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Abstract

Benzylalkyldimethylethyl ammonium compounds are pervasive in natural
environments and toxic at high concentrations. The changes in functional genes and
microbial diversity in eutrophic lake samples exposed to benzyldimethyldodecyl
ammonium chloride (BAC) were assessed. BAC exerted negative effects on bacteria
abundance, particularly at concentrations of 100 ug L and higher. A significant
increase in the number of the quaternary ammonium compound-resistant gene gacA/B
was recorded within the 10 ug L treatment after the first day of exposure. Not all
antibiotic resistance genes increased in abundance as the concentrations of BAC
increased; rather, gene abundances were dependent on the gene type, concentrations
of BAC, and contact time. The nitrogen fixation-related gene nifH and ammonia
monooxygenase gene amoA were inhibited by high concentrations of BAC after the
first day, whereas an increase of the nitrite reductase gene nirK was stimulated by
exposure. Microbial communities within higher treatment levels (1 000 and 10 000 pg
L) exhibited significantly different community composition compared to other
treatment levels and the control. Selective enrichment of Rheinheimera,
Pseudomonas, and Vogesella were found in the higher treatment levels, suggesting
that these bacteria have some resistance or degradation capacity to BAC. Genes
related with RNA processing and modification, transcription, lipid transport and
metabolism, amino acid transport and metabolism, and cell motility of microbial
community function were involved in the process exposed to the BAC stress.
Keywords: Cyanobacteria; gqacEAT1; nirK; Rheinheimera; microbial diversity
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1. Introduction

