flooding the soil, draining the soil freely
until ca. 50% WHC, covering the column with parafilm and
conditioning the soil for a month was repeated until the soil was
flooded ten times, i.e., kept for a total of 10 months. Previous
experiments with the soil from Texcoco showed that 8 months
of monthly flooding was sufficient to markedly decrease the EC
(Dendooven et al., 2015). After 2, 3, 6, 7, 9, and 10 floodings, one
column was selected at random from each plot (n = 3). The soil

was removed from the column, and three different treatments
were applied and the soil was incubated aerobically.

Cultivation of the Maize Plants
The same maize plants were used in this experiment as in the one
used in the study reported by Ramirez-Villanueva et al. (2015).
Briefly, maize seeds were surface-sterilized and germinated on
0.8% agar-water plates. The maize seedlings with roots of 2 cm
were placed on sterilized and C-free vermiculite in an acrylic
growth chamber (1051, 35 x 50 and 60 cm high) and moistened
regularly with a nutritive Steiner solution (1961). After 25 days,
the maize plants were harvested, air-dried, and characterized.
The maize plants were fractionated to obtain the neutral
detergent fiber (NDF) fraction (Van Soest, 1963; Van Soest and
Wine, 1967). Details of the fractionation of the maize plants can
be found in Ruiz-Valdiviezo et al. (2010). A brief hot extraction
with neutral detergent solution was used to remove the “soluble”
part of the maize residue, leaving the NDF fraction containing
most of the cell wall constituents, i.e., (hemi) cellulose plus some
lignin (Table S1).

Aerobic Incubation

The unflooded and, once, twice, thrice, six times, seven times,
nine times, and ten times flooded soils were used in the aerobic
incubation experiment. Three different treatments were applied
to the unflooded and flooded soil.

Twelve sub-samples of 30 g soil from, each plot (n = 3) and
soil never flooded, the soil flooded once, twice, three times, six
times, seven times, nine times, and ten times (n = 8) were
added separately to 120 ml glass flasks. Four sub-samples soil
were amended with maize residue at 2g C kg™! soil and four
with the NDF fraction at 2 g C kg ™! soil. The remaining four soil
samples were left unamended and served as control. One flask
was chosen at random from the soil amended with maize residue,
one amended with the NDF fraction and one left unamended, i.e.,

TABLE 1 | Characteristics of soil of the former Lake Texcoco that was never flooded and soil flooded monthly, drained freely and incubated at approximately 50% of

water holding capacity monthly for 10 months.

Particle size distribution

Times EC? WHCP Clay Silt Sand
flooded (dsm™1) pH (9 kg™ soil)

0 157.8¢ Ad 10.3A 770B 430A 310A 260 B
1 47.3B 10.3A 880 AB 400 AB 350A 250 B
2 14.1C 10.4A 1150 AB 380 AB 250A 370 AB
3 8.3C 10.4A 1280 A 360 AB 250A 390 AB
6 50C 10.4A 850 AB 330 AB 190A 480 AB
7 3.3C 10.3A 1010 AB 320 AB 170A 510A
9 2.3C 10.2A 870 AB 300 AB 200A 490 AB
10 1.7C 10.2A 840 AB 270B 220A 500A
MSD® 25.2 0.2 450 130 200 240
F value 109.60 4.56 3.68 4.81 1.73 478
P-value <0.0001 0.0146 0.0146 0.0044 0.1725 0.0046

aEC, Electrolytic conductivity; °PWHC, Water holding capacity; Mean of three plots (n = 3); 9Values with the same capital letter are similar in the flooded soils, i.e., within the column;
eMSD, Minimum significant diifference at 5% (SAS Institute, 1989).
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time 0. The soil was removed from the flasks and kept at—70 °C
pending DNA extraction.

The remaining glass flasks were placed separately in 945 ml
glass jars containing a vessel with 10 ml distilled H,O and one
with 20ml 1 M NaOH. The jars were sealed and stored in the
dark at 22 &+ 1°C for 28 days. An additional 15 jars containing a
vessel with 10 ml distilled H,O and one with 20ml 1 M NaOH
were sealed and served as the control to account for the CO,
trapped from the atmosphere. After 7, 14, and 28 days, one jar
was selected at random with soil amended with maize residue
or the NDF fraction or left unamended, opened and the vessel
containing NaOH removed. An aliquot of 5ml of the 1 M NaOH
was taken to determine CO; trapped (Jenkinson and Powlson,
1976). The soil sample was removed from the glass flask and kept
at —70°C pending DNA extraction. All remaining flasks were
opened, aired for 10 min to avoid anaerobic conditions, re-sealed
and further incubated.

Soil Characterization

The pH was determined in 1:2.5 soil-H,O suspension using a
calibrated Ultra Basic UB-10 pH/mV meter (Denver Instrument,
NY, USA) with a glass electrode (#3007281 pH/ATC). The EC was
measured with a portable microprocessor HI 933300 (HANNA
Instruments, Woonsocket, Rhode Island, USA). The WHC was
measured by using 50 g dry soil sample which was placed in a
funnel, water-saturated, covered with an aluminum foil to avoid
water evaporation and left to stand overnight to drain freely.
The WHC was defined as the amount of water retained in the
water-saturated soil left to stand overnight. The soil particle
size distribution was determined by the hydrometer method as
described by Gee and Bauder (1986).

DNA Extraction and PCR Amplification of
Bacterial 16S rRNA Genes

DNA was extracted from each soil sample as previously described
by Ramirez-Villanueva et al. (2015). First, humic and fulvic acids
were removed with pyrophosphate and three different cell lysis
techniques were applied (Hoffman and Winston, 1987; Sambrook
and Russell, 2001; Valenzuela-Encinas et al., 2008) to obtain an
optimum representation of all the microorganisms in the soil
samples (Carrigg et al., 2007). Each technique was used to extract
DNA from 0.5 g soil twice (a total 1 g soil) and pooled. As such,
DNA was extracted from 3 g soil per plot (n = 3), so overall
9 g soil DNA was extracted per treatment and incubation time.
The precipitation of the proteins and purification of the DNA are
described in Valenzuela-Encinas et al. (2008).

