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This  study  was  conducted  to  investigate  the  dynamic  changes  of  bulk  soil  and  microbial  populations  in
the  surrounding  plant  rhizosphere  under  the  influence  of  chloride  de-icing  salt.  Each  experimental  plant
was  given  0.25  L  de-icing  salt solution  with  an irrigation  concentration  of  200  g/L, once  every 3  days  for
27  days.  Samples  were  taken  weekly  from  each  soil layers  (0–15 cm,  15–30  cm  and  30–45  cm).  The results
revealed  that  de-icing  salt  led to  different  effects  in different  soil  layers  in  one  month.  A trend  of  increas-
ing  electric  conductivity  (EC)  values,  Na+ concentrations,  and  Cl− concentrations  in the  upper  soil  layer,
compared  with  the other two  soil  layers,  was  apparent,  which  proved  a stronger  effect  of  de-icing  salt  on
the  upper  soil  layer.  Soil cation  exchange  capacity  (CEC)  decreased  with  the  accumulation  of  the  de-icing
salt. Denaturing  gradient  gel  electrophoresis  (DGGE)  analysis  indicated  that  de-icing  salt  decreased  the
Shannon  diversity  (H)  and  Evenness  (E) of  fungal  populations  in three  soil  layers  and  led  to  a decrease  of
bacterial  H  in  the  upper  soil  layers.  However,  a contrary  trend  for H and E of bacterial  populations  was
seen  in  the  middle  and  lower  soil  layers.  Both  the unweighted  pair  group  mean  average  (UPGMA)  clus-
ter  and  canonical  correspondence  analysis  (CCA)  analysis  indicated  that  the  bacterial  populations  were
more stable  than  the  fungal  populations  in response  to salinity  stress.  CCA  analysis  showed  the  dynamic
changes  of  microbial  populations  and  the  soil  properties  (EC,  CEC,  Na+ and  Cl−)  were  strongly  correla-

tive.  The  microbial  populations  were  obtaining  a new  dynamic  equilibrium  at  the  end  of  the  study.  The
dominant  microbial  populations  were  originally  Crepidotus,  Metarhizium,  Penicillium  and  Acidobacterium,
but converted  to Pythium,  Boletaceae,  Cystofilobasidiales,  Phacidium,  Acidobacterium, Pseudomonas  and
Chloroflexi  with  the  addition  of  de-icing  salt.  The  obtained  results  suggest  that  the uses  of  chemical
agents  leading  to  soil salinization,  such  as  de-icing  salt,  can  destroy  the  micro-ecosystem  of  bulk  soil
surrounding  plant  rhizosphere  and  influence  soil  health.

© 2013 Elsevier B.V. All rights reserved.
. Introduction

De-icing salt is an indispensable auxiliary or main approach
or snow clearing and skid prevention in winter due to its
igh efficiency and low cost in many countries (Ramakrishna
nd Viraraghavan, 2005). Annual rock salt use for road de-icing
ncreased from 163,000 tons in 1940 to over 23,000,000 tons in

005 in the USA (Jackson and Jibbagy, 2005). In China, at least
00,000 tons of de-icing salt have been used on average each year in
ecent years. However, the application of de-icing salt over time has
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929-1393/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.apsoil.2013.06.003
produced adverse impacts on roadside vegetation and the urban
environment (Godwin and Gallagher, 2003; Kayama et al., 2003;
Ramakrishna and Viraraghavan, 2005; Viskari and Kärenlampi,
2000). De-icing salt damages plants through both direct contact
and indirect absorption from soil (Fostad and Pedersen, 2000; Hans,
2011). Munns and Tester (2008) pointed out that the mechanism
of damage to vegetation may  include osmotic effects leading to
the accumulation of toxic concentrations of specific elements that
are absorbed through the roots and subsequently translocated.
Other effects such as soil fertility and soil structure also contribute
(Green et al., 2008; Galuszka et al., 2011), since de-icing salt per-
meates the soil and changes the soil environment (Ramakrishna

and Viraraghavan, 2005). The impacts of de-icing salt on vegeta-
tion have been extensively reported, including leaf chlorosis and
necrosis, bud mortality, stunted growth, cell plasmolysis, disorders
in photosynthesis, damage to cell membrane function, and osmotic
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tress (Galuszka et al., 2011; Graves and Gallagher, 2003; Jonsson,
006; Kayama et al., 2003; Paludan Müller et al., 2002). However,
he impacts of de-icing salt on soil microorganisms in the terrestrial
cosystem have not been extensively assessed and discussed.