Quaternary ammonium compounds (QACs) are a major class of cationic
surfactants in disinfectants, biocides, detergents, and dispersants used across
domestic, agricultural, industrial and clinical products { ADDIN EN.CITE {
ADDIN EN.CITE.DATA 1}}. Benzylalkyldimethylethyl ammonium compounds are
one of the most prevalent QACs in natural environments, commonly occurring as
effluents from wastewater treatment plants, hospitals, and laundry wastewater {
ADDIN EN.CITE { ADDIN EN.CITE.DATA }}. Benzylalkyldimethylethyl
ammonium compounds in surface water are often detected in the pg Lt level {
ADDIN EN.CITE
<EndNote><Cite><Author>Zhang</Author><Year>2015</Year><RecNum>1122</R
ecNum><DisplayText>(Zhang et al., 2015)</DisplayText><record><rec-
number>1122</rec-number><foreign-keys><key app="EN" db-
id="vzededvvherd97ep2db5pwrlfe5trtad95r0"
timestamp="1490772298">1122</key></foreign-keys><ref-type name="Journal
Article">17</ref-type><contributors><authors><author>Zhang,
Chang</author><author>Cui, Fang</author><author>Zeng, Guang-
ming</author><author>Jiang, Min</author><author>Yang, Zhong-
zhu</author><author>Yu, Zhi-gang</author><author>Zhu, Meng-
ying</author><author>Shen, Liu-
ging</author></authors></contributors><titles><title>Quaternary ammonium
compounds (QACSs): A review on occurrence, fate and toxicity in the
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environment</title><secondary-title>Science of The Total Environment</secondary-
title></titles><periodical><full-title>Science Of The Total Environment</full-
title><abbr-1>Sci Total Environ</abbr-1><abbr-2>Sci. Total. Environ.</abbr-
2></periodical><pages>352-362</pages><volume>518—
519</volume><keywords><keyword>Quaternary ammonium compounds
(QACs)</keyword><keyword>Biodegradation</keyword><keyword>Sorption</key
word><keyword>Toxicity</keyword><keyword>Determination</keyword></keywo
rds><dates><year>2015</year><pub-dates><date>6/15/</date></pub-
dates></dates><ishn>0048-9697</isbn><urls><related-
urls><url>http://www.sciencedirect.com/science/article/pii/S0048969715002727</url
><url>http://ac.els-cdn.com/S0048969715002727/1-s2.0-S0048969715002727-
main.pdf?_tid=dc0dd0e8-1450-11e7-aa6c-
00000aach35f&amp;acdnat=1490772498_0384763c3f545e833f59411b45eefade</url
></related-urls></urls><electronic-resource-
num>http://dx.doi.org/10.1016/j.scitotenv.2015.03.007</electronic-resource-
num></record></Cite></EndNote>}. The concentrations of benzyldimethyldodecyl
ammonium chloride (BAC), a type of benzylalkyldimethylethyl ammonium
compounds, in the surface water downstream from five wastewater treatment plants in
the US ranged from 2.7 to 5.8 ug L* { ADDIN EN.CITE
<EndNote><Cite><Author>Ferrer</Author><Year>2001</Year><RecNum>1200</R
ecNum><DisplayText>(Ferrer and Furlong, 2001)</DisplayText><record><rec-
number>1200</rec-number><foreign-keys><key app="EN" db-
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id="vzededvvherd97ep2db5pwrlfe5trtad95r0"
timestamp="1491895239">1200</key></foreign-keys><ref-type name="Journal
Article">17</ref-type><contributors><authors><author>Ferrer,
Immas</author><author>Furlong, Edward
T.</author></authors></contributors><titles><title>Identification of Alkyl
Dimethylbenzylammonium Surfactants in Water Samples by Solid-Phase Extraction
Followed by lon Trap LC/MS and LC/MS/MS</title><secondary-title>Environmental
Science &amp; Technology</secondary-title></titles><periodical><full-
title>Environmental Science &amp; Technology</full-title><abbr-1>Environ Sci
Technol</abbr-1><abbr-2>Environ. Sci. Technol.</abbr-
2></periodical><pages>2583-
2588</pages><volume>35</volume><number>12</number><dates><year>2001</y
ear><pub-dates><date>2001/06/01</date></pub-
dates></dates><publisher>American Chemical Society</publisher><isbhn>0013-
936X </isbn><urls><related-
urls><url>http://dx.doi.org/10.1021/es001742v</url></related-
urls></urls><electronic-resource-num>10.1021/es001742v</electronic-resource-
num></record></Cite></EndNote>}. The concentrations of benzylalkyldimethylethyl
ammonium compounds, including BAC, in Taiwanese river water were detected in the
range 2.5 - 65 pg L' { ADDIN EN.CITE
<EndNote><Cite><Author>Ding</Author><Year>2001</Year><RecNum>1201</Re
cNum><DisplayText>(Ding and Liao, 2001)</DisplayText><record><rec-

{PAGE  \* MERGEFORMAT}



103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

number>1201</rec-number><foreign-keys><key app="EN" db-
id="vzededvvherd97ep2db5pwrlfe5trtad95r0™
timestamp="1491895837">1201</key></foreign-keys><ref-type name="Journal
Article">17</ref-type><contributors><authors><author>Ding, W.
H.</author><author>Liao, Y. H.</author></authors></contributors><auth-
address>Natl Cent Univ, Dept Chem, Chungli 32054, Taiwan</auth-
address><titles><title>Determination of alkylbenzyldimethylammonium chlorides in
river water and sewage effluent by solid phase extraction and gas chromatography
mass spectrometry</title><secondary-title>Analytical Chemistry</secondary-
title><alt-title>Anal Chem</alt-title></titles><periodical><full-title>Analytical
Chemistry</full-title><abbr-1>Anal Chem</abbr-1><abbr-2>Anal. Chem.</abbr-
2></periodical><alt-periodical><full-title>Analytical Chemistry</full-title><abbr-
1>Anal Chem</abbr-1><abbr-2>Anal. Chem.</abbr-2></alt-periodical><pages>36-
40</pages><volume>73</volume><number>1</number><keywords><keyword>qua
ternary ammonium-compounds</keyword><keyword>liquid-
chromatography</keyword><keyword>benzalkonium
chloride</keyword><keyword>capillary
electrophoresis</keyword><keyword>degradation
products</keyword><keyword>cationic
surfactants</keyword><keyword>homologs</keyword></keywords><dates><year>2
001</year><pub-dates><date>Jan 1</date></pub-dates></dates><isbn>0003-
2700</isbn><accession-num>WQ0S:000166262500015</accession-