The V1-V3 region of bacterial 16S rRNA gene was amplified
with 10-pb tagged primers 8-F (5-AGA GTT TGA TCI TGG
CTC A-3') and 556-R 5-TGC CAG IAG CIG CGG TAA-3')
containing the 454 FLX adapters (Navarro-Noya et al., 2013).
The PCR reactions were done as previously described by
Navarro-Noya et al. (2013). The product of five reactions of
each metagenomic DNA sample was pooled to minimize PCR
bias (Acinas et al., 2004) and constituted a single library. All
the pyrosequencing libraries were purified using the DNA
Clean & Concentrator purification kit as recommended by
the manufacturer (Zymo Research, Irvine, CA, USA), and

quantified using the PicoGreen® dsDNA assay (Invitrogen,
Carlsbad, USA) and the NanoDrop™ 3300 Fluorospectrometer
(Thermo Scientific NanoDrop). Sequencing was done by
Macrogen Inc. (DNA Sequencing Service, Seoul, Korea) by
using a Roche 454 GS-FLX Titanium System pyrosequencer
(Roche, Mannheim, Germany). All the pyrosequencing-derived
16S rRNA gene sequence datasets were submitted to the
NCBI Sequence Read Archive (SRA) under accession number
BIOPROJECT  PRJNA308500,  SRR4298851-SRR4298883,
SRR3992369-SRR3992416, SRR3992178-SRR3992250,
SRR3991784-SRR3991784.

Analysis of Pyrosequencing Data

The QIIME version 1.9.0 software was used to analyse the
pyrosequencing data (Caporaso et al., 2010a). Different pipelines
to analyse DNA sequences have been developed, e.g., mothur,
QIIME, BMP, Kraken, Clark, and one Codex (Siegwald et al.,
2017). We decided to use QIIME (version 1.9) as it is used
widely, easy to determine alpha and beta diversity indices and
contains tools for comparing phylogenetic information within
the pipeline (Nilakanta et al., 2014). In the first step, poor quality
reads were eliminated from the data sets, i.e., quality score < 25,
containing homopolymers > 6, length < 400 nt, and containing
errors in primers and tags. Denoising of the reads was done with
the script denoise wrapper.py using the barcode-sorted libraries
and the standard flowgram format (SFF) (Reeder and Knight,
2010). Operational taxonomic units (OTU) were determined at a
97% similarity level (OTU-97%) with UCLUST algorithm (Edgar,
2010) and one representative sequence of each OTU-97% was
selected, i.e., rep-set. Chimeras were detected and removed from
the rep-set using the Chimera Slayer (Haas et al., 2011). Sequence
alignments of the rep-set were done against the Greengenes core
set using PyNAST and filtered at a threshold of 75% (OTU-75%)
(Caporaso et al., 2010Db).

Phylogenetic and Statistical Analysis

The taxonomic distribution estimates at different levels were
done using the taxonomy assignation at a confidence threshold
of 80% by the naive Bayesian rRNA classifier from the Ribosomal
Data Project (http://rdp.cme.msu.edu/classifier/classifier.jsp)
(Wang et al., 2007).

Diversity and species richness estimators were calculated
from a 2,700 sequence rarified table to avoid bias due to
the differences in the size of the data sets. A maximum-
likelihood phylogenetic tree was constructed with the aligned
sequences using FastTree 2.1.3 (Price et al, 2009) within
QIIME. A UniFrac distance matrix was generated using the
phylogenetic information and occurrence data to compare
bacterial communities in the different treatments. Analysis of
similarities (ANOSIM) and Permutational Multivariate Analysis
of Variance (PERMANOVA) was done using unweighted
UniFrac pairwise distances, to test significant differences between
bacterial communities from the different treatments (n = 999).
Soil characteristics were subjected to a one-way analysis of
variance using PROC GLM (SAS Institute, 1989) to test for
significant differences between the flooded soils with the Tukey’s
Studentized Range test.
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Relative abundances of the different phyla, orders and genera
were separately explored with a PCA using PROC FACTOR (SAS
Institute, 1989). A canonical correlation analysis (CCA) was used
to study the degree of relationship between the abundance of
the different phyla, order and genera and the soil characteristics.
The CCA was done using the PROC CANCORR of the SAS
statistical package (SAS Institute, 1989). BioEnv analyses were
used to assess how well the community structure was explained
by environmental variables using non-factorial metadata. For
BioEnv analyses the Vegan package in R (R Development
Core Team, 2008) was used to create distances matrices of soil
characteristics (Euclidean distances), i.e., pH, EC, WHC, and
clay and sand content, and community composition (Unifrac
distances), which were then compared through Spearman’s rank
coefficients  (https://www.rdocumentation.org/packages/vegan/
versions/2.4-2/topics/bioenv) (Clarke and Ainsworth, 1993).

The effect of flooding the soil on the relative abundance of the
different bacteria groups was expressed as:

Ratio = [(relative abundance of the bacterial group in
the flooded soil—relative abundance of the bacterial group in the
unflooded soil)/ relative abundance of the bacterial group in the
unflooded soil] (Equation 1).

Heatmaps with the ratios were made in R programming
language wusing the libraries pheatmap and gplots (R
Development Core Team, 2008). The ratios were categorized
before the heatmap was constructed with value —5: ratio between
the flooded and unflooded soil < —0.99, value —4: ratio > —0.99
< —0.96, value —3: ratio > —0.96 and < —0.80, value —2: ratio
> —0.80 < —0.50, value —1: ratio > —0.50 > 0, value 0: ratio =
0, value 1: ratio > 0 and < 1, value 2: ratio > 1 and < 4, value
3: ratio > 4 and < 24, value 4: ratio > 24 and < 99, value 5:
ratio > 99.

The effect of the application of maize plantlets or the NDF
fraction on the relative abundance of the different bacterial
groups was expressed as:

Ratio = [(relative abundance of the bacterial group in the
maize amended soil—relative abundance of the bacterial group in
the unamended soil) / relative abundance of the bacterial group
in the unamended soil] (Equation 2).

