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Abstract: The wetlands in China’s Sanjiang Plain have experienced intensive anthropogenic distur-
bance recently, and this has obviously changed their environmental characteristics. Soil microor-
ganisms play an important role in wetland ecosystems. However, the effects of different wetland
types on soil microbial diversity and community composition remain largely unclear. Therefore,
we assessed the effects of three typical wetland types—permanently flooded wetlands, seasonally
flooded wetlands and non-flooded wetlands—on soil microbial communities in the Sanjiang Plain,
using phospholipid fatty acid analysis (PLFA) technology. A total of 56 different PLFA compounds
were identified, of which 10 are typically produced by uncharacterized bacteria, 15 by Gram-positive
bacteria, and 11 by Gram-negative bacteria. In addition, 2 fungal groups were identified, based
on four PLFAs, and four PLFAs typical for protozoa were detected. High levels were detected
for 16:0 (attributed to bacteria) and i17:1w9c (produced by Gram-positive bacteria). The latter
(i17:1w9c) was exceptionally high in non-flooded soil (8407.15 + 2675.84 ng/g). High levels of
18:1w7c (1939.15 £ 666.13 ng/g) and 18:1w9c (1713.26 + 360.65 ng/g) were detected in permanently
flooded wetlands and about the same in seasonally flooded wetlands, but lower ranks were present
in the drier non-flooded wetlands. The Shannon-Wiener diversity index decreased with perma-
nently flooded wetlands (3.05) > seasonally flooded wetlands (3.02) > non-flooded wetlands (2.12).
Redundancy analysis showed that the two axes could explain a total of 94.48% of soil microbial
communities. Soil water content, total and available phosphorus, and total and available nitrogen
correlated significantly with soil microbial communities of three wetland types. Cluster analysis of
correlations between individual PLFA biomarkers and soil physiochemical properties demonstrated
the complexity of the community responses to the three different habitats. This study demonstrates
that microbial diversity and composition changed sensitivity among the three wetland types, and
soil moisture content was the key environmental factor to affect the soil microbial communities.

Keywords: PLFA; bacteria; Sanjiang Plain; community composition; soil organic carbon

1. Introduction

Wetlands are important terrestrial ecosystems, accounting for 4-6% of the global land
surface area [1]. Past and present human activity significantly impacts the structure and
function of wetlands, and present and future climate change will additionally affect soil
biodiversity and function. The soil microbiome plays an important role in the function of
an ecosystem and its biogeochemical cycles [2] and is involved in regulating the dynamics
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of organic matter decomposition and plant growth [3]. Soil microbial communities are
largely shaped by the feedback between plants and soil [4]. Different wetland types
have specific vegetation compositions related to the local soil habitat, largely affecting the
composition and diversity of soil microorganisms [5]. Despite the critical contributions
of soil microorganisms towards the functions and services of wetland ecosystems, only a
limited number of studies have focused on the effects of different wetland types on the
composition of soil microorganisms [6,7].

Soil microorganisms play important roles in biogeochemical cycles [8], litter deposi-
tions [9], and other ecosystem functions and services [10]. Previous studies have indicated
that changes in the community composition and diversity could affect the nutrient uptake
of nitrogen and phosphorus, and adversely influence the vegetation composition and diver-
sity in temperate wetland ecosystems [11]. Changes occur in the abundance and diversity
of soil microbial communities in response to external factors, such as global climate change
and human activity. Understanding the implications of global climate change and human
activity for soil ecosystem processes, changes in soil microbial communities, and diversity
is of great significance for understanding soil quality and nutrient turnover [12].

The structure, function and diversity of soil microbial communities in the wetlands
of the Sanjiang Plain, China, have been studied in some detail. These studies revealed
little difference in soil bacterial and fungal x-diversity, but significant differences in their
-diversity, depending on the location of the samples [13,14]. Local wetlands at different
degradation states revealed that bacterial « diversity and composition were significantly
altered, with inverse effects for fungi [15]. Sites that were restored produced a higher fungal
diversity after fallowing and wetting [16]. These findings illustrate that the diversity and
structure of wetland soil microorganisms in the Sanjiang Plain are not consistent, and vary
over location, land use, and water management practices. Therefore, further research is
needed on the structure and function of soil microorganisms in the Sanjiang Plain.

