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This study was designed to analyse the soil bacterial
community composition and diversity, as well as their
relationships with various environmental factors in a
riparian ecosystem. The 16S rRNA sequencing tech-
nology was applied to profile the bacterial composi-
tion of 120 samples from four different transects
(long, moderate, less and rare inundation) in ten dif-
ferent study sites along the Lijiang riparian zone; the
corresponding soil properties were also measured. The
results indicated that, diversity was lowest in the rare
inundation transect and there were high yet not signif-
icantly different bacterial community diversities in the
long, moderate, and less inundation transects. The
dominant bacterial groups of the four transects were
similar, but there were great differences in the abun-
dances of specific groups. Proteobacteria (29.28%),
with the dominant classes of Beta- (15.65%), Delta-
(5.75%), Gamma- (4.46%) and Alpha-proteobacteria
(3.32%), was the most abundant phylum in the stu-
died riparian soils. The genus Candidatus Nitrosos-
Pphaera including ammonia-oxidizing archaea (AOA)
and the genus Nitrospira including nitrite-oxidizing
bacteria were both sensitive to inundation gradient
changes. Redundancy analysis revealed that soil prop-
erties such as soil pH, inundation frequency, sand con-
tent, soil water content, total N and available N were
significantly correlated with the bacterial community
diversity and structure. The study suggests that the
flood disturbance gradient and the spatial heterogeneity
of soil properties affect the composition and diversity
of bacterial communities in the Lijiang riparian zone.

Keywords: Bacterial diversity, inundation, river zone,
16S rRNA sequencing, soil physicochemical properties.

MICROBIAL communities play a key role in ecosystems
and influence a large number of important ecosystem
processes, including biogeochemical cycles, organic mat-
ter decomposition, nutrient acquisition, pollutant purifica-
tion and soil structure maintenance'?. However, the
composition and diversity of the microbial community
may be affected by environmental changes®”. Spatially,
on a fine scale of centimeters, microbial community
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composition can change and are mainly affected by soil
pore structure’, microbial interaction, rhizosphere
effects®. On the scale from meters to kilometers, they are
mainly affected by soil heterogeneity (e.g. soil pH, oxy-
gen concentration and nutrition content)’ ’, vegetation'’
and topography'' and other factors. On a larger scale,
from hundreds to even thousands of kilometers, they are
mainly affected by soil, climatic and geographical isola-
tion conditions'?. Soil microbial communities temporally
change over shorter (e.g. rainfall process) or longer (e.g.
seasonality, ecological succession) time scales. They are
also affected by perturbations, flood disturbance, for in-
stance, often affects microbial processes. Rinklebe and
Langer'® compared three types of floodplain soils with
different flood regions and proposed that phospholipid
fatty acids, soil microbial carbon, basal respiration and
metabolic quotient were strongly influenced by gradients
in elevation, type of soil, flooding duration, time since
the various soils were last flooded, plant communities
and their residues and by pH value, all of which may in-
fluence the microbial diversity. Moche et al.'* concluded
that the more stable properties of the bulk soil such as the
magnitude of soil organic carbon, soil texture and asso-
ciated flood duration had a stronger impact on soil micro-
bial communities than monthly fluctuations of more
dynamic properties, such as soil moisture and soil tem-
perature. Wilson er al."® proposed that flooding caused
significant changes in the microbial community structure,
and the duration of the flooding was also important for
carbon dynamics and microbial community structure.
Riparian zones are critical ecotones between the aqua-
tic ecosystem and the terrestrial ecosystem'®. Their cha-
racteristics of an edge effect and rich biodiversity make
riparian zones some of the most dynamic, diverse and
complex ecosystems on earth'”'®, The interactions
between hydrogeomorphic (flood dynamics) and ecologi-
cal processes (biological succession) create a dynamic
mosaic of habitat patches — from a bare gravel bar to a
thick riparian forest. These patches, characterized by the
contrasting and changing functional performance, such as
differences in their inundation regime, stage of succes-
sion, soil properties, community composition, system meta-
bolism and nutrient cycling, are defined as functional
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process zones'**°. High diversities of acrobic and anaerobic
microbes have coexisted in the riparian soils, but this
diversity is heterogeneously distributed among the func-
tional process zones of the riparian zones®'. Thus, riparian
soils offer an ideal setting in which to study the spatial
variations in the composition and diversity of soil microbes.