Heatmaps with the ratios were made in R programming
language using the libraries pheatmap and gplots (R
Development Core Team, 2008). The ratios were categorized
before the heat map was constructed with value —5: ratio
between the flooded and unflooded soil < —0.99, value —4: ratio
> —0.99 < —0.96, value —3: ratio > —0.96 and < —0.80, value
—2: ratio > —0.80 < —0.50, value —1: ratio > —0.50 > 0, value
0: ratio = 0, value 1: ratio > 0 and < 1, value 2: ratio > 1 and <
4, value 3: ratio > 4 and < 24, value 4: ratio > 24 and < 99, value
5: ratio > 99.

RESULTS

Soil Characteristics

The EC of the Texcoco soil dropped rapidly. After 3 floodings it
was only 8.3 dS m~! and after 10 floodings 1.7 dS m~! (Table 1).
The flooding reduced the clay particles from 430 g kg~! at the
onset of the experiment to 270g kg~! after 10 floodings. The

WHC showed a lot of variation but was not affected significantly
by the number of floodings. Changes in pH with flooding were
minimal with a mean pH of 10.3.

Alpha Diversity

Overall 631,155 non-chimeric, good quality sequences were
retrieved from the soil representing 8917 OTUs (OTU-97%). The
number of sequences retrieved was sufficient as the rarefaction
curve was asymptotic in the unamended or soil amended with
maize plants or NDF (Figure S2). Flooding reduced the species
richness significantly, i.e., Chaol index, but did not affect the
diversity, i.e., Simpson, Shannon, and the phylogenetic indices
(Table S2). Overall, phylotypes belonging to 29 phyla, 88 classes,
165 orders, 309 families, and 510 genera were retrieved from the
soil.

Bacterial Population Structure in the

Unamended Flooded Soils

The relative abundance of the different bacterial groups showed
large fluctuations in the unflooded soil incubated for 28 days
(Figure S3). The relative abundance of the Proteobacteria, for
instance, dropped from 83.4% at day 0 to 7.2% at day 7, while
that of the Firmicutes (mostly Bacillales) increased from 2.7
to 31.6%. These fluctuations in relative abundance of different
bacterial groups during the 28-day aerobic incubation decreased
with increased flooding. Approximately 25% of the retrieved
sequences remained unassigned independent of the number of
floodings.

Flooding the soil affected the relative abundance (mean of
the 28-day incubation) of different bacterial groups. For instance
flooding the soil once increased the relative abundance of the
Actinobacteria, Gemmatimonadetes, and [Thermi] compared
to the unflooded soil, but further increases were slight while
that of the Planctomycetes, TM7 and Verrucomicrobia tended
to increase further with increased flooding (Figure 1). The
relative abundance of Acidobacteria, Cyanobacteria, Chlorobi,
Firmicutes, SBR1093, and Spirochaetes decreased in the flooded
soil compared to the unflooded soil.

The PCA visualized these changes clearly (Figure 2). First,
the relative abundance of different bacterial groups showed large
variations in the unflooded soil during the 28-day incubation.
The bacterial community structure in the unflooded soil at
day 7 and 14 was clearly different from that at day 0 and 28.
Second, the biggest change in bacterial community structure
was after just one flooding while changes with subsequent
flooding were smaller. The unflooded soil was characterized
mostly by a positive PC1 (larger relative abundance of the
Firmicutes and Acidobacteria) and a negative PC2 (larger
relative abundance of the Proteobacteria), while flooding favored
Actinobacteria, Gemmatimonadetes, Planctomycetes, [Thermi],
TM7, and Verrucomicrobia.

The CCA analysis indicated that most soils flooded > 3
times were grouped in the lower left quadrant, i.e., higher
sand content and WHC and higher relative abundance of
Actinobacteria, Gemmatimonadetes, and Verrucomicrobia, and
the majority of soils flooded < 3 times mostly in the upper
and lower left quadrants, i.e., higher relative abundance of
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FIGURE 1 | Heatmap of the ratio between the relative abundance of the different bacterial phyla in the unflooded soil vs. that of the soil flooded once (1), twice (2),
trice (3), six (), seven (7), nine (9), or ten times (10). The ratio was calculated as: (relative abundance of the bacterial group in the flooded soil—relative abundance of
the bacterial group in the unflooded soil)/relative abundance of the bacterial group in the unflooded soil. The ratios were categorized with value —5: ratio between the
flooded and unflooded soil < —0.99, value —4: ratio > —0.99 < —0.96, value —3: ratio > —0.96 and < —0.80, value —2: ratio > —0.80 < —0.50, value —1: ratio >
—0.50 > 0, value O: ratio = 0, value 1: ratio > 0 and < 1, value 2: ratio > 1 and < 4, value 3: ratio > 4 and < 24, value 4: ratio > 24 and < 99, value 5: ratio > 99.

Acidobacteria, Bacteroidetes, and Proteobacteria, and a higher
EC (Figure 3). However, the variation between some of the
replicated soil samples was great, e.g., the soil flooded three, six
and ten times. The BioEnv analysis showed that the bacterial
community in the unamended soil correlated positively with
clay content with a Spearman’s rank correlation coefficient
of 0.438.

C Mineralization

Flooding the soil once sharply decreased the CO, emitted, but
further flooding had no clear effect (Figure 4). Application of
maize plants and NDF increased the CO, emitted significantly,
independent of the number of floodings (P < 0.05). The
difference between the CO, emitted from the NDF amended soil
and the unamended soil increased from 84 mg C kg™! soil (or
4% of the added organic material considering no priming effect)
in the unflooded soil to 499 mg C kg~! in the soil flooded twice,

and decreased to 243 mg C kg~! soil in soil flooded six times. Tt
remained constant thereafter. A similar pattern was found in the
maize plants amended soil, i.e., the difference between the maize
amended soil and the unamended soil was 353 mg C kg™! (or
18% of the added organic material considering no priming effect)
in the unflooded soil, 836 mg C kg~! in the soil flooded twice,
549 mg C kg~! in soil flooded six times and remained constant
thereafter.

Bacterial Population in the Maize Residue
and NDF Amended Flooded Soils

Application of NDF or maize changed the bacterial community
structure and the changes in the relative abundance of the
bacterial groups when the organic material was applied were
affected by the number of floodings. Fluctuations over time
in the 28-day incubation were larger in the unflooded soil
amended with maize or NDF than in the soil flooded

Frontiers in Ecology and Evolution | www.frontiersin.org

May 2018 | Volume 6 | Article 51


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles

De Ledn-Lorenzana et al.