The Sanjiang Plain is the largest freshwater wetland in China. There are three typical
wetland types there, namely PF (permanently flooded wetlands), SF (seasonally flooded
wetlands), and NF (non-flooded wetlands). In recent years, the vegetation composition and
relative areas of these three wetland types have changed, due to reclamation activity and
climate change [17]. Previous studies have reported that the vegetation species decreased,
and Shannon -Wiener and Pielou diversity increased, for NF compared to SF and then
PF [18]. A study by Sui et al. [19] demonstrated a decrease in metabolic capacity of
soil bacteria towards carbon sources from SF and then PF. However, the patterns of soil
microbial community composition and diversity in these three wetland types are still
unclear, and the driving mechanisms of soil microbial changes remain uncertain.

Therefore, we used the PFLA technique to investigate the changes in soil microbial
diversity and community composition of the three wetland types in the Sanjiang Plain. This
study aims to reveal (i) if significant differences in soil microbial diversity and composition
occurred, and (ii) if so, whether soil physicochemical properties were the main reason for
these differences. Furthermore, it seeks to clarify the change patterns of soil microorganisms
and their drivers in the wetlands of the Sanjiang Plain in the context of human activity and
climate change, and to explore the mechanisms of human activity and global changes in
soil microorganisms in the region, and to provide references for predicting future changes
in the ecological structure and function of wetlands in the context of human activity and
global warming.

2. Materials and Methods
2.1. Study Site

The study sites of the investigated wetlands are in the Hohong national nature reserve,
Sanjiang Plain (47°42/18"-47°52'07" N, 133°34/38"-133°46/29" E) (Figure 1). The average
annual temperature is 1.9 °C, the average annual precipitation of 585 mm is mostly concen-
trated in summer, and the altitude is 55-65 m. The area has a humid continental climate
with an average annual temperature of about 5 to 15 °C and annual precipitation between
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700 and 1000 mm. The vegetation in this area is mainly herbaceous marsh vegetation
and aquatic vegetation, and the dominant plant species are Calamagrostis angustifolia. In
this study, three representative wetland types, including PF, NF, and SF wetland, were
investigated. The GPS information is shown in Table 1.

Site

Legend

River

— ——
0 50 100 200 Kilometers

PF SF NF

Figure 1. Location of the sampling sites (red) within the Sanjiang Plain, Honghe farm, Heilongjiang
Province in North-Western China. PF: permanently flooded wetlands; NF: non-flooded wetlands; SF:
seasonally flooded wetlands.

Table 1. The GPS and vegetation information of three wetland types in Sanjiang Plain.

Wetland Types Longitude Latitude Vegetations
PE 133°37/43"" 47°47'16" Calamagrostis Angustifolia, Phragmites australis, Carex miyabei
var. maopengensis, Stachys baicalensis, Glyceria spiculosa
Calamagrostis Angustifolia, Anemone rivularis, Stachys lanata,
NF 133°37'51" 47°47'21" Sanguisorba tenuifolia, Carex korshinskyi,
Lathyrus quinquenervius
SF 133°37/04" 47°45/39" Calamagrostis Angustifolia, Carex korshinskyi, Trollius paluster,

Sanguisorba tenuifolia, Geranium linearilobum

PF, permanently flooded wetland; SF, seasonally flooded wetland; NF, non-flooded wetland.

2.2. Sampling Method

We selected three wetland types, representing PF (permanently flooded wetlands),
SF (seasonally flooded wetlands) and NF (non-flooded wetlands), respectively. A random
sampling method was used. In July 2017, three 10 m x 10 m plots were set up in each
wetland type, and the distance of each plot from another was >50 m. After removing the
litters, each plot was sampled at 10~20 soils and then mixed into one soil sample per point.
The soil was collected from the top soil layer (0—20 cm) using a 5 cm diameter soil auger.
It was passed through a sieve (2 mm mesh size) in order to remove the sand, gravel, and
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coarse plant material, and then placed in plastic bags on an ice box and kept at 4 °C. When
the soil samples were transported to the laboratory, they were separated into two groups:
one was stored at —20 °C for microbial analysis, and the other was dried to assess the soil’s
physical and chemical properties.