{PAGE  \* MERGEFORMAT}



125  num><urls><related-urls><url>&lt;Go to

126  IS1&gt;://WOS:000166262500015</url></related-urls></urls><electronic-resource-
127 num>DOI 10.1021/ac000655i</electronic-resource-

128  num><language>English</language></record></Cite></EndNote>}. The total

129  concentration of BAC and other QACs in surface water samples from the Gdansk
130  City in Poland were found in the range 72.5 - 342 ug L'* { ADDIN EN.CITE

131 <EndNote><Cite><Author>Olkowska</Author><Year>2013</Year><RecNum>120
132 3</RecNum><DisplayText>(Olkowska et al., 2013)</DisplayText><record><rec-
133 number>1203</rec-number><foreign-keys><key app="EN" db-

134  id="vzededvvherd97ep2db5pwrlfe5trtad95r0"

135  timestamp="1491898224">1203</key></foreign-keys><ref-type name="Journal
136 Atrticle">17</ref-type><contributors><authors><author>Olkowska,

137  Ewa</author><author>Polkowska, Zaneta</author><author>Namie$nik,

138 Jacek</author></authors></contributors><titles><title>A solid phase extraction—ion
139  chromatography with conductivity detection procedure for determining cationic

140  surfactants in surface water samples</title><secondary-title>Talanta</secondary-
141 title></titles><periodical><full-title>Talanta</full-title><abbr-1>Talanta</abbr-

142  1><abbr-2>Talanta</abbr-2></periodical><pages>210-

143 216</pages><volume>116</volume><keywords><keyword>Cationic

144  surfactants</keyword><keyword>Solid phase extraction</keyword><keyword>lon
145  chromatography-conductivity detection</keyword><keyword>Surface water

146 samples</keyword></keywords><dates><year>2013</year><pub-
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dates><date>11/15/</date></pub-dates></dates><isbn>0039-
9140</isbn><urls><related-
urls><url>http://www.sciencedirect.com/science/article/pii/S0039914013004104</url
></related-urls></urls><electronic-resource-
num>http://doi.org/10.1016/j.talanta.2013.04.083</electronic-resource-
num></record></Cite></EndNote>}.