Reducing Salinity and Maize Decomposition

1.5 PC2,12%

7 28

o ™ o2
(]

a

1.0 Armatimonadetes, BRC1
- Bacteroidetes, TM7
Verrucomicrobia

Actinobcateria, Chloroflexi
Cyanobacteria,

7

six (), seven (), nine (79, or ten times ().

[Thermi] 14 Gemmatimonadetes
0.5 0 ia, Nitrospirae
28
Acidobacteria
0
0.0 r T T T T T ]
0
0 -i
Chlorobi, Firmicutes
05 u NBK19, OD1, Planctomycetes ®
: 7 SBR1093, Spirocchaetes 7
14 5 14
28
7
-1.0 1 PC1,15%
Unassigned, Fibrobacteres
OP11, Proteobacteria
-1.5 28
0
-2.0 =] 1@
28
2.5 -
-1.0 -0.5 0.0 0.5 1.0 15 2.0 25 3.0
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10 times amended with organic material (Figures S4, S5).
Application of maize plants or NDF to the unflooded soil
increased the relative abundance of the Firmicutes (Bacillales
and Oceaonospirillales) and the relative abundance of the
Actinobacteria (mostly Actinomycetales) when the soil was
flooded ten times (Figures S4, S5).

The relative abundance of only a limited number of bacterial
groups increased when maize or NDF was applied to soil
compared to the unamended soil (Figure5, Figure S6). For
instance, considering only the bacterial phyla, then the relative
abundance of the Firmicutes increased mostly when maize

plantlets and sometimes when NDF was applied to the flooded
soil. Although the relative abundance of the Actinobacteria
decreased when NDF and maize were applied to the unflooded
soil (P < 0.0001), this trend was reversed after the soil was
flooded.

Application of maize or NDF to the flooded soils decreased
the relative abundance of a larger number of bacterial groups
(Figure 5, Figure S6). The relative abundance of Chloroflexi,
Gemmatimonadetes, Planctomycetes, and the unassigned
sequences nearly always decreased when maize or NDF were
applied.
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The Anosim and PERMANOVA analyses of the bacterial
populations in the three different treatments (unamended soil,
and maize and NDF amended soil) showed that bacterial
population in the unamended soil was always very significantly
different to the maize and NDF amended soil. The bacterial
community in the maize amended soil was significantly different
to the NDF amended soil with EC 157.8,47.3,5.0,and 3.3dSm™!
(Table S3).

The PCA showed a clear effect of flooding on the bacterial
community structure of the maize-amended soil (Figure 6).
The unflooded soil was located in the upper left quadrant, i.e.,
with the highest relative abundance of the Bacteroidetes and
Firmicutes compared to other soils, and a low relative abundance
of Actinobacteria, Gemmatimonadetes, Planctomycetes, and
Verrucomicrobia. The soil flooded once was also located
in the upper left quadrant, but the value for PC2 was
lower, ie., a lower relative abundance of Bacteroidetes and
Firmicutes, than in the unflooded soil. Flooding the soil
more increased the relative abundance of the Actinobacteria,
Gemmatimonadetes, Planctomycetes, and Verrucomicrobia, i.e.,
the value of PC1 increased. Consequently, the soils flooded
nine and ten times were found in the lower right quadrant,
i.e., they had positive PC1 or the highest relative abundance
for the Actinobacteria, Gemmatimonadetes, Planctomycetes, and
Verrucomicrobia.

The PCA also showed a clear effect of flooding on the bacterial
community structure of the NDF-amended soil (Figure 7).
The unflooded soil was located in the lower left quadrant,
i.e,, with the highest relative abundance of the Bacteroidetes,
Firmicutes, and Proteobacteria compared to other soils, and a
low relative abundance of Actinobacteria, Gemmatimonadetes,
Planctomycetes, and Verrucomicrobia. The soils flooded once
and twice were still located in the lower left quadrant, but
the value for PC1 was lower, ie., a lower relative abundance
of Bacteroidetes and Firmicutes, than in the unflooded soil.
Flooding the soil more increased the relative abundance of
the Actinobacteria, Gemmatimonadetes, Planctomycetes, and
Verrucomicrobia, i.e., the value of PCI increased. Thus, the

soils flooded nine and ten times were found in the upper and
lower right quadrant, i.e., they had positive PC1 or the highest
relative abundance for the Actinobacteria, Gemmatimonadetes,
Planctomycetes, and Verrucomicrobia.

The spearman rank coefficient (r) between the soil bacterial
communities and physicochemical soil properties was high.
The BioEnv analysis showed that the community in the NDF
treatment correlated with EC, silt and sand content, and in the
Maize treatment with EC, with a Spearman’s rank correlation
coeflicient of 0.863 and 0.922, respectively.

Degraders of the Organic Material Applied

Some distinctive patterns explain how bacterial groups respond
to the application of maize plants to soil with a high pH when
the salt content decreased due to flooding (Table 2, Figures 5,
8-11). First, some bacterial groups were not favored (their
relative abundance decreased) by the application of organic
material, and changes in the ratio of the relative abundance
in the unamended soil vs. the maize amended soil were small
or showed no clear pattern with decreasing salt content. They
can be considered “Undefined.” Different bacterial groups, such
as the Bacteroidetes, Marinimicrobium, and Nitriluptor, showed
no clear pattern in the ratio of unamended soil vs. the maize
amended soil. The ratio in the relative abundance of the maize
amended soil vs. the unamended soil of phylotypes belonging
to the Proteobacteria also had no clear pattern with decreasing
EC although at lower taxonomic levels of this phylum, bacterial
groups were clearly favored by the application of the maize
plants and their response was related often to the salt content
of the soil. Second, some bacterial groups were favored by
the application of the maize plants and they participated in
its decomposition independent of the soil salt content. They
can be considered “Copiotrophs.” The relative abundance of
phylotypes belonging to bacterial groups, such as Bacillus, always
increased in the maize plants amended soil compared to the
unamended soil. Third, other bacterial groups were favored
by the application of the maize plants but only after the soil
was flooded and the EC decreased. They participated in the
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degradation of the maize plants but only when the salt content
had decreased substantially, so they can be considered “Saline
adverse copiotrophs.” The relative abundance of phylotypes
belonging to bacterial groups, such as Nocardiopsis, Prauseria,
and Streptomyces, increased in the maize plants amended soil
compared to the unamended soil when the soil was flooded
at least once. Fourth, application of maize plants favored little
bacterial groups but decreasing the EC inhibited them. They
participated in the degradation of the maize plants when the salt
content was high but not when the salt content was low and can
be considered “Saline copiotrophs.” They were only a small group
and the relative abundance of phylotypes belonging to bacterial
groups, such as Idiomarinaceae, Sphingobacteriales, was affected
in this way. Fifth, the relative abundance of some bacterial
groups decreased when maize plant was applied independently of