2.3. Analysis of Physical and Chemical Properties of Soil

Soil organic carbon (SOC) content was determined spectrophotometrically according
to a set method [19]. After the addition of 25 mL 0.3 mol/L KMnOy solution to 0.5 g
soil, shaking for 30 min at room temperature, and centrifugation (5000 r/min) for 5 min,
the supernatant was diluted 250X with distilled water, and absorbance at 565 nm was
spectrophotometrically determined. A blank control was served without added soil. A
mmol/L change in KMnOj, concentration was equivalent to the oxidation of 9 mg of carbon.
Total nitrogen (TN) and available nitrogen (AN) in soil were determined by the semi-micro
Kjeldahl method as previously described [20]. Soil pH was determined with a pH meter
after mixing 1 g of soil with 2.5 mL water. The total phosphorus (TP) content of the
soil was determined by the alkali fusion-molybdenum antimony anti-spectrophotometric
method [21], measuring absorbance at 700 nm. Available P (AP) was determined by
combining this with 0.5 mol/L sodium bicarbonate extraction as per the literature [22]. For
this, the leaching agent was adjusted to pH 8.5 before use, and the liquid-soil ratio was 20:1.
Absorbance was determined at 880 nm. All analyses were performed in triplicate.

2.4. Phospholipid Fatty Acid Analysis (PLFA)

A modified Bligh-Dyer method with esterified C18:0 as an internal standard was used
by means of an Agilent 5890 gas chromatograph (GC). The chromatographic conditions
were as follows: HP-5 column (30.0 um x 320 pm x 0.25 pum); injection volume 1 pL; and
carrier gas (N2) flow rate 0.8 mL/min. The initial temperature of 140 °C was maintained
for 3 min, and then increased in two stages: from 140 to 190 °C with 4 °C/min and
maintained for 1 min; and from 190 to 230 °C with 3 °C/min and kept at 1 min. A
flame ionization detector was used for detection. The identification and quantification
of each fatty acid were determined with the use of BAME (Bacterial Acid Methyl Esters)
Mix and Supelco 37 Component FAME Mix (Sigma-Aldrich, Burlington, MA, USA). The
classification of microbial groups based on detected PLFAs as listed in Table 2 was based
on the literature [23].

2.5. Data Analysis

The raw PLFA data were collated, including information on the total PLFA mass,
the composition, and the content of fractions expressed as a percentage of total PLFA
amounts for each sample. The individual characteristic PLFA biomarker amount was
obtained by converting the reaction value of the internal standard 18:0 in ng/g with the
following equation:

Dissolved sample volume (uL)

(18 : 0)Response

x (18 : 0)Concentration(ng/g) x

1
Sample dry weight (g) @
where N is the biomarker amount of a characteristic fatty acid type (ng/g); Response is the
response value of the biomarker; 18:0 is the internal standard C18:0 (ng/uL); the volume of
the dissolved sample is given in pL and the dry mass of the sample in g.
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Table 2. The phospholipid fatty acid (PLFA) markers used to identify particular soil microbial
community groups.

Microbial Group * PLFA Biomarkers
Unspecified bacteria (BA) 12:0, 13:0, 14:0, 15:0, 16:0, 17:0, 18:0, 22:0, 24:0

all:0,i13:0, a13:0, i14:0, a14:0, i115:0, a15:0, i15:1wéc,
al6:0,1i16:0, a17:0,i17:0, i117:1w9c, 118:0, i119:0

10:0-20H, 14:1w>5c, 16:1w7c¢, 16:0-20H,
Gram-negative bacteria (GN) 16:1w7cDMA, 17:0DMA, 17:1w8c, 17:0cyclow?c,
19:0cyclow?Zc, 20:1w9¢, 22:1w9c

10Mel7:0, 10Mel7:1w7c, 10Me18:0, 10Mel8:1w7c,

Gram-positive bacteria (GP)

Actinomycetes (AC) 10Me19:1w7e
Anaerobic Bacteria (AB) *16:2DMA, 18:2DMA
Aerobic bacteria (AE) 15:1w6ce
Desulfobacteria (DE) 16:0-methyl
Methanotrophs (ME) 18:1wbc, 18:1wbc, 18:1w7c¢
Unspecified Fungi (FU) 18:1w9c, 23:0
Arbuscular Mycorrhiza (AM) 16:1w5c¢
Saprophytic Fungi (SF) 18:2wéc
Protozoa (PR) 19:3wé6c, 20:3wbc, 20:4wbe, 20:5wW3c¢

* After Ma et al., 2022 [15].