Soil microorganisms are very important for maintaining the
tructure, quality, and fertility of the soil (Černohlávková1 et al.,
008) and can respond to environmental stress by adjusting their
ctivity, biomass, and community structure (Schloter et al., 2003).
urthermore, plant–microorganism interactions in the rhizosphere
nvironment are essential to plant health and soil fertility (Moulin
t al., 2001). Thus, studies on the response of soil microbial popula-
ions to pollutants in the plant rhizosphere are important both for
he understanding of the impact of de-icing salt on the sustaina-
ility of the plant and soil environment and for the identification
f possible solutions or ways to mitigate this impact. While there
ave been many studies on the influences of de-icing salt on
oil, they have almost all focused on physicochemical properties
nd soil fertility (Bäckström et al., 2004; Bowers and Hesterberg,
976; Cunningham et al., 2008; Fritzsche, 1992; Green et al., 2008;
orrström and Jacks, 1998; Norrstrom, 2005; Rasa et al., 2006).
ew studies have considered the influences of de-icing salt on soil
icroorganisms. Green et al. (2008) concluded that accumulation

f de-icing salt may  alter the ecological structure of soil organ-
sm populations. Černohlávková1 et al. (2008) found that microbial
iomass and respiration activity could be decreased by de-icing salt,
hich could stimulate Pseudomonas putida growth. However, the

ffects on microbial community diversity in response to de-icing
alt and the alteration of interaction between microbial popula-
ions have been not been extensively documented and analyzed.
uch investigations would have the additional benefit of improved
haracterization of the influence of salinity on microorganisms.

Denaturing gradient gel electrophoresis (DGGE) is free of inter-
erence by incision enzymes in the outputs, and universal primers
or bacterial 16S rDNA and fungal 18S rDNA suitable for the assess-

ent of microbial diversity are readily available (Agnelli et al.,
004), we chose this method for the present study.

Since the acute plant toxicity of de-icing salt upon Japanese spin-
le (Euonymus japonicas) had been undertaken and a dose–effect
elationship had been revealed (Li et al., 2012), we  continued
o investigate the effects from the agent to the rhizospheric
cosystem with the assessment end-point and its correspond-
ng concentration of NaCl solution. In our study, the responses
f soil properties and of fungal and bacterial populations were
ssessed. We  hypothesized that de-icing salt should lead to a shift
n microbial populations and a decrease in the diversity of microbial
opulations.

. Materials and methods

.1. Materials and location of investigation site

Standard chloride de-icing salt (China National Salt Industry
orporation, China), containing over 95% sodium chloride (NaCl),
as used. The study population consisted of 35 2-year-old healthy

aplings, E. japonicas, with an average height of 70.0 ± 5.5 cm for
heir aboveground part, and an average depth of 10.0 ± 3.0 cm for
he underground roots.

The study was conducted in the experimental nursery garden of
eijing Forestry University (116◦20′27′′ E and 40◦32′′ N).

.2. Processing of sample plot and collection of soil sample
The 35 study saplings were planted in the experimental nursery
arden 1 month in advance to ensure their natural qualities before
alt exposure. Each plant was given 0.25 L de-icing salt solution in
ology 72 (2013) 69– 78

an area of 0.023 m2 (0.15 m × 0.15 m)  with an irrigation concentra-
tion of 200 g/L. Each plant received the same treatment once every
3 days for 27 days.

We  transferred the surveyed and estimated data of the real case
of using de-icing salt in China (Dao et al., 2008; Wen  et al., 2010;
Wang et al., 2011) (see Supplement 1) and referred the results in the
pre-experiment toxicity test (Li et al., 2012) to chose the exposure
dose and duration of NaCl solution. The lethal effect on the tested
plants was  taken as the assessment end-point in the processing.

Sampling was done once every 7 days. Three soil samples were
collected from each layer (0–15 cm,  15–30 cm and 30–45 cm)  with
a soil sampler. The samples were collected from five randomly
selected points and then were mixed together in the manner of tra-
ditional mixed sampling. Sand, stone, and visible animal and plant
residues (>2 mm)  were sieved out of the collected soil. The sieved
soil samples were divided into two groups. One was air-dried for
physicochemical analyses, and the other was placed in a sterile bag
and stored at −20 ◦C for microbial analysis.

2.3. Soil characteristics

The soil is cinnamon soil according to Chinese soil classification
system, and approximately equivalent to Ustalf in the USDA Soil
Taxonomy. The soil textures of three soil layers are sandy loam.

Soil pH and electric conductivity (EC) were measured in a 1:1
soil to water solution (Rousk et al., 2011). Concentration of sodium
ion (Na+) was  extracted with NH4OAc-NH4OH (pH 9.0) and deter-
mined by flame photometry. Soil chloride ion (Cl−) in the extractant
with a solution of 3 mmol NaHCO3 and 1.8 mmol Na2CO3 at a ratio
of 5 g soil/25 mL,  shaking for 1 h (Li et al., 1994) and was deter-
mined following the protocols of Tabatabai and Dick (1983), using
an Ion Chromatograph. Organic matter (OM) was  determined by
the K2Cr2O7 oxidation method and cation exchange capacity (CEC)
by the NH4Cl–NH4OAc method (Lu, 2000).