changes in salt content. They can be considered as “Oligotrophs.”
The relative abundance of phylotypes belonging to these
bacterial groups, such as Deltaproteobacteria, Gemm-5, and
Planctomycetes, decreased in the maize plants amended soil
compared to the unamended soil independent of the soil
salt content. Sixth, the relative abundance of these bacterial
groups decreased strongly when maize plants were applied
to the soil, but the inhibitory effect decreased when the soil
salt content decreased with flooding. They can be considered
“Saline oligotrophs.” The relative abundance of phylotypes
belonging to bacterial groups, such as Acididomicrobiales,
Alphaproteobacteria, Chloroflexi, Euzebya, Gemmatimonadetes,
and Rubricoccus Verrucomicrobia, decreased in the maize plants
amended soil compared to the unamended soil independent of
the soil salt content.
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The ratio between the relative abundance of the bacterial  in soil with EC > 14.1 dS m~!, did not participate in soil with
groups in the NDF amended and the unamended soil with ~ EC between < 8.3 dS m~! and > 3.3 dS m™! and participated
different salinity showed a similar pattern as that observed when  again when EC < 2.3 dS m~! Phylotypes belonging to the
maize plants were applied, except for phylotypes belonging to  Pseudomonadales did not participate in the degradation of the
the Pseudomonadales (Figures 5, 8-11, Table S4). The relative ~ maize plants soil with EC > 14.1 dS m~!, but participated when
abundance of the Pseudomonadales was highly different in  the EC dropped to < 8.3 dS m~!. Interestingly, different patterns
the unamended soil, the NDF amended and maize amended  were also found when bacterial groups at a lower taxonomic
soil with decreasing salt content. Phylotypes belonging to the level of Pseudomonadales were considered, e.g., Acinetobacter,
Pseudomonadales participated in the degradation of the NDF  other Pseudomonadaceae and Pseudomonas. For instance, the
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FIGURE 8 | Heatmap of the ratio between the relative abundance of the different bacterial classes in the unamended soil vs. the soil amended with maize plantlets or
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relative abundance of Pseudomonas increased sharply in the NDF
amended soil with EC 157.8 dS m™!, but less so in the maize
amended soil.

DISCUSSION

Soil Characteristics

It is often difficult to define which factors control the bacterial
community structure in an ecosystem as changes in one factor
are often accompanied by changes in other soil factors. For
instance, soil clay content is often related to sodium absorption
ratio and pH (Oades, 1988; Nelson and Oades, 1998), organic
matter dispersion and sodicity in soils (Norrstrom and Bergstedst,
2001; Rietz and Haynes, 2003; Wong et al, 2008). It was
assumed that flooding the extremely saline Texcoco soil would
decrease salt content, but not affect other soil characteristics
so that the effect of EC on bacterial community could be
determined. Monthly flooding of the Texcoco soil sharply
decreased EC, but not pH, a factor known to affect the bacterial

community structure even with small changes (Fuentes et al,
2006; Nacke et al., 2011; Kuramae et al., 2012; Lanzén et al,,
2015).

In previous studies, it was found that Texcoco soil drained in
the field for extended periods tended to have lower clay content
than undrained soil. In this study clay content also gradually
decreased due to flooding, so, it appears that clay particles were
also washed out in the field with the drainage water. Clay content
is known to affect the bacterial community structure in soil (Ling
et al., 2014; Wei et al., 2014). Consequently, short-term changes
in the bacterial community were controlled by changes in EC, but
the gradual decrease in clay might also have affected the bacterial
community structure.

Flooding the Soil and Its Effect on the

Bacterial Community Structure

It is well-known that how bacteria respond to stress depends
on the level of stress, the type of stress and environmental
conditions. Salinity is a known stress factor, and its effects on
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FIGURE 9 | Heatmap of the ratio between the relative abundance of the different bacterial orders in the unamended soil vs. the soil amended with maize plantlets or
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microorganisms have been studied extensively in fresh water
(Marine et al., 2013; Telesh et al., 2013; Dupont et al., 2014) and
soils (Canfora et al., 2014; Van Horn et al., 2014; Santini et al.,
2015).

Experiments usually involve the application of different
concentrations of salt and determining how the bacterial
community responds to these changes. These studies, however,
do not take into account that the microorganisms have no time to
adapt to changes in salt concentrations. Chowdhury et al. (2011)
found that for different types of soils, 7 to 10 days was enough
to stabilize soil respiration so conditioning the soil between each
flooding for 1 month would allow bacteria to adapt to the reduced
salt content.

During the aerobic incubation, the bacterial community
structure in the unamended soil showed large fluctuations over
time. These changes could be attributed to intrinsic variability
of the soil samples (destructive soil sampling), manipulating the
soil or changes due to the aerobic incubation. Changes in the
bacterial community in soil flooded 10 times were small during

the aerobic incubation. Changes in the unflooded soil were not
due to the aerobic incubation but due to variations in the samples
or/and manipulation of the soil. Manipulating the unflooded
soil stressed the bacterial population more than in the 10-times
flooded soil as the salt content was higher so the effect of these
changes on the bacterial community were larger.

The bacterial community has been studied in gradients of
saline soils and similar groups dominated in most studies, i.e.,
Actinobacteria, Firmicutes, and Proteobacteria (Hollister et al.,
2010; Van Horn et al., 2014). Santini et al. (2015) found that
the bacterial community in bauxite residue was similar to that
found in some soda lakes and other alkaline saline wastes with
dominance of Proteobacteria (40-80%), Firmicutes (2-22%),
Actinobacteria (3-26%), and Bacteroidetes (2-10%). They are
considered generalists and in this study phylotypes belonging to
the Actinobacteria, Bacteroidetes, Firmicutes, and Proteobacteria
were dominant in soil.