The data were initially processed using Excel for the various characteristic fatty acid
biomarker amounts obtained by transformation calculations, and displayed in a trilinear
table showing the corresponding characteristic fatty acid types and PLFA marker amounts
for each microrganism (as per Table 1). The data were normalized for means distribution
ahead of further analysis. One-way ANOVA analysis and Duncan tests were performed
using SPSS, and Origin 2018 was used for the analysis of bacterial, Gram-positive, Gram-
negative, and fungal marker totals or ratios. H RDA analysis and heat maps were produced
using R (Vegan package). We calculated a diversity index as follows:

1.  Shannon-Wiener (H): H = }(Pi)(InPi)
2. Simpson (D): D=1 — EPi?

Note: Pi = Ni/N, where Ni is the number of characteristic fatty acids in treatment;
nl is the number of individuals with the first characteristic fatty acid biomarker; n2 is the
number of individuals with the second characteristic fatty acid biomarker; n is the number
of individuals with the nth characteristic fatty acid biomarker.

3.  Margalef M): M =(5—1)/InN
4. Menbhinick (E): E=S/y/N
5. Brillouin (B): B=N — 1lg(N!/n1'n2! ... n!)

Where N represents the number of total characteristic fatty acids in the experiment, S
is the total number of characteristic fatty acid markers.

3. Results
3.1. Physical and Chemical Properties of the Soil in Different Wetland Types

Table 3 summarizes the physical and chemical properties of the soil from the three
different wetland types. Significant differences in the pH of the soil (p < 0.05) were observed,
with the lowest pH found for SF (5.48) and the highest for PF (6.0) (Table 3). SOC levels
were highest in PF (52.96 g/kg) and lowest in SF (35.05 g/kg) soil (Table 3). The AP and TP
levels were all highest in NF (AP: 43.58 mg/kg and TP: 21. 79 mg/kg) and lowest in SF
(30.43 mg/kg and 6.03 mg/kg) (Table 3). The TN levels were all highest in SF (7.62 g/kg)
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and lowest in PF (4.29 g/kg) (Table 3). However, the difference in AN levels was not
significant, and PF soil and SF soil also did not significantly differ in AP or TP (Table 3).

Table 3. Soil physicochemical properties of the different wetland types.

Wetland Type H AN AP TP TN soC SWC
P P (mg/kg) (mg/kg) (g/kg) (g/kg) (g/kg) (%)
Permanently 05 4 (090 49677+ 89.02a  3312+182b  636+202b 429+ 008c 5296+ 286a  82.67+205a
flooded (PF)
Seasonally 548+005c  5944+6698a  3043+£361b  603+182b  762+02a  3505+1c  5233+205b
flooded (SF)
NO“{&‘;‘))ded 565+005b 61356+ 17.74a 4358 +£2.67a  2179+134a 562+069b 4657 +446b  35.00+245¢

Values are given as mean =+ standard error; different letters represent significant differences between treatments
(p < 0.05). AN: available nitrogen; AP: available phosphorous; TP: total phosphorus, TN: total nitrogen, SOC: soil
organic carbon; SWC: Soil Water Content.

3.2. Relative Abundance of Soil Microbial PLFA in the Wetlands of the Sanjiang Plain

PLFA markers of different species of soil microorganisms are shown in Figure 2. The
highest accumulative concentration of all PLFA biomarkers combined was found in NF
(15,930.40 & 5445.23 ng/g), which was mainly due to the exceptionally high level of Gram-
positive i117:1w9c (8407.15 £ 2675.84 ng/g). Slightly lower total results were obtained for
PF (15,577.43 & 2540.62 ng/g) and SF (14,762.58 & 2769.25 ng/g), but the differences were
not statistically significant. High levels of 18:1w7c (1939.15 + 666.13 ng/g) and 18:1w9c
(1713.26 + 360.65 ng/g) were detected in permanently flooded wetlands, and levels of
18:1w7c (1481.5 £ 285.71 ng/g) and 18:1w9c (1695.81 + 175.6 ng/g) were detected in
seasonally flooded wetlands, but the lowest ranks were present in the drier non-flooded
wetlands. The main contributors to these total scores were biomarkers for general bacteria
(16:0), Gram-positives (i15:0, a15:0, i17:1w9c), and Gram-negatives (16:1w7c), as well as
desulfobacteria (16:0-methyl) (Figure 2).