2.4. PCR-DGGE

Total soil DNA was extracted from sieved soil (∼0.5 g wet
weight) using a soil DNA kit (Omega, D5625-01, USA) following the
manufacturer’s protocol. The extracted DNA was  used as a tem-
plate for amplification of the bacterial 16S rDNA gene using the
primers GC-338f (5′-CGC CCG CCG CGC GCG GCG GGC  GGG GCG
GGG GCA CGG GGG GAC TCC TAC GGG AGG CAG CAG-3′) and 534r
(5′-ATT ACC GCG GCT GCT GG-3′), as described by Muyzer et al.
(1993) and the fungal 18S rDNA gene using the primers GC-fungf
(5′-CGC CCG CCG CGC CCC GCG CCC GGC CCG CCG CCC CCG CCC
CAT TCC CCG TTA CCC GTT G-3′) and NS1r (5′-GTA GTC ATA TGC
TTG TCT C-3′), as described by May  et al. (2001). The final 50 �L
PCR mixture contained 1 × PCR buffer (Mg2+) 5 �L, 10 �mol  each
of the forward and reverse primers, 2.5 units of ex taq DNA poly-
merase, and ∼50–100 ng of template DNA. The PCR amplification
of bacterial 16s DNA was performed in a thermocycler (BIO-RAD,
S1000TM, USA) under the following reaction conditions: 94 ◦C for
3 min, followed by 35 cycles of 94 ◦C for 30 s, 55 ◦C for 45 s, 72 ◦C
for 1 min, and a final extension step at 72 ◦C for 8 min. The PCR
amplification of fungal 18s DNA was  performed under the following
reaction conditions: 94 ◦C for 3 min, followed by 35 cycles of 94 ◦C
for 30 s, 50 ◦C for 45 s, 65 ◦C for 1 min, and a final extension step
at 65 ◦C for 8 min. All products were checked by agarose gel elec-
trophoresis on a 1 × TAE (Tris Acetate EDTA buffer) agarose gel (1%,
w/v). The 16S rDNA-DGGE was performed on a Dcode System (Uni-

versal Mutation Detection System, Bio-rad, USA). Then, 25 �L of the
products (∼150 ng DNA, with 5 �L loading buffer) were loaded on
a 8% polyacrylamide gel (Acrylamide/Bis-acrylamide 37.5:1) con-
taining a denaturing gradient of 35–65% (100% denaturant solution
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ontaining 7 mol  urea and 40% (V/V) formamide) in 1 × TAE buffer.
lectrophoresis was carried out at constant temperature (60 ◦C)
nd voltage (80 V) for 18 h. The DGGE gel was  dyed with Syber
reen I (USA) for 30 min. Then, the gel was scanned using an Alpha

mager (Bio-rad, USA) with UV light and photographed. The photo
as saved for further analysis. 18S rDNA-DGGE was performed as
escribed above for 16S rDNA-DGGE with slight modifications. The

oading volume was also 25 �L (∼150 ng DNA, with 5 �L loading
uffer), but the products were loaded on a 6% polyacrylamide gel
ontaining a denaturant gradient of 20–45%. Electrophoresis was
arried out at constant temperature (60 ◦C) and voltage (50 V) for
0 h. The other steps were the same as those undertaken for 16S
DNA, described above.

.5. Sequencing

The typical DGGE bands were excised from the gels and
mmersed in 30 �L TE buffer overnight at 4 ◦C to extract the DNA
rom the gel. These DNA solutions were then used as amplification
emplates with the primers 338f (5′-ACT CCT ACG GGA GGC AGC
G-3′) and 534r for bacteria and fungf (5′-CAT TCC CCG TTA CCC GTT
-3′) and NS1r for fungi. The amplicons were visualized by 1.2%

w/v) agarose gel electrophoresis and then were extracted using
 gel Midi Purification Kit (Tangen, China) according to the man-
facturer’s instructions. The purified amplicons were cloned into
he PMD19-T vector (Takara, Dalian, China) and then transformed
nto Escherichia coli DH5� cells (Takara, Dalian, China) in accor-
ance with the manufacturer’s instructions. The transformed E. coli
ere cultured on LB medium containing ampicilline (100 �g/mL),

PTG (24 �g/mL), X-gal (40 �g/mL) for 16 h at 37 ◦C, which allowed
lue-white screening. To confirm the presence of inserts, 20 white
olonies were then picked and inoculated into 1 mL  liquid LB
edium respectively per sample for 8 h at 37 ◦C. 1 �L was subse-

uently used as template DNA for PCR in a volume of 25 �L with the
rimers 338f and 534r for bacteria, as well as the primers fungf and
S1r for fungi. All PCR products were checked by electrophoresis

n 1.2% (w/v) agarose gels to select positive colonies. Three positive
olonies were selected randomly and sequenced with primer M13f
5′-CGC CAG GGT TTT CCC AGT CAC GAC-3′) by Yingjun Biological
ngineering Technology Company (Shanghai, China).

The sequences were characterized using BLAST search of the
enBank database of the National Center of Biotechnology Informa-

ion (NCBI). Our sequences were deposited in the NCBI nucleotide
equence database under accession numbers JX215266–JX215327
nd JX195654–JX195657.