The decrease in salt content due to flooding had different
effects on different bacterial groups. First, a decrease in salt
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FIGURE 10 | Heatmap of the ratio between the relative abundance of the different bacterial families in the unamended soil vs. the soil amended with maize plantlets or

its neutral detergent fiber (NDF). Legends to the figure can be found in Figure 5.

content only had a limited effect on the relative abundance
of bacterial groups and no clear pattern emerged, e.g.,
Bacteroidetes, Chloroflexi, Nitrospirae, and Proteobacteria.
Barnard et al. (2013) considered Proteobacteria, Firmicutes,
Gemmatimonadetes, Planctomycetes, and Chloroflexi to have
a more stable and resistant life strategy as witnessed by
a more stable ribosome content during a dry-down/wet-up
experiment. The Chloroflexi and Proteobacteria were also
resistant to changes in the salt content as found in this
study. Second, the drop in salt content after the first flooding
increased the relative abundance of bacterial groups but further
decreases in salt content had only a limited effect on the
relative abundance of the bacterial group, e.g., Actinobacteria,
Armatimonadetes, and [Thermi]. Hollister et al. (2010) found
that the relative abundance of Actinobacteria increased with
decreasing water content and salinity. Third, the drop in
salt content after the first flooding increased the relative
abundance of bacterial groups and further decreases in salt
content tended to further increase the relative abundance of

the bacterial groups Gemmatimonadetes, Planctomycetes, TM7,
and Verrucomicrobia. Canfora et al. (2014) also found a higher
relative abundance of Gemmatimonadetes in the low salinity soil
(EC 5.37 dS m~!). Fourth, decreasing the salt content decreased
the relative abundance of bacterial groups, like Chlorobi and
Firmicutes, which were thus well-adapted to a high soil salt
content. Phylotypes belonging to the genus Bacillus (Firmicutes)
are spore forming so easily survive in adverse conditions
(Teixeira et al., 2010; van Djil and Hecker, 2013). Additionally,
they are involved in the early decomposition of organic material
that will be liberated when the soil was manipulated or/and
microorganisms die due to the extreme adverse conditions
(Cleveland et al., 2007; Hu B. et al., 2015; Hu P. et al., 2015).
Changes in the bacterial community structure could also
be due to a loss of clay particles caused by flooding the soil.
Clay content was the parameter that best demonstrated the
bacterial community composition at OTU-97% level in the
unamended soil. Sessitsch et al. (2002) found a relationship
between soil particle size and the presence/absence of some

Frontiers in Ecology and Evolution | www.frontiersin.org

May 2018 | Volume 6 | Article 51


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles

De Ledn-Lorenzana et al.

Reducing Salinity and Maize Decomposition

Genus

Bacillaceae;Bacillus

Pseudomonadaceae;Pseudomonas 2

Streptomycetaceae;Streptomyces o

Nocardiopsaceae;Nocardiopsis

Nocardiopsaceae;Prauseria

Actinomycetaceae;Actinomyces

Clostridiaceae;Alkaliphilus

Anaerobrancaceae;Dethiobacter

Halomonadaceae;Halomonas

Moraxellaceae;Acinetobacter

Bacillaceae;Anaerobacillus

Nitriliruptoraceae;Nitriliruptor

Alteromonadaceae;Marinimicrobium

Hyphomicrobiaceae;Rhodobium

Euzebyaceae;Euzebya

[Balneolaceae]KSA1

Alteromonadaceae;Marinobacter

HTCC2188;HTCC

Clostridiaceae;Natronincola_Anaerovirgula

Rhodothermaceae;Rubricoccus

Rhodobacteraceae;Rhodobaca

Trueperaceae;B-42

o
1
2l
eu
o
3l
61
o
on
i

its neutral detergent fiber (NDF). Legends to the figure can be found in Figure 5.

2

FIGURE 11 | Heatmap of the ratio between the relative abundance of the different bacterial genera in the unamended soil vs. the soil amended with maize plantlets or
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bacterial groups, relating small size particles (clay) with a greater
diversity.

Mineralization

It has been reported that microbial communities in saline soil
are less efficient in using C sources than those in non-saline
soils (Setia et al., 2010). Soil microorganisms respond differently
to changes in the osmotic potential by either accumulating or
excreting osmolites (Empadinhas and da Costa, 2008) or other
metabolites (Kempf and Bremer, 1998; Oren, 2008), which are
energy expensive processes (Oren, 2002). In this study, however,
the emitted CO, was the highest in the soil with the highest
salt content. It can be assumed that flooding the soil drained
easily decomposable organic material thereby reducing the CO,
emitted.

Yan and Marschner (2013) found an increase in C
mineralization when pea straw was added to leached saline
soils. In this study, the amount of CO, emitted also increased
when maize plants or its NDF fraction was applied to soil. The
difference in CO;, emitted from the unamended soil and the
organic material amended soil was the result of two processes,

i.e., mineralization of the applied maize or its NDF fraction
and a possible priming effect. A priming effect was measured in
previous studies when maize plants were applied to the Texcoco
soil and it decreased with decreased soil salt content (Conde
etal,, 2005). The increase in CO; emitted after the application of
organic material when the EC in soil decreased might be due to
an increase in the amount of organic material mineralized and
the decrease due to a decline in the priming effect. However,
no “C nor '3C labeled organic material were used in this study
so a possible priming effect and changes in its magnitude due
to changes in the soil salt content with flooding could not be
determined nor could possible changes in the amount of applied
organic material mineralized be measured.

Organic Material Addition, Flooding, and
Their Effect on Bacterial Community
Structure

Three different factors were investigated in this study. First, the
effect of organic material application on the relative abundance
of different bacterial groups was determined, second the effect of
a reduction in soil salt content through flooding on the bacteria
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involved in organic material decomposition was studied, and
third the effect of the composition of the organic material applied,
i.e., maize plantlets vs. their NDE on the bacterial community
structure was investigated.