Lijiang River, as the soul of ‘Guilin Best’ and the
world famous ‘golden waterway’, has a typical karst
landscape, mountains surrounded by water, twists and
turns of the natural scenery and abundant animal and
plant resources, which make the Lijiang ecosystem have
tremendous resources, environmental, economic and
social value. However, a series of environmental prob-
lems, such as uneven distribution of water resources,
cause seasonal flood and drought, vegetation degenera-
tion, wetland shrinkage and water pollution along the
Lijiang River”. Therefore, the protection and restoration
of the Lijiang River ecosystem is an urgent necessity.

We hypothesized that the environmental conditions to
which riparian soils have been exposed (mainly inunda-
tion regime) may affect soil properties and soil bacterial
diversity and structure. Therefore, we have studied the
following issues: (i) the spatial variations of soil bacterial
diversity and community composition in the different
transects (long inundation to rare inundation) of the
Lijiang River riparian zone; (ii) the relationship between
soil properties and bacterial structure and diversity within
the Lijiang River riparian zone and the driving factors
behind bacterial diversity and structure. In conclusion, we
aim to study the composition and diversity of bacterial
communities and their response and feedback to envi-
ronmental changes.

Materials and methods

Study sites

The Lijiang River is located in the northeastern part of
Guangxi Province, China (E110°18"-110°18’, N25°59'—
23°23") (Figure 1). It belongs to the Pearl River system
and covers a distance of 214 km and a catchment area of
12 285 km? (ref. 23). The region of the Lijiang River is
characterized by a subtropical humid monsoon climate.
The average annual temperature is 17.8-19.1°C. The
average annual precipitation is 1814-1941 mm. There is
abundant annual runoff (mean annual runoff is 120-—
130 m?/s) but the distribution is uneven throughout the
whole year. The flood season lasts from March to August,
during which the runoff accounts for 80% of total annual
volume®®. The Lijiang River basin has a karst landform,
with widely exposed carbonate rocks. The river from
Guilin to Yangshuo is the most typical karst development
area. The river channel is composed of sand and pebbles.
The soil type is red loam with high sand content.The trees
are mainly Pinus massoniana, Pterocarya tonkinensis,
Cinnamomum burmannii, Phyllostachys heterocycla cv.
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Gracilis and some other similar species; the shrubs are
Geumaleppicum and Vitex negundo and the herbs are
mainly Cynodon dactylon, Polygonum hydropiper and

25
Humulus scandens™.

Experimental design and sampling

Ten study sites were set on the left riparian zone along
the Li River of Guilin to Yangshuo (Figure 1). From the
upper stream to downstream, three sites (C1, C2 and C3)
were established in the city, four sites (S1, S2, S3 and S4)
in the suburbs and the last three sites in the mountain
tourist zone (M1, M2 and M3). To assess the effects of
the inundation regime on the soil bacteria, each site was
divided into four types of transects called long inundation
(Lon-inu), moderate inundation (Mod-inu), less inunda-
tion (Les-inu) and rare inundation (Rar-inu) according to
the different flooding frequencies, distance to the river
and vegetation types (Figure 2). Close to the river, Lon-
inu corresponds to inundation approximately nine months
per year with high hydraulic energy, Mod-inu corres-
ponds to inundation seven months per year, Les-inu
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Figure 1. Locations and sampling sites in the riparian zone of the
Lijiang River. C1-3, S1-4, M1-3 respectively, represent city, suburban
and mountain tourist zones.
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corresponds to inundation four months per year and Rar-
inu corresponds to inundated approximately 1.5 months
per year. The corresponding vegetation types were bare
gravel beach (scattered herbs of Cynodon dactylon and
Polygonum hydropiper L.), grassland (Cynodon dactylon,
Polygonum hydropiper L. and Humulus scandens), shrub-
land (Geum aleppicum, Nerium indicum Mill and Vitex
negundo L.) and woodland (Pterocarya tonkinensis, Cin-
namomum burmannii and Phyllostachys heterocycla cv.
Gracilis). The widths of Lon-inu, Mod-inu and Les-inu
transects are 20—45 m, while that of Rar-inu is from
approximately 50 to 100 m.