.6. Statistical analyses

The DGGE profiles were analyzed with Quantity One Software
version 4.5, Bio-Rad). The Shannon diversity index (H) and even-
ess index (E) were used to estimate the microbial community
iversity in each sample based on the following equations:

 =
s∑
i

pi ln pi =
s∑

i=1

(
Ni

N

)
ln

(
Ni

N

)
(1)

 = H

Hmax
= H

ln S
(2)

here Ni is the abundance (relative quality) of the ith ribotype; N
s the total abundance of all ribotypes in each lane of the DGGE

els; and S is the number of bands in each lane of the DGGE gels
Zhou et al., 2011). The similarity between each lane was calculated
y the Dice coefficient method and the dendrograms were gener-
ted by the unweighted pair group mean average (UPGMA) cluster
ology 72 (2013) 69– 78 71

analysis using Quantity One Software (version 4.5, Bio-Rad) (Yao
et al., 2012).

Canonical correspondence analysis (CCA) was  used to evaluate
the correlations between investigated environmental factors and
microbial populations, by the software Canoco for Windows 4.5.
Six soil properties including CEC, pH, Na+, Cl−, OM and EC which
would reflect the effect of deicing salt to soil were investigated
as environmental factors. They were visualized in a CCA diagram
as vectors, and longer vectors represented factors that were more
important to the diversity of microbial populations. In addition, the
angle between two  vectors indicated the degree of correlation of
the soil properties. Also, the changes of the samples as well as the
degree to which the microorganisms were influenced as the deicing
salt been added could be identified through the CCA diagram.

3. Results

3.1. Soil properties

Na+ concentration, Cl− concentration, and EC increased in all
three soil layers, with a faster rate of increase in the upper soil layer
than in the other two  soil layers (Fig. 1a–c). In the upper soil layer,
Na+ concentration elevated from 0.05 mg/g dry soil to 5.04 mg/g dry
soil and EC was  30 times higher on Day 28 than on Day 0, with a very
high salinization (Fig. 1c). However, CEC showed a downward trend
in the three soil layers (Fig. 1d). OM content was relatively stable
in the upper soil layer, but decreased on Day 14 in the middle soil
layer and on Day 7 in the lower soil layer, followed by an increase
for both layers (Fig. 1e). The pH values declined slightly in the upper
and middle soil layers, but increased slightly in the lower soil layers
(Fig. 1f).

3.2. Responses to de-icing salt by fungal populations

Genetic fingerprints of fungal 18S rDNA by DGGE revealed a rel-
atively abundant diversity of fungi in the three soil layers (Fig. 2).
DGGE band intensities and the dominant populations varied with
differing sampling times. In the first two  samples, bands appeared
relatively uniform in density. By contrast, fewer, more intense
bands were predominant (about four to five) in the last two sam-
ples.

A UPGMA similarity dendrogram of DGGE banding patterns indi-
cated a range of similarity, from 32% to 75%, in all samples (Fig. 3).
In this tree, the first and second samples belonged to one clade,
and the last three samples clustered together, with the exception
of sample 3 M.  The similarity among samples increased with samp-
ling time in the same soil layer. The first samples had a relatively
lower similarity, 47%, with the second samples in all soil layers, but
the fourth samples had a similarity of 72%, 55%, and 51% with the
last samples in the upper, middle, and lower layers, respectively.

The Shannon diversity index (H) and evenness index (E) of fungi
are shown in Fig. 4. The fungal H decreased with increasing amounts
of de-icing salt in the three soil layers (Fig. 4a). Before the de-icing
salt treatment, the fungal H in the middle soil layer was higher than
that in the other two soil layers. After the de-icing salt treatment, it
decreased in all soil layers to a similar level, about 1.8. The E of the
fungal community in the three soil layers also decreased overall,
but this decrease was especially evident in the middle soil layer
(Fig. 4b).

A  total of 31 bands were excised and sequenced. Each band
was labeled with an Arabic numeral, as shown in Fig. 2. Compari-

son of the sequences revealed 94–100% similarity with sequences
available in the GenBank database. Of the 31 bands, 20 could
be classified to the level of genus. They fell into 14 gen-
era: Geomyces,  Trichosporon, Crepidotus,  Metarhizium, Penicillium,
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Fig. 1. Physical and chemical properties of upper soil layer (—©—), mid

erticillium, Phaeosphaeria,  Pythium, Ramicandelaber, Phacidium,

hizoctonia, Acremonium, Phyllactinia, and Dictyostelium.  Of the
emaining 11 bands, seven could be classified either to the level
f family (Ascobolaceae, Boletaceae, and Filobasidiaceae), order
Cystofilobasidiales), or phylum (Ascomycota). The four bands for

able 1
equence identifications of excised bands from fungal DGGE gel.