PF NF ST
I N
= - EE -_— = = =
—_— ] =
B . B B B B
= ] - : B ovver 2004 whec 18:2 whe
| — —_— || 53— 13:0 iso 22:0 17:0 iso
- -] - - . 17:0 DMA . 14:0 iso 17:0 anteiso
80 — — | ] ) | 19:0is0 . 16:0 anteiso 18:0 10-methyl
-
& = [ | [ 1e:020m . 200 B oo
g 18:2 DMA B esuec 16:1 whe
E - 14:0 anteiso 24:.0 17:0 cyclo wic
@
g o 20:5 wic B eoxe 18:0
€ B 101 wre10momny [ 170 | EEEERE
; 23:0 15:0 Bl c0 10mety
5 B 2o vee 17:1wre 10menyt [ 150 anterso
=3
5 13:0 anteiso 17:1 wac W 5o
40 . 15:1 wéc B 140 . 168:1 wic
11:0 anteiso B st v | KBS
I 182 0ma 18:1 wic 10-metnyl I 18:1 wrc
20:3 wéo 17:0 10-methyl 16:0
. 15:1 Iso wec 16:3 wec 17:1 Iso wec
0

PF1 PF2 PF3 PF4 NFl NF2 NF3 NF4 SFl1 SF2 SF3 SF4

Figure 2. Percent-stacked histograms of different soil microbial PLFA marker amounts in three
different wetlands. PF: permanently flooded wetlands; NF: non-flooded wetlands; SF: seasonally
flooded wetlands.

In general, the findings indicate there was little difference between the soil of PF and
of SF, but the NF was distinct, with 43 PLFA markers in common with PF and 41 PLFA
biomarkers in common with SF.
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The individual PLFA fractions attributed to general bacteria (see Table 1) were com-
bined per wetland type and these were compared with those of the general fungal group in
Figure 3. Figure 3a shows that the combined amounts of PLFA biomarkers indicative for
the general group of bacteria were similar between PF and SF, but lower in NF (p < 0.05).
The difference was stronger for fungi, resulting in a 5-fold higher fungi level in PF and
SF (Figure 3a). Based on combined biomarkers for Gram-negative bacteria (GN), it can
be seen in Figure 3b that fewer of these were detected in NF compared to the other two
types, and the difference was even more pronounced for Gram-positive bacteria (GP), so
that the ratio of GP/GN was significantly (p < 0.05) higher in NF compared to the other
two types (Figure 3b). One specific PLFA biomarker was only detected in one soil type
(10:0-20H for Gram-negative bacteria in SF). PLFA levels typical for actinomycetes were
notably lower compared to those of the other bacterial groups and were particularly low in
NF (Figure 3c), but this soil contained the largest levels of protozoan PLFAs (Figure 3d).

5000 = E=Bacteria B==Fungi * Bacteria/Fungi
a

o
=1
=
=1
1
]
-1 oo

8(_)(}0: -GP %GN * GP/GN ]

Amount of fatty acid biom akers/ (ng/g)
Bacteria/Fungi
Amount of fatty acid biom akers/ (ng/g)
GP/GN

1400 4
E=] Actinomyces 350
: E= Protozoan
1200
a a

1000

800

600

Amount of fatty acid biom akers/ (ng/g)
Amount of fatty acid biom akers/ (ng/g)
-
=
=1
I

NF NF SF

(©) ‘ (d)

Figure 3. Totals of detected PLFA (ng/g) of characteristic soil microbial communities from different
wetlands in the Sanjiang Plain. (a): Accumulative PLFA biomarkers indicative of unspecified bacteria
and fungi, respectively, and bacteria/fungi ratio. “s” represents the ratio of bacteria to fungi. (b): ac-
cumulative PLFAs for Gram-positive (GP) and Gram-negative (GN) bacteria and their ratio.” %"
represents the ratio of Gram-positive to Gram-negative bacteria. (c): accumulative PLFA levels
in-dicative of Actinobacteria, and (d) of protozoa. PF: permanently flooded wetlands; NF: non-
flooded wetlands; SF: seasonally flooded wetlands. The different letters (a,b,c) represent significant
differ-ences between treatments.