Three replicate points were chosen randomly for soil
sampling within each inundation transect in September
2014 (avoiding the rainy season). Along an S-shape sam-
pling route, mineral soils in the upper 15 cm were col-
lected from 5 to 8 locations within each sample points
and they were then mixed to compose a soil sample.
A total of 120 soil samples were obtained. Soil was
placed in a portable refrigerator and transported to the
laboratory. Each soil sample was sieved (2 mm), homo-
genized and separated into two subsamples. One subsample
was used for analysis of soil physicochemical properties
after being air-dried and the other was kept frozen at
—80°C for DNA extraction and molecular analysis.

Soil physicochemical properties

The physicochemical properties of the soil were analysed
according to the standard methods™. Soil pH was deter-
mined by the potential method with 1 : 2.5 ratio of soil to
water. Soil water content (SWC) was measured after
over-drying the soil at 105°C for 24 h. Soil organic matter
(SOM, g kg dry soil) was determined by the dichromate
oxidation method. Total N was measured by Kjeldahl
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Figure 2. Sectional sketch map of the riparian zone of the Lijiang
River.
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digestion procedures (TN, gkg ' dry soil). Total P was
determined colorimetrically by the ascorbic acid method
at a wavelength of 700 nm (TP, g kg ' dry soil). Total K
was measured by means of a flare photometer (TK, g kg’
dry soil). Available N was determined by alkaline hydro-
lysis diffusion (AN, mgkg ' dry soil). Available P was
determined by the hydrochloric acid—sulphuric acid
extraction method (AP, mgkg ' dry soil). Available K
was measured by ammonium acetate extraction and flame
photometry (AK, mg kg ' dry soil). All soil physicochem-
ical properties are determined according to the standard
methods®®. Each sample was measured three times.

DNA extraction, 16S rRNA gene amplification and
barcoded sequencing

DNA extraction. The DNA was extracted with a Power
Soil DNA Extraction Kit (MO BIO Laboratories USA)
according to the manufacturer’s instructions. To quantify
and check the DNA integrity, a 5 ul aliquot was subjected
to electrophoresis on a 1% agarose gel and quantified
using 2 ul of Low DNA Mass Ladder (Invitrogen Tech-
nology China).

16S rRNA gene amplification and barcoded sequencing.
The universal primer set 515F/806R was used to amplify
the bacterial and archaeal specific V4 hypervariable
region of the 16S rRNA genes”’ with a 12-bp barcode
specific to the soil subsample on R806. Samples were
amplified in triplicate following the thermal cycling
described previously?®. Replicate PCR reactions for each
sample were pooled and purified using a QIAquick Gel
Extraction Kit (Qiagen, Chatsworth, CA, USA). The puri-
fied composite DNA sample was sequenced using an
[llumina MiSeq platform with paired end reads of 250 bp
in length.