Band No. NCBI Accession No. Classification Similarity (%) B

1 JX215297 Trichosporon 100% 1
2  JX215298 Crepidotus 99% 1
3  JX215299 Metarhizium 98% 1
4  JX215300 Penicillium 100% 2
5  JX215301 Ascomycota 100% 2
6  JX215302 Ascomycota 100% 2
7  JX215303 Verticillium 99% 2
8  JX215304 Ascobolaceae 99% 2
9  JX215305 Boletaceae 98% 2

10  JX215306 Phaeosphaeria 99% 2
11  JX215307 Acremonium 99% 2
12  JX215308 Metarhizium 99% 2
13  JX215309 Pythium 97% 2
14  JX215310 Filobasidiaceae 100% 3
15  JX215311 Pythium 99% 3
16  JX215312 Phyllactinia 99%
il layer (—×—), and lower soil layer (—�—) at different sampling times.

which identity could not be determined to at least the level of phy-

lum were identified as uncultured fungi (Table 1). The dominant
populations of fungi were originally Crepidotus (band 2), Metarhiz-
ium (band 3) and Penicillium (band 4), but by Day 28, the dominant
populations had changed to Pythium (band 15), Boletaceae (band

and No. NCBI Accession No. Classification Similarity (%)

7 JX215313 Ramicandelaber sp. 99%
8 JX215314 Uncultured fungus 99%
9 JX215315 Boletaceae 97%
0 JX215316 Uncultured fungus 99%
1 JX215317 Cystofilobasidiales 99%
2 JX215318 Acremonium 99%
3 JX215319 Phacidium 99%
4 JX215320 Uncultured fungus 94%
5 JX215321 Phyllactinia 99%
6 JX215322 Geomyces 100%
7 JX215323 Acremonium 98%
8 JX215324 Metarhizium 100%
9 JX215325 Rhizoctonia 99%
0 JX215326 Uncultured fungus 99%
1 JX215327 Dictyostelium 99%
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ig. 2. DGGE fingerprints of fungal communities in three soil layers at different sam
1–15  cm), middle (15–30 cm), and lower (30–45 cm)  soil layers, respectively. The A

9), Cystofilobasidiales (band 21), and Phacidium (band 23) (Fig. 2,
able 1).

.3. Reponses to de-icing salt by bacterial populations

Genetic fingerprints of bacterial 16S rDNA by DGGE indicated
 very rich diversity in all three soil layers (Fig. 5). The DGGE pat-
erns of the fourth (Day 21) and fifth (Day 28) samples, however,
evealed an obvious narrowing of this range of diversity compared
ith the first three samples; the DGGE bands of the last two samples

ere primarily distributed in the middle of the profiles. Further-
ore, the fourth lanes (Day 21) showed more abundant dominant

opulations than the other lanes.

ig. 3. Cluster analysis (UPGMA, Dice coefficient of similarity) of DGGE profiles of
ungi.
 times. The capital letters represent soil depth: “U”, “M”, and “L” refer to the upper
 numerals before the letter refer to sampling timepoint.

DGGE profiles were separated into two  distinct clusters using
UPGMA cluster analysis. The first three samples belonged to a sin-
gle large clade, except for 2 M,  and the last two samples all clustered
together (Fig. 6). The similarity dendrogram revealed a range of
similarity, from 35% to 83%, in all samples (Fig. 6). The same ten-
dency was detected in the fungal dendrogram; the similarity of
samples increased with sampling time in each soil layer, with the
exception of the lower soil layer. In the upper soil layer, the similar-
ity of the first and second samples was 58%, compared with 70% for
the last two samples. In the middle layer, the similarity increased
from 49% to 69%. However, an opposite trend was observed in the
lower soil layer, where similarity decreased from 74% to 65%.

The Shannon diversity index (H) and evenness index (E) of bacte-
ria are shown in Fig. 7. The upper soil layer had a much higher
initial bacterial diversity (Fig. 7a). In the first 2 weeks, the bacterial
H decreased in the upper soil layer, but increased in the middle and
lower soil layers. In later stages, the H of bacteria began to decrease
in the middle soil layer, but showed a pattern of steady fluctuation
in the other two soil layers. The E of bacteria exhibited a trend of
increasing in all soil layers, especially in the middle and lower ones
(Fig. 7b). The E of bacteria in all soil layers eventually reached a
steady level of around 0.95.

A total of 35 bands were excised from the bacterial DGGE gel
and sequenced. The bands were labeled as shown in Fig. 5 (Ara-
bic numerals). The sequences were compared to entries in the
GenBank database using BLAST search, which revealed 92–100%
similarity between the sequenced amplicons and entries in the
database. The BLAST results are shown in Table 2. The sequences
could be classified into seven genera, two orders, three phyla, and
two classes. The bands classifiable to the level of genus included 14
bands belonging to seven genera, including Acinetobacter, Acidobac-
terium, Actinobacterium, Tessaracoccus,  Clostridiaceae,  Pseudomonas,

and Bacillus. Before the de-icing salt treatment, the dominant popu-
lations of bacteria were Acidobacterium (bands 4 and 5). By Day
28, however, dominance had shifted to Acidobacterium (band 21),
Pseudomonas (band 28) and Chloroflexi (band 29) (Fig. 5, Table 2).
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Fig. 4. Shannon diversity index (a) and evenness index (b) of fungi in three soil layers at different sampling times. “—©—”, upper soil layer; “—×—”, middle soil layer; “—�—”,
lower  soil layer.