First, the application of organic material, i.e., maize plantlets
and their NDF fraction, had a profound effect on the relative
abundance of different bacterial groups. Organic material
decomposition is primarily dominated by microorganisms that
prefer easily decomposable organic matter and a higher nutrient
content. These microorganisms are known as r-strategist or
copiotrophs, while the k-strategists or oligotrophs prefer an
environment with a low nutrient content and prevail when
nutrients are depleted (Fierer et al., 2007; Trivedi et al., 2013).
With a few exceptions, the number of bacterial groups of which
the relative abundance increased when organic material was
applied to soil was smaller than the number of bacterial groups of
which the relative abundance decreased. As such, only a limited
number of bacterial groups were favored by the application
of organic material and metabolized maize plantlets and their
NDF fraction. It has to be stipulated that only the relative
abundance of the bacterial groups was determined. Application
of organic material increases the soil microbial biomass so it can
be assumed that absolute abundance of some bacterial groups
was not affected although the relative abundance decreased.
Additionally, fungi also participate in the degradation of organic
material applied and the changes in their relative abundances
were not determined.

Second, flooding the soil, which reduced the soil salt and clay
content, affected the relative abundance of bacterial groups in soil
amended with organic material compared to the unamended soil.
The changes in soil characteristics as a result of flooding altered
the metabolic capacity of some bacterial groups, i.e., they changed
from a copiotrophic behavior to an oligotrophic behavior or vice
versa, while the metabolic capacity of others was not affected.
Classifying these metabolic changes with flooding allowed to
define six categories of bacterial response to the application of
maize plants or its NDF fraction. Considering the large amounts
of bacterial groups retrieved from soil, e.g., 521 genera, only the
most abundant ones will be discussed, although a complete list is
given in Table 2.

The ratio of the relative abundance (Equation 1) for a
first category of bacterial groups showed no clear pattern with
flooding or the changes in their ratios were small. Hence,
they participated sometimes or only to a limited degree in
the degradation of the maize plants. They can be considered
“undefined” as they sometimes behaved as oligotrophs and other
times as copiotrophs with no clear effect of flooding. Phylotypes
belonging to the Proteobacteria, the most dominant phylum,
responded in this way. However, the different orders belonging to
this phylum responded clearly, but differently to the application
of organic material when the soil was flooded. Therefore,
different patterns sometimes emerged within a bacterial group
when different taxonomic levels were considered.

The relative abundance of a second category of bacterial
groups mostly increased when maize plants were applied to
the unamended soil (Table2). Phylotypes belonging to the
Firmicutes responded in this way. Phylotypes belonging to

the Firmicutes are known copiotrophs (Chéavez-Romero et al.,
2016). For instance, Van Horn et al. (2014) applied organic
material to soil from a natural salinity gradient (105 £ 4-
4,800 £+ 470 pS) at different water contents. They found an
increase in the relative abundance of the Firmicutes in all
soils. At a lower taxonomic level, members of the Bacillaceae
(Bacillus) and Pseudomonadaceae (Pseudomonas) participated
in the degradation of maize plants independent of the number
of floodings. Both families have been described as decomposers
of organic material in soil. Cahyani et al. (2003) found
Bacillaceae throughout composting of rice straw and considered
them to be saccharolytic bacteria. Lopez-Lozano et al. (2013)
found Bacillaceae and Pseudomonadaceae among other known
opportunist heterotrophs. They found these groups to be
initial colonizers after sterilizing and re-inoculating an arid
soil and attributed this to the enzymatic capacity of members
of this family to initiate the degradation of macromolecular
carbon compounds. Yeasmin et al. (2015) found an increase in
phylotypes belonging to the Bacillaceae in a paddy soil mixed
with cow manure and rice straw. Members of Bacillus are known
copiotrophs and always participated in the degradation of the
maize plants independent of the soil salt content. Their metabolic
capacity to participate in the degradation of maize plants was
not hindered by a wide range of salt content and they were not
outcompeted by other bacterial groups. The Cyclobacteriaceae
were also favored mostly by the addition of maize plants or NDF.
Members of Cyclobacterium are halophilic were recently isolated
from a Korean fore shore soil (Irshad et al., 2014). Goldfarb
et al. (2011) incubated soil in the presence of a range of C
substrates varying in chemical recalcitrance and DNA analyzed
by 16S rRNA PhyloChip. They found that the relative abundance
of Enterobacteriales increased when labile organic substrates
(i.e., glycine and sucrose) were applied to soil. In this study
phylotypes belonging to the Enterobacteriales behaved mostly as
copiotrophs and were not affected by the wide range of soil salt
content.

A third category of bacterial groups, some well-known to
participate in the degradation of maize plants, were inhibited
metabolically or outcompeted by other bacterial groups in the
soil with a high salt content, but their relative abundance
increased compared to the unamended soil when the soil was
flooded. They can be considered “saline adverse copiotrophs.”
For instance, phylotypes belonging to the Actinomycetales, the
most dominant order, were strongly inhibited when maize
plants were applied to the unflooded soil (relative abundance
of 1.1% in the unamended soil and 0.1% in the maize
amended soil), but they participated in the decomposition
of the maize plants and its degradation products when the
soil was flooded once. Phylotypes belonging to Prauseria, the
most dominant genus (Nocardiopsaceae, Actinomycetales), can
also be considered saline adverse copiotrophs. Their metabolic
capacity to participate in the degradation of maize plants was
hindered by the high salt content and they were outcompeted
by other bacterial groups (e.g., Bacillus). Phylotypes belonging
to Halomonadaceae and Halomonas were also saline adverse
copiotrophs. Members of Halomonas are halophilic (Meyer et al.,
2015), but not extreme halophilic.
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The fourth category with a limited number of bacterial
groups participated in the degradation of maize plants in
the unflooded soil, but they were not favored by application
of organic material when the soil was flooded and can be
considered “saline copiotrophs.” Phylotypes belonging to the
Sphingobacteria responded in this way.