Processing of sequencing dataset. Raw data were
processed with pipeline coupling Mothur®® and QIIME?°
software. The commands shhh.flows’', pre.cluster’® and
chimera.uchime® were used to denoise the sequence data,
reduce sequencing error and identify and remove chime-
ras, respectively. Operational taxonomic units (OTUs)
were identified with uclust at the 97% sequence similarity
level®*. Subsequently, a representative sequence was
selected from each OTU and the taxonomic assignment
was achieved using the Ribosomal Database Project
(RDP) Classifier’® with a minimum confidence interval of
80%. The alpha diversity (OTUs, Chaol, Faith’s phylo-
genetic diversity (PD), Shannon and Invsimpson) and
beta diversity (unweighted and weighted UniFrac dis-
tances) were estimated on the basis of a subset of 3,700
randomly selected sequences per community with 100
iterations. UniFrac-based principal-coordinate analysis
(PCoA) was used to find clusters and the most important
axes of variation among samples.
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Statistical analysis

Different o~diversity indices (OTUs, Chaol, phylogenetic
diversity, Invsimpson and Shannon) were calculated
using Mothur®. To evaluate differences in the soil physi-
cochemical properties and bacterial « diversity, ANOVA
and Tukey’s test (P < 0.05) were performed. To explore
dissimilarities in the bacterial community based on the
Bray-Curtis distances, principal coordinate analysis
(PCoA) was applied using the vegan package of
R-language™.

To determine the impact of the soil physicochemical
properties on bacterial community o~diversity and the
relative abundances of the dominant phyla, redundancy
analysis (RDA) and Monte Carlo permutation tests
(P <0.05) were performed using the vegan package™.
Bacterial o~diversity matrices and the dominant phyla
relative abundance matrices were alternatively used as
response matrices, the soil physicochemical dataset was
used as an explanatory matrix. The forward selection pro-
cedure was used during the analysis to identify the
attributes with the highest discriminatory power™°.

Results
Soil physicochemical properties

Soil physicochemical properties varied across the study
area (Table 1). The soils of the Lijiang River riparian
zone were sand-based, with contents ranging from ap-
proximately 74.99% to 88.44%, far higher than both silt
and clay. With the decrease of inundation frequency, the
sand content decreased while the clay and silt content in-
creased gradually. Soil pH value, SWC, AN, AP and AK
increased initially and subsequently decreased with the
decline of the inundation frequency. Additionally, the pH
was highest in Mod-inu (7.71) and lowest in Rar-inu
(6.99), while the other five variables were largest in
Les-inu and lowest in Lon-inu. SOM and TN increased
gradually with the decrease of inundation frequency.

Alpha diversity of bacterial communities

We used barcoded sequencing to analyse the bacterial
and archaeal 16S rRNA genes across all of the soil sam-
ples, generating 2,213,657 quality sequences, with the
sequences for individual samples ranging from 3,734 to
44,344, In total, 89,925 OTUs were identified in the
complete data set, with an average of 1242 to 1880 OTUs
per sample. A comparison of OTUs, Chaol, Faith’s phy-
logenetic diversity (PD), Shannon and Invsimpson re-
vealed differences in the bacterial communities’ diversity
of the studied soil groups (Table 2). The number of OTUs
was in Rar-inu soils and the Rar-inu also showed lowest
community diversity, while the remaining three transects
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(Lon-inu, Mod-inu and Les-inu) exhibited higher com-
munity diversity but no significant differences between
them. The other diversity parameters (PD, Shannon and
Invsimpson) are consistent with these results.

Beta diversity of bacterial communities

The principal coordinate analysis (PCoA) showed that
there were strong differences in the soil bacterial com-
munity among the different transects (Figure 3), which is
evident by 53.94% of the total variance in the weighted
UniFrac distances. The bacterial communities displayed
clear clustering on the ordination plot according to the
studied soil groups; the samples of Rar-inu clearly sepa-
rated from the other three transects (Lon-inu, Mod-inu
and Les-inu). This indicates that different sampling sites
in the riparian zone may have certain effects on the soil
bacterial community composition.