Fig. 5. DGGE fingerprints of bacterial communities in three soil layers at different sampling times. The capital letter represents soil depth: “L”, “U”, and “M”  refer to the upper
(1–15  cm), middle (15–30 cm), and lower (30–45 cm)  soil layers, respectively. The Arabic numerals before the letter refer to sampling timepoint.

Table 2
Sequence identifications of excised bands from bacterial DGGE gel.

Band No. NCBI Accession No. Classification Similarity (%) Band No. NCBI Accession No. Classification Similarity (%)

1 JX195656 Planctomycetales 97% 19 JX215280 Bacteroidetes 100%
2  JX195657 Acinetobacter 100% 20 JX215281 Acidobacterium 99%
3  JX195654 Acidobacterium 98% 21 JX215282 Acidobacterium 98%
4  JX195655 Acidobacterium 99% 22 JX215283 Chloroflexales 98%
5  JX215267 Acidobacterium 100% 23 JX215284 Proteobacteria 99%
6  JX215268 Chloroflexales 93% 24 JX215285 Actinobacteria 100%
7  JX215266 Proteobacteria 98% 25 JX215286 Chloroflexales 94%
8  JX215269 Proteobacteria 98% 26 JX215287 Proteobacteria 100%
9  JX215270 Gemmatimonadetes 99% 27 JX215288 Firmicutes 93%

10  JX215271 Actinobacterium 100% 28 JX215289 Pseudomonas 100%
11  JX215272 Chloroflexales 100% 29 JX215290 Chloroflexales 100%
12  JX215273 Tessaracoccus 97% 30 JX215291 Chloroflexales 98%
13  JX215274 Clostridiaceae 100% 31 JX215292 Pseudomonas 100%
14  JX215275 Firmicutes 100% 32 JX215293 Bacillus 100%
15  JX215276 Actinobacterium 90% 33 JX215296 Proteobacteria 99%
16  JX215277 Proteobacteria 96% 34 JX215294 Bacillus 100%
17  JX215278 Proteobacteria 92% 35 JX215295 Planctomycetales 98%
18  JX215279 Firmicutes 100%
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Fig. 8. Canonical correspondence analysis (CCA) biplot of fungal community compo-
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ig. 6. Cluster analysis (UPGMA, Dice coefficient of similarity) of DGGE profiles of
acteria.

.4. Correlations between abiotic and biotic factors

The distance among samples in different soil layers shortened
ith elevated de-icing salt, but became longer again at last (Fig. 8).
t the same time, the populations represented by bands 1–14 were
istributed in samples 1U, 1M,  and 1L and samples 2U, 2M,  and
L, which indicated that those populations are relatively enriched

n the samples mentioned above. The populations represented by
ands 15–31 were distributed closely within samples 3U, 3M,  3L,
U, 4M,  4L, 5U, 5M,  and 5L. Also, Na+, Cl−, EC, and pH had greater
ffects on the fungal populations than OM and CEC (Fig. 8). In
ddition, there was a strong correlation among these three factors
hrough small angles between arrows representing Na+, Cl−, and
C. Among the top four contributing factors, Na+, Cl−, and EC were
egatively correlated with the populations of samples 1U, 1M,  1L,
U, and 2M,  though not 2L. However, they were positively corre-

ated with the abundance of populations of samples 3U, 3M,  3L, 4U,
M,  4L, and 5U, though not 5L and 5M.  The pH was positively cor-
elated with the first, second and fifth samples with the exceptions
f 2L and 5U, but was negatively correlated with third and fourth
amples as well as 5U.

The distributions of samples in different soil layers became

ore concentrated over time (Fig. 9). The distributions of bacte-

ial populations were similar to those of fungal populations. The
opulations numbered from 1 to 14 plus 35 were dominant in the
rst and second samples, and the populations numbered from 15

ig. 7. Shannon diversity index (a) and evenness index (b) of bacteria in three soil layer
—�—”,  lower soil layer.
sition. Arrows represent environmental variables, triangles represent populations,
and circles represent samples.

to 34 were dominant in the samples numbered 3U, 3M,  3L, 4U,
4M,  4L, 5U, 5M,  and 5L. However, the third samples still included
many of the common populations seen in the second samples; for
example, populations 6, 21, 14, 35, and 13. In addition, all of the
environmental factors investigated in this study had effects on the
microbial populations, and each of the factors made similar contrib-
utions since the arrows representing these environmental factors
had similar lengths. A strong correlation among Na+, Cl−, and EC
also existed, as it did in the case of fungi, but no obvious corre-
lations were seen between the other three factors. Moreover, Na+,
Cl−, and EC were negatively correlated with the populations in sam-
ples 1U, 1M,  1L, 2U, 2M,  2L, but were positively correlated with the
populations in samples 4U, 4M,  4L, 5U, 5M, and 5L. However, Na+,
Cl−, and EC had almost no influence on samples 3U, 3M,  and 3L. CEC
was negatively correlated with the populations of samples 4U, 4M,