Benzylalkyldimethylethyl ammonium compounds could inhibit cell growth via
cytoplasmic membrane disruption { ADDIN EN.CITE { ADDIN EN.CITE.DATA
}}, so, they can be toxic to aquatic life without target organisms, such as fish {
ADDIN EN.CITE <EndNote><Cite><Author>Van de
Voorde</Author><Year>2012</Year><RecNum>1308</RecNum><DisplayText>(Va
n de Voorde et al., 2012)</DisplayText><record><rec-number>1308</rec-
number><foreign-keys><key app="EN" db-
id="vzededvvherd97ep2db5pwrlfe5trtad95r0"
timestamp="1510746316">1308</key></foreign-keys><ref-type name="Journal
Article">17</ref-type><contributors><authors><author>Van de Voorde,
Antoine</author><author>Lorgeoux, Catherine</author><author>Gromaire, Marie-
Christine</author><author>Chebbo,
Ghassan</author></authors></contributors><titles><title>Analysis of quaternary
ammonium compounds in urban stormwater samples</title><secondary-
title>Environmental Pollution</secondary-title></titles><periodical><full-
title>Environmental Pollution</full-title><abbr-1>Environ Pollut</abbr-1><abbr-
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2>Environ. Pollut.</abbr-2></periodical><pages>150-
157</pages><volume>164</volume><number>Supplement
C</number><keywords><keyword>Benzalkonium</keyword><keyword>Liquid
chromatography</keyword><keyword>Mass
spectrometry</keyword><keyword>Water</keyword><keyword>Particles</keyword
><keyword>Stormwater</keyword></keywords><dates><year>2012</year><pub-
dates><date>2012/05/01/</date></pub-dates></dates><isbn>0269-
7491</isbn><urls><related-
urls><url>http://www.sciencedirect.com/science/article/pii/S0269749112000541</url
></related-urls></urls><electronic-resource-
num>https://doi.org/10.1016/j.envpol.2012.01.037</electronic-resource-
num></record></Cite></EndNote>}, algae { ADDIN EN.CITE { ADDIN
EN.CITE.DATA }} and microorganisms { ADDIN EN.CITE { ADDIN
EN.CITE.DATA }}. The green algae Chlorella vulgaris and the water flea Daphnia
magna are two organisms frequently used to assess the toxicity of
benzylalkyldimethylethyl ammonium compounds on aquatic environments { ADDIN
EN.CITE { ADDIN EN.CITE.DATA }}. The 48-h ECso of Daphnia magna after
exposure to BAC was recorded as 0.041 mg L { ADDIN EN.CITE { ADDIN
EN.CITE.DATA }} and the 96-h ECso of Chlorella vulgaris was 0.203 mg L {
ADDIN EN.CITE
<EndNote><Cite><Author>Zhu</Author><Year>2010</Year><RecNum>1144</Rec
Num><DisplayText>(Zhu et al., 2010)</DisplayText><record><rec-
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number>1144</rec-number><foreign-keys><key app="EN" db-
id="vzededvvherd97ep2db5pwrlfe5trtad95r0"
timestamp="1490776349">1144</key></foreign-keys><ref-type name="Journal
Article">17</ref-type><contributors><authors><author>Zhu,
Menjun</author><author>Ge, Fei</author><author>Zhu,
Runliang</author><author>Wang, Xueye</author><author>Zheng,
Xiaoyan</author></authors></contributors><titles><title>A DFT-based QSAR study
of the toxicity of quaternary ammonium compounds on Chlorella
vulgaris</title><secondary-title>Chemosphere</secondary-
title></titles><periodical><full-title>Chemosphere</full-title><abbr-
1>Chemosphere</abbr-1><abbr-2>Chemosphere</abbr-2></periodical><pages>46-
52</pages><volume>80</volume><number>1</number><keywords><keyword>Qu
aternary ammonium
compounds</keyword><keyword>QSAR</keyword><keyword>Toxicity</keyword>
<keyword>Aquatic
organism</keyword><keyword>DFT</keyword><keyword>PLS</keyword></keyw
ords><dates><year>2010</year><pub-dates><date>6//</date></pub-
dates></dates><ishn>0045-6535</isbn><urls><related-
urls><url>http://www.sciencedirect.com/science/article/pii/S0045653510003589</url
></related-urls></urls><electronic-resource-
num>http://dx.doi.org/10.1016/j.chemosphere.2010.03.044</electronic-resource-
num></record></Cite></EndNote>}. Acute effects of BAC could occur at tens to
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hundreds of ng L levels for Daphnia magna and Ceriodaphnia dubia, while
genotoxicitical effects at DNA damage level, the lowest adverse effect levels were 0.4
and 4 ng L™ for D. magna and C. dubia, respectively { ADDIN EN.CITE
<EndNote><Cite><Author>Lavorgna</Author><Year>2016</Year><RecNum>1191
</RecNum><DisplayText>(Lavorgna et al., 2016)</DisplayText><record><rec-
number>1191</rec-number><foreign-keys><key app="EN" db-
id="vzededvvherd97ep2db5pwrlfe5trtad95r0"
timestamp="1491811083">1191</key></foreign-keys><ref-type name="Journal
Article">17</ref-type><contributors><authors><author>Lavorgna,
Margherita</author><author>Russo, Chiara</author><author>D&apos;Abrosca,
Brigida</author><author>Parrella, Alfredo</author><author>Isidori,
Marina</author></authors></contributors><titles><title>Toxicity and genotoxicity of
the quaternary ammonium compound benzalkonium chloride (BAC) using Daphnia
magna and Ceriodaphnia dubia as model systems</title><secondary-
title>Environmental Pollution</secondary-title></titles><periodical><full-
title>Environmental Pollution</full-title><abbr-1>Environ Pollut</abbr-1><abbr-
2>Environ. Pollut.</abbr-2></periodical><pages>34-
39</pages><volume>210</volume><keywords><keyword>Benzalkonium
chloride</keyword><keyword>Cationic
surfactants</keyword><keyword>Toxicity</keyword><keyword>Genotoxicity</key
word><keyword>Daphnia magna</keyword><keyword>Ceriodaphnia
dubia</keyword></keywords><dates><year>2016</year><pub-
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dates><date>3//</date></pub-dates></dates><isbhn>0269-
7491</isbn><urls><related-
urls><url>http://www.sciencedirect.com/science/article/pii/S0269749115302025</url
></related-urls></urls><electronic-resource-
num>http://doi.org/10.1016/j.envpol.2015.11.042</electronic-resource-
num></record></Cite></EndNote>}. It should be paid more attention, because these
effective concentrations are much lower than BAC concentrations detected in surface
waters.