Composition of bacterial communities

A total of 76 phyla were detected in the complete data
set, and most of them could be assigned to the domain
Bacteria. The top 11 phyla were defined as dominant
(average relative abundance = 1%); among them, Proteo-
bacteria (29.28%) was the predominant phylum in all
soils, followed by Acidobacteria, Crenarchaeota, Verru-
comicrobia, Planctomycetes, Bacteroidetes, Nitrospirae,
Chloroflexi, Actinobacteria, Gemmatimonadetes and
Firmicutes, accounting for 19.15%, 15.94%, 7.48%,
6.04%, 5.56%, 4.51%, 3.51%, 2.20%, 2.12% and 1.02% of
total quality sequences respectively (Figure 4). The class
level distributions of Proteobacteria showed that Beta-
proteobacteria (15.65%), Deltaproteobacteria (5.75%),
Gammaproteobacteria (4.46%) and Alphaproteobacteria
(3.32%) were the four major classes within this phylum.

The structure of the bacterial communities differed
among the different types of transects (Figure 4). On the
phylum level, with the decreasing of inundation frequen-
cy, the relative abundance of the phyla Proteobacteria
and Bacteroidetes increased initially and then decreased,
while the relative abundances of Acidobacteria, Crenar-
chaeota and Planctomycetes decreased initially and sub-
sequently increased. The relative abundance of
Verrucomicrobia tended to gradually increase, while
those of Nitrospirae and Chloroflexi decreased. This in-
dicated that these bacterial phyla are responsive to
changes in the inundation gradient.

On the genus level, the structure of the bacterial com-
munities also differed among the transects (Figure 5).
Candidatus Nitrososphaera was the most dominant genus
in each transect soil, and the relative abundance changed
from 10.01% (Les-inu) to 22.18% (Rar-inu), indicating
that it may be sensitive to the change of the riparian flood
inundation. Next was Nitrospira, whose relative abundance
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Table 1. Average values and standard errors of chemical parameters in different groups of riparian soils
Transects Lon-inu Mod-inu Les-inu Rar-inu P
Sand (%) 88.44 + 0.45d 81.59 £ 1.08¢c 77.70 £ 1.16b 74.99 £ 1.33a ok
Silt (%) 6.17 £ 0.29a 10.00 £ 0.57b 12.16 £ 0.74¢ 14.07 £ 0.98d Hkx
Clay (%) 5.40+0.36a 8.40 + 0.56b 10.14 £ 0.52¢ 10.94 + 0.42d HoAk
SWC (%) 13.52£2.39a 21.43 £3.20b 24.01 £2.91b 16.86 £ 1.62a ok
pH 7.32+£0.11b 7.71 £0.15¢ 7.45£0.07b 6.99 £ 0.12a Hkx
SOM (g kg™) 2372 £3.17a 26.38 £ 3.55a 26.76 £2.83a 32.68 £ 1.98b HkE
TN (g kg™ 0.93+0.25a 1.40+£0.17b 1.22 £ 0.14ab 1.35+£0.27b ok
TP (gkg™) 0.54 £ 0.18a 0.60 £ 0.05a 0.54 £ 0.03a 0.57 £ 0.04a *
TK (g kg™) 89.68 £ 7.66bc 76.92 £2.39a 94.71 £5.77¢ 83.39 £ 3.90ab Hkx
AN (mg kg™ 41.72 £ 12.61a 81.92 £ 16.75b 109.56 + 12.88¢c 100.00 + 13.48¢ ok
AP (mg kg™) 6.01 £ 1.35a 10.71 £ 1.30bc 11.84 £1.49¢ 8.86 £ 1.76b Hkx
AK (mg kg™) 30.78 £ 5.67a 44,53 +7.77b 71.77 £ 12.61d 57.25 £ 7.68¢c HkE
Inundation frequency in 2014 (months) 9 7 4 1.5

Average values followed by the same letter are not significantly different between soil groups according to two-way ANOVA and Tukey’s test.

SWC, Soil water content; SOM, soil organic matter; TN, total nitrogen; TP, total phosphorus; TK, total potassium; AN, available nitrogen; AP,

available phosphorus; AK, available potassium. *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant.