3.3. Soil Diversity Index Analysis of the Different Wetland Types

The PLFA findings were used to calculate the following indices: Shannon-Wiener,
Simpson, Margalef, Menhinick, and Brillouin, with results summarized in Table 4. All
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indices were significantly lower for NF compared to the two other wetland types (p < 0.05).
The Shannon-Wiener index showed that PF (3.05) > SF (3.02) > NF (2.12); the Simpson
showed that PF (0.93) = SF (0.93) > NF (0.71); the Margalef showed that SF (4.94) > PF
(4.79) > NF (3.38); the Menhinick showed that SF (0.42) > PF (0.39) > NF (0.27); the Brillouin
showed that PF (3.02) > SF (2.99) > NF (2.10).

Table 4. Microbial diversity indices of the three different wetlands, based on PLFA data.

Diversity Index Permanently Non-Flooded Seasonally
Flooded Wetlands Wetlands Flooded Wetlands

Shannon-Wiener (H) 3.05+0.04 a 2124+ 0.09b 3.024+0.07 a

Simpson (D) 0.93 + 0.00 a 0.71+0.03b 093 +0.01a

Margalef (M) 479 £0.27 a 3.38+0.23b 494+0.11a

Menhinick (E) 0.39 £0.02a 0.27 £0.04b 042 +£0.02a

Brillouin (B) 3.02+0.04a 210+ 0.09b 299 +0.07 a

Different letters in the same row indicate significant differences between different wetland types (p < 0.05).

3.4. Relationship between Soil Microbial Structure and Soil Chemical Properties

Redundancy analysis was caried out with various soil microbial contents and the
soil properties of the three wetland types. Figure 4 shows that 94.48% of the data was
explained by RDA1 and 3.43% by RDA2, so that 97.91% was explained by RDA in total.
The soil microbial community structure of PF significantly and positively correlated with
SWC (r2 = 0.806, p = 0.001) and negatively correlated with TP (r?> = 0.879, p = 0.002) and AP
(r2 = 0.7839, p = 0.001). The soil microbial structure of NF significantly correlated with TP
and AP, but negatively correlated with SWC, while TN did not show significant correlations.

group
® NF

RDA2 : 3.43%

® SF

-0.6 NFS

-i0 -0.5 RDAT :9‘3:1?4&% 0.5
Figure 4. Redundancy analysis (RDA) conducted with the soil microbial PLFA-derived data and
soil physicochemical properties of the three different wetland types in the Sanjiang Plain. SWC:
Soil Water Content; SOC: Soil Organic Carbon; TN: Total Nitrogen; AN: Available Nitrogen; TP:
Total Phosphorus; AP: Available Phosphorus; PF: permanently flooded wetlands; NF: non-flooded
wetlands; SF: seasonally flooded wetlands.

The calculated indices were also correlated with soil properties (Table 4). All indices
produced significant negative correlations with TP (p < 0.01), and AP (p < 0.01 for all
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but Menhinick which gave p < 0.05) and positive correlation with SWC (p < 0.05), while
there were no correlations with the other soil physicochemical properties (Table 5 p > 0.05).
Thus, the level of phosphorus and soil water content seems to have a high impact on soil
microbial diversity.

Table 5. Correlation between microbial diversity indices and soil physicochemical properties.

Diversity Index pH TP AP TN AN SOC SWC
Shannon-Wiener (H) 0.212 —0.959 ** —0.913 ** 0.072 —0.432 —0.118 0.864 **
Simpson (D) 0.188 —0.964 ** —0.901 ** 0.080 —0.427 —0.107 0.855 **
Margalef (M) 0.134 —0.935 ** —0.940 ** 0.157 —0.320 —0.228 0.791*
Menbhinick (E) —0.063 —0.871 ** —0.790 * 0.298 —0.271 —0.282 0.682*
Brillouin (B) 0.215 —0.959 ** —0.914 ** 0.069 —0.433 —0.116 0.866 **

Statistical significance is given as * p < 0.05, ** p < 0.01. AN: available nitrogen, AP: available phosphorous, TP:
total phosphorus, TN: total nitrogen, SOC: soil organic carbon, SWC: Soil Water Content.