Benzylalkyldimethylethyl ammonium compounds not only caused negative
influence on the organisms but also resulted in changes of antibiotic resistance genes
in engineered environment { ADDIN EN.CITE { ADDIN EN.CITE.DATA }}. The
enhanced selection and spread of antimicrobial genes by these compounds have been
regarded as a threat to human health { ADDIN EN.CITE
<EndNote><Cite><Author>Hegstad</Author><Year>2010</Year><RecNum>1312<
/RecNum><DisplayText>(Hegstad et al., 2010)</DisplayText><record><rec-
number>1312</rec-number><foreign-keys><key app="EN" db-
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T.</author><author>Scheie, A. A.</author><author>Sunde,
M.</author><author>Yazdankhah, S. P.</author></authors></contributors><auth-
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denitrification process was also inhibited by BAC in engineered environment {
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dates><date>2012/08/01/</date></pub-dates></dates><isbn>0960-
8524</isbn><urls><related-
urls><url>http://www.sciencedirect.com/science/article/pii/S0960852412007948</url
></related-urls></urls><electronic-resource-
num>https://doi.org/10.1016/j.biortech.2012.05.050</electronic-resource-
num></record></Cite></EndNote>}. However, few studies have focused on the effect
of benzylalkyldimethylethyl ammonium compounds on microbial diversity and
nitrogen cycling genes in natural aquatic environments.

In this study, microcosm tests were constructed from water samples collected
from Nanhu Lake, a eutrophic lake in the city of Wuhan, Hubei Province in Central
China. In this study, we hypothesized that: (1) BAC influenced the abundance of
bacteria, including Cyanobacteria, in the eutrophic lake; (2) BAC affected the spread
of quaternary ammonium compound-resistant genes and antibiotic resistance genes;
(3) BAC may influence abundances of amoA, nifH and nirK and affect the nitrogen
cycle; and (4) microbial diversity and community composition adapted to BAC
depended on the dose of BAC and contact time. The information provided in this
study will be beneficial to understand the effects of BAC on aquatic microbial
ecosystem in the natural lake environments.