4L, 5U, 5M,  and 5L, but was positively correlated with the popula-
tions of samples 1L, 1M,  and 1U. pH was  positively correlated with
the populations of samples 1U, 1M,  1L, 5M,  and 5L, but negatively
correlated with the populations of samples 4U, 4M,  4L, and 5U. The

s at different sampling times. “—©—”, upper soil layer; “—×—”, middle soil layer;
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Fig. 9. Canonical correspondence analysis (CCA) biplot of bacterial community
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omposition. Arrows represent environmental variables, triangles represent popu-
ations, and circles represent samples.

ffects of pH on samples 2U, 2M,  2L, 3U, 3M,  and 3L were not obvi-
us, but very small positive effects on samples 2U, 2M,  and 2L and
ery small negative effects on samples 3U, 3M,  and 3L could be seen.

. Discussion

.1. Influences on abiotic soil factors

De-icing salt leads to soil salinization, as observed by
unningham et al. (2008), increasing Na+ and Cl− concentration
nd elevating EC. However, the degree of salinity in different soil
ayers has not been investigated. From our results (Fig. 1), we  con-
luded that de-icing salt produced stronger impacts on the upper
oil layers in a month. This partly was because of no rain in Bei-
ing during the trial period which led to slower osmosis. On the
ther hand, there was stronger ion exchange adsorption in the
pper soil due to abundant negatively charged OM (Lavahun et al.,
996), which promoted the adsorption of Na+. Moreover the accu-
ulation of Na+ can decrease the soil permeability (Ramakrishna

nd Viraraghavan, 2005). We  therefore summarized that these dis-
riminating influences are related to soil properties and rainfall.
he CEC values decreased because Na+ decreased the soil perme-
bility (Ramakrishna and Viraraghavan, 2005) and occupied the ion
xchange sites. Salinity stress alters the composition and activity of
icrobial populations, which leads to a decrease in soil organic car-

on mineralization (Gros et al., 2003; Ghollarata and Raiesi, 2007;
cCormick and Wolf, 1980; Sarig et al., 1993; Setia et al., 2010; Setia

t al., 2011; Tripathi et al., 2007). On the other hand, salinity alters
he amount of plant material entering the soil. In this study, OM
ontent in the upper soil layer had only a small fluctuation, presum-
bly due mainly to lower decomposition rates counteracting the
ffect of poor plant growth. Rietz and Haynes (2003) drew a similar
onclusion. As for the middle and lower soil layers, plant production
ad little influence on OM in the short term, since the root depth of
he plants was only about 10 cm.  The OM content decreased in early

tages mainly due to little influence on microbial decomposition
t this phase, but increased in later stages because the microor-
anisms were disturbed by the de-icing salt. This disturbance was
onfirmed by the decreases in fungal and bacterial diversity (Fig. 4).
ology 72 (2013) 69– 78

Wichern et al. (2006) found that the amount of recovered OM
increased with increasing salinity, exhibiting reduced decomposi-
tion of substrate, which more completely confirmed our conclusion.
The alteration of pH in upper and middle soil layers was  in contrast
to the findings of Černohlávková1 et al. (2008), who found that
salinity led to increased pH. This may  reflect the complexity of fac-
tors influencing pH; the fact that pH is not determined simply by
individual environmental factors such as degree of salinity and rel-
ative ion concentration. Rousk et al. (2011) also observed that pH
value is not significantly different in soils with different degrees of
salinization.

4.2. Influences on soil microorganisms

The narrowing distribution of the DGGE bands (Figs. 2 and 5)
indicates that fewer microorganisms can survive in the contam-
inated soil. In previous research results, high salinity and sodicity
resulted in a smaller and more stressed microbial community (Rietz
and Haynes, 2003; Yuan et al., 2007), which is in accord with our
result. In addition, compounds added to the de-icing salt have
biotoxicity to microorganisms. The more dominant populations
of microorganisms in the later stages (Figs. 2 and 5) illustrated
that salinity weakened the competitiveness of surviving popula-
tions and promoted their common development. As the levels of
de-icing salt increased, the similarity of fungal populations was
observed to be up among three soil layers. It was the same for the
bacterial populations. Fungal similarity increased from 32% to 75%
(Fig. 3) and bacterial similarity increased from 35% to 83% (Fig. 6),
indicating an obvious change in the microbial populations’ struc-
ture. A change in similarity >18% indicates a significant change in
community structure (Duineveld et al., 1998). Cluster analysis of
the fungal and bacterial DGGE profiles illustrated that the sam-
ples from later periods had a higher level of similarity, suggesting
that the microbial community had fewer changes in later periods
than in early days. This indirectly illustrated that the microbial
populations were moving into a new dynamic equilibrium. Van
Bruggen and Semenov (2000) also found that a microbial com-
munity will achieve a new dynamic equilibrium in response to
long-term stress.