Table 2. Average values and standard errors of the OTUs, Chaol, PD, Shannon and Invsimpson indexes of the bacterial

communities in different groups of riparian soils

Alpha diversity

Transects OTUs Chao 1 PD Shannon Invsimpson
Lon-inu 1722 £37b 4669 + 155.95b 181 £ 3.23b 6.582£0.11b 182.014 £ 41.53b
Mod-inu 1728 £ 32b 4477 £ 170.40a 178 £ 3.07b 6.579 £0.11b 181.090 £ 39.16b
Les-inu 1743 + 34b 4670 + 145.13b 178 + 3.34b 6.579 £0.11b 181.090 £ 41.28b
Rar-inu 1572 £37a 4406 £ 148.76a 162 £ 3.39a 6.558 £0.10a 172.122 £37.98a
P ®k%k *% KKk *kk ®kk

Average values followed by the same letter are not significantly different between soil groups according to two-way ANOVA and

Tukey’s tests.

OTUs, Operational taxonomic units; PD, Faith’s phylogenetic diversity. *P < 0.05; **P < 0.01; ***P < (0.001; ns, not significant.

decreased with the decline of the riparian inundation fre-
quency. The relative abundances of Dechloromonas and
Geobacter first increased and then decreased as the inun-
dation frequency declined.

Association between soil properties and bacterial
communities

The redundancy analysis showed that pH, Inu_fre, SWC,
TK, AK, Dist_city, TN, TP and sand showed the highest
correlation with the indexes of the bacterial diversity
(Figure 6 a). Of the total variation, 39.88% was explained
by axis 1 and axis 2 accounted for only 4.22%. Environ-
mental variables explained 44.88% of the total variation.
Axis 1 of RDA (most variance explained by pH, Inu-fre,
Sand, SWC) was significantly correlated with the OTUs,
PD, Invsimpson and Shannon indices of the bacterial
communities diversity measures, whereas axis 2 of RDA
(variance mostly explained by TN) was significantly cor-
related with the Chaol index of the bacterial communities
of soils. Thus, we conclude that soil pH, Inu_fre, Sand
and TN had a high influence on diversity indices of the
bacterial communities. Moreover, Inu_fre was positively
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correlated with bacterial diversity indicating that the ripa-
rian bacterial diversity of the Lijiang River trended from
high to low diversity in the direction away from the water
body.

Additionally, Inu_fre, SWC, pH, Dist city, TN, Sand,
AN, AK and TK had the highest correlation with the rela-
tive abundance of the dominant phyla using the forward
selection methods (Figure 6 b). Axis 1 and axis 2 explain
18.27% and 8.63% respectively, of the total variation,
while the environmental variables account for 36.81%.
Axis 1 of RDA (most variance explained by pH) was
significantly correlated with the relative abundances of
Proteobacteria, Bacteroidetes, Crenarchaeota, Plancto-
mycetes, Acidobacteria, Chloroflexi and Nitrospirae.
Axis 2 of RDA (variance mainly explained by AN, SWC,
Sand) was significantly correlated with the relative abun-
dances of Verrucomicrobia and Firmicutes. Thus, we
conclude that soil pH was significantly affected by the
relative abundances of the Proteobacteria, Bacteroidetes,
Crenarchaeota, Planctomycetes, Acidobacteria, Chloro-
flexi and Nitrospirae. Similarly, AN, SWC and sand
was significantly affected by the relative abundances of
Verrucomicrobia and Firmicutes, therefore revealing
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that the structure of the bacterial communities was influ-
enced.