The relative abundance of a wide range of bacterial groups
decreased when maize plants were applied to soil compared to
the unamended soil. The decrease was similarly independent of
flooding, i.e., a fifth category of bacterial groups or oligotrophs,
or the decrease was more outspoken in the unflooded soil
than in the flooded soil, i.e., a sixth category of bacterial
groups or saline oligotrophs. Chloroflexi, Deltaproteobacteria,
and Planctomycetes belonged to the fifth category of bacteria
and their relative abundance always decreased in the same way
in the maize plants amended soil compared to the unamended
soil. The decrease in the relative abundance of Acidobacteria,
Gemmatimonadetes, and Verrucomicrobia was more outspoken
when maize plants were applied to the unflooded soil compared
the unamended unflooded soil than when the soil was flooded.
Most of these bacterial groups are known oligotrophs. For
instance, Carbonetto et al. (2014) considered Chloroflexi and
Verrucomicrobia oligotrophic. Siles et al. (2014) found a decrease
in the relative abundance of Gemmatimonadaceae after the
addition of dry olive residue to a Mediterranean soil in a 60 days
incubation experiment.

de Lourdes Moreno et al. (2013) found that halophilic
bacteria, such as Marinobacter lipolyticus produced different
extracellular hydrolases (lipase, amylase, protease, xylanase,
DNase, inulinase, pectinase, cellulose, and pulullanase), which
gave them the capacity to degrade organic material in ecosystems
with extreme salinity. In this study, however, phylotypes
belonging to Marinobacter did participate in the degradation
of maize plants when the soil was flooded once but not
when the soil was not flooded. It might be that salinity was
too high or characteristics other than salinity inhibited the
metabolic capacity of Marinobacter in the Texcoco soil. Goldfarb
et al. (2011) incubated soils in the presence of a range of
C substrates varying in chemical recalcitrance and analyzed
DNA by 16S rRNA PhyloChip. They found that the relative
abundance of the Burkholderiales increased when labile or
chemically recalcitrant substrate was applied to soil. Eichorst
and Kuske (2012) conducted a SIP study in soil microcosms
to identify cellulose responsive bacteria that actively use '*[C]
cellulose in five edaphically different soils. They found members
of the Burkholderiales in the five soils. In this study phylotypes
belonging to the Burkholderiales behaved as saline oligotrophs.
As mentioned before, it could be that the salt content of the
soil was still too high and inhibited the metabolic capacity
of the Burkholderiales or another soil factor inhibited them
participating in the mineralization of the maize plants, e.g., the
high pH.

Third, the application of maize plants mostly had a similar
effect on the bacterial groups as the application of NDF. However,
one bacterial group, the Pseudomonadales (e.g., Acinetobacter
and Pseudomonas), was more favored by the application of
NDF than when maize plants were applied to the soil with

high salt contents. Pseudomonadales are versatile and phylotypes
belonging to this bacterial group are known to have cellulolytic
activity (Goldfarb et al., 2011). They metabolized (hemi)cellulose
in the soils with high salt content.

Nearly 30% of the retrieved sequences in this experiment
could not be assigned to a bacterial group. Santini et al. (2015)
found the same for 90% of the bacterial and 70% of fungal OTUs
in engineered haloalkaline soil, i.e., the salinity had increased due
to anthropogenic activities. Although in their experiment some
of those OTUs were shared with other natural and engineered
environments. This gives us an idea of the existing gap in our
knowledge and understanding of extreme environments as most
of the microorganisms are yet to be described.

It has to be remembered that relative abundances of bacterial
groups were determined and not absolute values. Application of
easily decomposable organic material, such as the maize plants,
will increase the soil microbial biomass so an increase in relative
abundance of bacterial groups means that the absolute value
also increased, but a decrease in relative abundance does not
necessarily mean that the absolute abundance of the bacterial
group decreased. This is most likely true when changes in the
ratio between the relative abundance of a bacterial group in the
unamended soil and the organic material amended soil were
small. However, most of the changes reported in this study were
large and the decrease or increase in the relative abundance due
to the application of organic material were five times lower or
higher than in the unamended soil.

Additionally, no unflooded soil was kept for 10 months to
determine how the bacterial community structure might be
altered in an unflooded soil over time. Soil organic matter
will be mineralized so the C substrate available for the soil
microorganisms will decrease and this might alter the bacterial
community structure, but it was assumed that changes would be
minimal.

CONCLUSION

Flooding the soil substantially reduced the salt content of the
Texcoco soil and after ten monthly floodings, the electrolytic
conductivity dropped to 1.7 dS m™! from an initial 157.8 dS
m~!. Flooding the soil also decreased the soil clay content, but
the decrease was less accentuated than the decrease in EC, while
the pH was not affected by flooding. The change in salt content
was the factor that affected the relative abundance of bacterial
populations the most. Decreasing the salt content altered the
metabolic behavior of some bacterial groups, but not others,
e.g., Nitriliruptor. Considering the ratio between the relative
abundance of a bacterial group in the maize or neutral detergent
fiber amended soil vs. the unamended soil allowed to distinguish
different effects of salt content on the metabolic capacity of
bacterial groups and to categorize them. Some bacterial groups,
such as Bacillus and Gammaproteobacteria, did participate in
the degradation of the organic material applied in a soil with
a wide range of salinity, i.e., copiotrophs. Some copiotrophic
bacteria were not favored by the application of organic material
in soils with extreme salinity, e.g., Actinomycetales, Nocardiopsis,
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and Pauseria, while a limited number were not favored when
the soil salt content decreased, e.g., Sphingobacteria. The first
could be called “saline adverse copiotrophs” and the latter “saline
copiotrophs”. Other bacterial groups, e.g., Deltaproteobacteria,
were not favored by the application of the organic material
and their relative abundance always decreased compared to
the unamended soil, i.e., oligotrophs. The negative effect of
application of organic material on some of these oligotrophs was
extreme when the soil salt content was high, e.g., Acidobacteria,
Chloroflexi, Gemmatimonadetes, and Verrucomicrobia, and the
ratio of the relative abundance in the maize plants amended soil
vs. the unamended soil was high. This negative effect decreased,
however, with a decrease in soil salt content. They could be
called “saline oligotrophs.” The effect of soil salt content on the
participation or not of bacterial groups in the degradation of
organic material was similar when maize plants or the neutral
detergent fraction was applied to soil except for phylotypes
belonging to the Pseudomonadales.
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