We analyzed the correlation between particular PLFAs and soil properties, and showed
20 PLFA markers with the highest correlation with soil properties in the heat map (Figure 5).
Immediately obvious in this heat map is the distinction between correlations for SWC, pH
and SOC on the one hand (left columns of the heat map) and TP, AP, AN and TN on the
other (right columns of Figure 5). SWC was positively correlated with most particular
PLFAS, while TP and AP were negatively correlated. This corroborates the opposite
effects of these parameters that were already observed in the RDA plot (Figure 4). Also
obvious is the strong positive correlation of protozoan PLFA 19:3wéc, and of the Gram-
positive compounds i17:0w9c (which was very abundant in NF) and i15:1w6c (which
was undetectable in SF) with AP and TP. The correlations with AP and TP were strongly
negative for all other compounds, and this parameter produced the strongest correlations
overall (Figure 4). Lastly, a clustering of PLFA biomarkers was observed, based on the
presented correlation, that did not group according to their biological producers. This may
indicate that microbial communities respond to various conditions as a mixed community
of bacteria (Gram-positive and Gram-negative) as well as fungi and protozoa. Not all
members of each such group respond in the same manner, and that explains the clusters
indicated by the clustogram to the middle of the figure. Of course, SWC has a positive
correlation with many PLFAs, which also confirms that soil water content plays a positive
role in promoting the growth of a variety of microorganisms.
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Figure 5. Heat map showing correlations between individual PLFA biomarkers and soil physico-
chemical properties in the three wetlands. Statistical significance is given as * p < 0.05, ** p < 0.01,
***p <0.001. AN: available nitrogen, AP: available phosphorous, TP: total phosphorus, TN: total
nitrogen, SOC: soil organic carbon, SWC: Soil Water Content.

4. Discussion
4.1. Changes in Soil Physicochemical Properties in Different Wetland Types of Sanjiang Plain

In this study, soil physicochemical properties differed significantly among the three
wetland types (Table 3, p < 0.05). Varying natural hydrological conditions may account for
this. For example, soil water content showed that PF (permanently flooded wetlands) > SF
(seasonally flooded wetlands) > NF (non-flooded wetlands) (Table 3). The three wetland
soils were all slightly acidic, ranging from 5.48 to 6.0. The pH and SOC of the PF was the
highest and the pH of the SF was the lowest. However, the soil TP and AP was significantly
higher in the non-flooded wetlands than the other two wetlands. The TN in the soil was
the highest in SF and the lowest in PF.

The difference in SOC content may be caused by the different moisture conditions of
the three different wetland soils. SOC is one of the important indicators of soil quality [24],
NF and SF soils were unsaturated and often exposed to the air, so the soil could accelerate
the absorption and utilization of organic carbon by soil microorganisms, resulting in a
relatively low SOC content, which is consistent with the research results of Yang et al. [25].
The wetlands of the Sanjiang Plain were disturbed by human activity and the surrounding
farmland, and resulted in decreased soil quality [26]. The soil water content decreased, and
the soil also had a tendency to acidify. The pH value in PF was significantly higher than the
other two wetland types; pH and SOC content were also closely related, consistent with
Tu et al. who found that pH directly or indirectly controls the level of soil SOC [27]. In this
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study, NF had the highest content of TP and AP compared to other wetland types. The
discrepancy may be caused by continuous fertilization in order to maintain the high yield
of food crops after many natural wetlands were reclaimed for farmland, consistent with
the research results of Luo et al. [28].

4.2. Effects of Wetland Types on Soil Microbial Composition

We used the PLFA marker amount (ng/g) to represent the microbial biomass. The
total bacterial and fungal biomass in PF and SF was similar, but both were significantly
higher than in NF (Figure 3a). Additionally, the Gram-positive, Gram-negative (Figure 3b)
and actinomycetes (Figure 3c) in PF and SF were significantly higher than that in NF. This
may be correlated with the soil water content and soil nutrient. The microbial community
composition was influenced by hydrological conditions through soil moisture, aeration
and vegetation type. The key factor of soil microbial community is significantly related
to the functional potential of soil microorganisms [29]. Soil water content may affect the
transcription and activity of microorganisms, which may lead to changes in soil microbial
communities [30,31]. Our results were consistent with many studies [32,33]. However,
some studies produced results that were not consistent with our own [34-36]. This may be
because of the season in which we carried out this research, and other factors (e.g., climate
and temperature) which could lead to differences in soil microbial composition. Therefore,
future studies should take seasonal factors into account.