Discussion
Bacterial communities diversity

The bacterial communities of the Lijiang River riparian
soils showed significant spatial complexity. The first
three transects (Lon-inu, Mod-inu and Les-inu) have the
same and higher o~diversity of the bacterial communities
present, and the bacterial community diversity in Rar-inu
was lower. PCoA indicated that the bacterial communi-
ties can be separated clearly from the other three transects
(Lon-inu, Mod-inu and Les-inu). As the critical ecotones
between aquatic ecosystem and terrestrial ecosystem,
riparian zones show an obvious edge effect, resulting in
the great biological diversity and habitat complexity. The
Lon-inu, Mod-inu and Les-inu are located in the centre of
the riparian zone, where inundation frequency is quite

Lon-inu Mod-inu Les-inu Rar-inu

.. Lijiang River |

Floods and

Figure 3. PCoA results coloured according to the different transects
with a weighed UniFrac distance matrix comparing the 120 soil sam-
ples. The percentages of variation in the samples described by the plot-
ted principal coordinates are indicated on the axes.
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high, and thus there are lots of anaerobic and aerobic bac-
teria coexisting in the soil, leading to higher bacterial
diversity; while the Rar-inu are near the land, where in-
undation frequency is much lower, and thus there is much
less anaerobic bacteria in soil, leading to a lower bacterial
diversity. The flood pulse theory also suggests that the
flood pulse enhances the biodiversity in riparian ecosys-
tem®’. In addition, some studies showed that the micro-
bial diversity is significantly positive correlated with soil
pH within certain range®, and the lower diversity occurs
under acidic conditions while peak diversity is associated
with near-neutral pHs*. Soil pH in Rar-inu is lower than
the other three transects, and that may also be the reason
of the lower bacterial diversity.

Bacterial community composition

We detected 80 different bacterial phyla in the studied
samples, but more than 83.44% of the sequences in each
sample belonged to only six phyla (Proteobacteria, Aci-
dobacteria, Crenarchaeota, Verrucomicrobia, Plancto-
mycetes, Bacteroidetes), indicating that less than one-
fifth of sequences represented rare taxa. A similar trend
has been observed in previous studies in freshwater®,
both created and natural wetland soils*'** and marine
sediments®. This suggested that even though there were
differences among sampling sites and the research objec-
tives, there are similar bacterial groups under similar
habitat conditions. Proteobacteria, dominated by Beta-,
Delta- and Gamma-classes, was the most common phy-
lum in the riparian zones of the Li River also. Earlier stu-
dies have found Gamma-, Delta- and Betaproteobacteria
to be dominant in wetlands soils and sediments****, while
another study showed that Alpha-, followed by Delta- and
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Figure 5. Relative abundances of the dominant genera in the different

groups of the riparian soils. The genera with an average abundance of
20.5% in at least one group are defined as dominant ones. The bars in-
dicate the standard errors of relative abundances of the each genera.
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Betaproteobacteria were dominated in created and natu-
ral wetland soils*. Among them, Beta-, Gamma- and
Deltaproteobacteria were the dominant classes; these
bacteria have a rich metabolic diversity and play an im-
portant role in the circulation of C, N, S, Fe and other
elements in the Lijiang River riparian zone. A large num-
ber of medium-temperature Crenarchaeota was detected
in the Lijiang River riparian soil. The phylum Crenar-
chaeota and the genus Candidatus Nitrososphaera, as an
ammonia-oxidizing archaea, is widely distributed in a
multitude of environments, including marines, lakes and
soil****. Ammonia-oxidizing archaea (AOA) may play a
major role in nitrification on earth; these microorganisms
are capable of oxidizing ammonia (NH;) to nitrite
(NO)**¥, Nitrospirae and its most abundant genus Ni-
trospira are nitrite-oxidizing bacteria (NOB), which can
oxidize nitrite (NO;) to nitrate (NOj). Both these
genera are key players in the nitrification process
(NH; — NO; — NOs), yet there is a less intensively stu-
died group of NOB: Crenarchaeota and Nitrospirae, both
may be involved in the process of soil nitrification in the
riparian zone. Nitrification bacteria are important to the
wetland environment; if there is a lack of nitrification
bacteria, the ammonia nitrogen/nitrate/nitrite circulation
system is interrupted and will cause destruction of the
aquatic environment and fish death; Nitrospira in a
sewage-treatment plant and laboratory reactor is a primary
nitrite-oxidizing bacteria. Acidobacteria are physiologi-
cally diverse and abundant members of soil bacterial
communities with a few characterized strains®, but their
role in soils has not been well documented®’. The abun-
dance of Acidobacteria is correlated with soil pH, and its
abundance will significantly increase at a pH <5.5 (refs
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39, 49). However, pH is not the main reason behind the
accumulation of Acidobacteria in the soil. Recent studies
of freshwater sediment reported that the abundance of the
Acidobacteria ranged from 4% to 6%, which is similar to
our results, and none of these samples was acidic***. In
addition to Acidobacteria, many saprophytic microbes
preferring eutrophic conditions were present in the ripa-
rian soils, such as Actinobacteria, Bacteroidetes and
Firmicutes. A number of photoautotrophic microbes, e.g.
Chloroflexi, also exist in riparian environments. In con-
clusion, this special community structure provided insight
into isolating microbes with biodegradation potential
from riparian soils, even though many strains had been
obtained without clear prior knowledge.