De-icing salt resulted in a decrease in fungal diversity in
the three soil layers and a decrease in bacterial diversity in
the upper soil layer. Van Bruggen and Semenov (2000) came to
similar conclusions; long-term stress resulted in decreasing fun-
gal diversity. Crecchio et al. (2004) found lower ATP production
and microbial metabolic activities in saline soils and postulated
that the reason for this was  a reduction of microbial popula-
tions, which supports our conclusion from another perspective.
However, it is worth noting that, in our study, the variation in
fungal and bacterial diversity was different in middle and lower
soil layers. This may  reflect the greater sensitivity of fungi to
salinity compared with bacteria, which was also reported by
Sardinha et al. (2003), so fungal diversity decreased in response
to a lower level of salinization. On the other hand, this sug-
gested that Na+ can be used as a nutrient substance for bacteria
when the concentration does not exceed a certain limit, but
that the high Na+ concentration would produce stress and high
osmotic pressure, which is harmful to microorganisms. Further-
more, the decrease in fungal populations’ evenness indicated that
the fungal community structure was influenced greatly by de-
icing salt. As for the bacterial community evenness, because the

declines in sensitive populations decreased, competitiveness in
the surviving populations and abundance of surviving popula-
tions increased. Along with this, the uniformity of the distribution
increased.
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.3. Ecological effects on soil of the chloride de-icing salt

Since de-icing salt produces stress on the soil microbial popu-
ations, the populations that cannot adapt to this environmental
hange would be expected to decrease or die. In response, the struc-
ure of the surviving microbial community will become relatively
imple and the diversity of the microbial community relatively low,
hich will lead to an increase in the similarity of microbial popu-

ations in different soil layers. Furthermore, the distributions of
icrobial populations have all became concentrated (Figs. 8 and 9),

nd we inferred that the surviving microorganisms should be
ore tolerant to the stress and have similar biological properties.

rom Fig. 8, we inferred that the de-icing salt did not significantly
ffect the fungal populations before 14 days, since the first two
amples contained highly similar populations. In contrast to the
ungal populations, the strong influences on bacterial populations
ere took place after 21 days, for the third samples (Day 21) still

hared many common populations with the second samples (Fig. 9).
PGMA cluster analysis provided similar results; the first and sec-
nd samples belonged to a large clade in the fungal cluster map
Fig. 3), while in the bacterial cluster map, the first three samples
elonged to a large clade (Fig. 6). Therefore, we concluded that the
tability of bacterial populations was stronger than that of fungal
opulations. Many studies (Sardinha et al., 2003; Pankhurst et al.,
001; Badran, 1994) have reported that fungi are less tolerant of
alinity than bacteria, which explains these results to a certain
xtent. On the other hand, the bacteria were more diverse than
he fungi, so the complexity of the bacterial populations was  rela-
ively higher. Complexity is positively correlated with stability, so
acterial populations are more stable than fungal populations.

From CCA analysis, we found that EC, Na+, and Cl− were
hree main factors influencing microbial populations. The toxi-
ities of Na+ and Cl− inhibited microbial growth (Zahran, 1997).
ryndler et al. (2008) found Cl− concentration would affect indige-
ous microorganism. In addition, Rietz and Haynes (2003) also
oncluded that EC was significantly negatively correlated with
icrobial biomass. It was worth noting that the three factors men-

ioned above were positively correlated with the first two samples
xcept for fungal sample 2L, but were negatively correlated with the
ast two samples, with the exception of fungal samples 5L and 5M
Figs. 8 and 9). This indicated that microbial populations changed to

 salt-tolerant one in response to the presence of the de-icing salt.
ost native-born soil microbial populations are adapted to non-

aline habitats initially, so the amount of sensitive microorganisms
ecreased along with increasing de-icing salt. Then, increasing EC,
a+, and Cl− abated the pressure of competition of the surviving

alt-tolerant microorganisms, which stimulated their growth. For
he few exceptions above, this may  be explained as follows: the
ungal populations in the lower soil layer were sensitive to the
tress, and populations less tolerant to stress decreased in the ear-
ier stages of the study (the previous 14 days during the study), so
he surviving fungal populations were more tolerant to the stress.
s for the fungal populations in middle and lower soil layers, at 28
ays, the degree of salinity may  exceed the levels that fungi can
ear.

. Conclusions

The results of this study indicated that de-icing salt caused dif-
erent influences on soil properties in different soil layers, with a
tronger effect of de-icing salt on the upper soil layer in one month.

hese different influences were related to soil properties and rain-
all. De-icing salt changed original microbial populations and led
o a decrease in diversity of microorganisms. At the same time, de-
cing salt also influenced the evenness of the microbial community.
ology 72 (2013) 69– 78 77

These dynamic changes of microbial populations were related to
the soil properties (EC, CEC, Na+ and Cl−). In response to environ-
mental stress, microbial populations were obtaining a new dynamic
equilibrium to adapt to the new environment. Furthermore, bacte-
rial populations seem to be more stable than fungal populations
under salinity stress. The obtained results suggest that the use of
chemical agents leading to soil salinization, such as de-icing salt,
can destroy the micro-ecosystem of bulk soil surrounding plant
rhizosphere and influence soil health.
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