Phosphorus can affect the soil microbial biomass and community composition [37,38]. In
this study, TP and AP were found to be significantly negatively correlated with soil micro-
bial biomass (PLFA). This is possible due to agricultural activity. Agricultural fertilization
influences the TP and AP of wetland. The enrichment of inorganic elements increases the
circulation rate of phosphorus, which in turn has an impact on soil microbial biomass, as
noted by anthropogenic phosphorus limitation by Vitoousek et al. [39]. There are now
multiple mechanisms to explain the effect of phosphorus on soil microbes. For example,
Liu et al. [40] and Li et al. [41] proposed that addition of phosphorus can increase litter fall
and fine root biomass, thereby increasing soil microbial carbon availability, and ultimately
increasing soil microbial biomass and changing community composition; Liu et al. [42]
believed that after the addition of phosphorus, the soil pH and osmotic potential would also
change, thus accelerating the growth of microorganisms; while Huang et al. [43] found that
phosphorus had a significant effect on soil microbial biomass. The soil microbial biomass
of the high phosphorus addition treatment was significantly higher than that of the control
treatment and the low phosphorus addition treatment. However, in our study, TP and
AP were negatively correlated with the microbial biomass. Some studies are consistent
with ours in this regard [44,45]. The farmland around the wetland in the Sanjiang Plain
continues to increase. After the application of fertilizers, phosphorus will accumulate in
the soil. After the runoff flows into the wetland, the excessive phosphorus accumulation
will form a phosphorus limit, breaking the normal element cycle and affecting the soil.
The absorption and transformation of other nutrients by microorganisms may reduce soil
microbial biomass.

4.3. Effects of Wetland Types on Soil Microbial Diversity

In this study, the soil microbial diversity in the three different wetland types was
significantly different. The diversity indices of PF and SF were significantly higher than
those in NF (Table 4). Correlation analysis showed that SWC was positively associated with
soil microbial diversity, but TP and AP showed a significant negative correlation with soil
microbial diversity. This is consistence with some studies. For example, Cai et al. [46] found
that the activity of soil microorganisms in alpine grassland would reach the maximum
under certain interference. NF wetland was the driest and had the lowest soil water content
compared to other wetland types. PF wetland is typical wetland and has a stable structure
and function. When the soil water content decreases, the PF transfers into NF and SF,
so the high structure and function of the ecosystem may be the reason why PF had the
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highest soil microbial diversity. Another reason may be that soil nutrient factors, such as
SWC, TP, and AP, differed significantly among the three wetland types. We speculate that
the reduction in water content and phosphorus transport efficiency greatly reduces the
concentration of phosphorus in the soil. An appropriate concentration of phosphorus is
beneficial to biological growth and development, but an excessively high concentration
may form phosphorus limitation, resulting in low soil microbial diversity.

The PLFA technique that was applied to characterize the soil microbial community
of different wetland types has certain shortcomings: (1) Since not all characteristic fatty
acids of all soil microorganisms are known, a particular fatty acid that can be detected
cannot always be accurately correlated with the soil microorganisms responsible for their
production, so there is some bias in the interpretation. (2) The method depends on labeling
fatty acids and judging the microbial community structure based on the position of the fatty
acids. If the position of the marker changes or the marker is not accurate, the final result
will be affected. (3) Due to the limitations of PLFA, it does not capture changes in metabolic
activity and functional patterns of soil microbial communities as a result of changes in the
environment. Nevertheless, the method is supplemental to other existing technologies,
such as high-throughput sequencing and biology technologies.

5. Conclusions

Phospholipid fatty acid (PLFA) analysis was employed to quantify the types and
contents of soil microbial PLFA in different wetland types of the Sanjiang Plain. This
study demonstrated that permanently flooded wetland had the most diverse soil microbial
community, while non-flooded wetland had the least diverse. Soil water content, total
and available phosphorus, and total and available nitrogen correlated significantly with
soil microbial communities in the three wetland types. In response to the various soil
parameters tested, microbial diversity in the different wetland types clustered for different
PLFA biomarkers, which represented complex communities. The diversity of such com-
munities can be high and unique for each wetland type. The diversity indices showed
that soil microbial diversity was highest in permanently flooded wetland, which can be
considered the most stable. Differences in soil microbial community structure and diversity
in these wetland types were demonstrated, offering a theoretical basis for high-quality
management of wetland reserves. These findings suggest that future studies should deploy
other technologies, e.g., metagenomic, to achieve a deeper understanding of the changes in
soil microbial communities and functions in wetland ecosystems.
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