The relative abundance of Proteobacteria decreased to
23.44% (Rar-inu) from 33.63% (Les-inu), while that
of Crenarchaeota increased from 11.19% (Les-inu) to
22.71% (Rar-inu). In terms of genera, Candidatus Nitro-
sosphaera increased from 10.01% (Les-inu) to 22.18%
(Rar-inu), and Nitrospira decreased from 4.35% (Lon-
inu) to 2.12% (Rar-inu). These changes due to different
flood disturbance frequencies led to the change of the soil
environment and in turn the variation among the bacterial
community structures among the transects. Ahn and
Peralta® also found that hydrology may play a vital role
in determining the structure of bacterial communities in
wetlands.

Factors determining soil bacterial communities

Bacterial community diversity and structure can be
affected by many factors, such as vegetation type, soil
structure, chemical properties and disturbance. In our
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studies, there have been different bacterial community
diversities and structures in different Lijiang River ripa-
rian transects. The ultimate reason is that the riparian
zone was subjected to different flood dynamics in hori-
zontal, which leads to a series of vegetation changes,
changes in soil properties and other ecological processes,
which further influenced the varied diversity and struc-
ture of the bacterial populations among the four transects.
Redundancy analysis (RDA) illustrated that soil pH,
Inu_fre, sand, SWC, TN and AN had a high influence on
the bacterial diversity and structure. Soil pH has been
found to affect the composition of the bacterial communi-
ties in different soils'>***’, including that of wetland
soils****. Near-neutral pH has peaked diversity in soils,
and to some degree, the structure of soil bacterial com-
munities is predictable’”. Our study also showed that the
diversity of riparian microbe was higher in the neutral or
slightly alkaline environments (Lon-inu, Mod-inu and
Les-inu). Soil structure (sand, silt and clay) depends on
the association between mineral soil particles and organic
matter, in which aggregates of different size and stability
are formed™. The structural organization of soil particles
provides a spatially heterogeneous habitat for microor-
ganisms characterized by different substrate, nutrient and
oxygen concentrations; water contents; and pH values,
thus affecting bacterial diversity and structure®®. Accord-
ing to Gestel e al.’” higher nutrient availability in smaller
particles may have caused higher bacterial diversities.
However, our study was in the special environment of the
riparian zone, and the flood invasion and edge
effects have led to high bacterial diversity in the area
with large particle sizes.

The vital activities of microorganisms require not only
energy but also nutrients. When the soil microbial growth
is limited by nitrogen, fertilization can stimulate that
growth because the growth of a microbe requires a high
C : N source®®. There was a positive correlation between
the amounts of most soil microbes and the soil nitrogen
content. Nitrogen can directly or indirectly affect soil
microbe growth and activity, subsequently altering the
quantity, diversity and structure of the microbial species
present”.
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