2. Materials and Methods
2.1 Materials and setup of freshwater microcosm preparation

To assess the influence of BAC on freshwater microcosms, we followed the

research protocol outlined in previous study about effect of ionic liquid on the
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proliferation of antibiotic resistance genes { ADDIN EN.CITE
<EndNote><Cite><Author>Luo</Author><Year>2014</Year><RecNum>428</Rec
Num><DisplayText>(Luo et al., 2014)</DisplayText><record><rec-
number>428</rec-number><foreign-keys><key app="EN" db-
id="vzededvvherd97ep2db5pwrlfe5trtad95r0"
timestamp="1406188151">428</key></foreign-keys><ref-type name="Journal
Article">17</ref-type><contributors><authors><author>Luo,
Yi</author><author>Wang, Qing</author><author>Lu, Qian</author><author>Mu,
Quanhua</author><author>Mao,
Daging</author></authors></contributors><titles><title>An lonic Liquid Facilitates
the Proliferation of Antibiotic Resistance Genes Mediated by Class |
Integrons</title><secondary-title>Environmental Science &amp; Technology
Letters</secondary-title></titles><periodical><full-title>Environmental Science
&amp; Technology Letters</full-title><abbr-2>Environ. Sci. Technol. Lett.</abbr-
2></periodical><pages>266-
270</pages><volume>1</volume><number>5</number><dates><year>2014</year>
<pub-dates><date>2014/05/13</date></pub-dates></dates><publisher>American
Chemical Society</publisher><urls><related-
urls><url>http://dx.doi.org/10.1021/ez500103v</url><url>http://pubs.acs.org/doi/abs/
10.1021/ez500103v</url></related-urls></urls><electronic-resource-
num>10.1021/ez500103v</electronic-resource-num><access-
date>2014/07/24</access-date></record></Cite></EndNote>}. Briefly, water samples
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were collected from different parts of the eutrophic Nanhu Lake in Wuhan in
September 2016, and mixed to get homogenous freshwater microcosms. To remove
sediment and collect the supernatant, the water samples were placed in a refrigerator
set at 4°C and left undisturbed for 3 h. The water quality of the supernatant was
recorded as: pH 7.95, dissolved oxygen 10.38 mg L™, total nitrogen 11.35 mg L and
total phosphorus 0.59 mg L. The freshwater microcosms were set up in triplicate in 1
L bottles containing 800 mL of freshwater. BAC (CAS No. 139-07-1) with 99%
purity was purchased from Sigma-Aldrich Co. LLC. The freshwater microcosms were
spiked with BAC at nominal concentrations of 0, 10, 100, 1000 and 10 000 ug L. All
experiments were carried out outdoors over an interval of seven sequential days
without rain (starting on September 5, 2016) to simulate natural exposure. The bottles
were open to the environment and the volumes were adjusted every two days with
sterilized deionized water.
2.2 DNA extraction

The water samples (800 mL) were pre-filtered through GF/A filters (1.6 um,
Whatman) and collected on polyvinylidene fluoride (PVDF) membrane filters (0.22
um, Millipore) using a vacuum pump. The total genomic DNA was extracted using
E.N.Z.A Water DNA Kit (Omega, USA) and purified by using the Geneclean Spin
Kit (QBiogene, Carlshad, CA) as described by the manufacturer. The quality and
concentration of DNA was evaluated by 1% agarose gel electrophoresis and
spectrophotometer analysis at 260 nm (NanoDrop ND-2000c, Thermo, USA).
2.3 Quantification of bacteria and functional genes by real-time PCR
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Real-time polymerase chain reactions (qPCRs) were performed to determine the
total abundance of bacteria (i.e., number of 16S rRNA gene sequences) and functional
genes, including quaternary ammonium compound-resistant genes, nitrogen-cycling
genes, and antibiotic resistance genes, present in the water samples. Plasmids with
targeted genes were constructed as the standards according to the methods of previous
literatures { ADDIN EN.CITE { ADDIN EN.CITE.DATA }}. Twenty microliters of
the reaction mixture of qPCR were prepared and carried out in a 96 well plate by the
7500 Fast real-time PCR system (PE Applied Biosystem, USA) according to the
manual and protocol of the 7500 Fast real-time PCR system
(https://www.thermofisher.com/order/catalog/product/4351107?SID=srch-srp-
4351107). The primers and cycle conditions of total bacteria and functional genes
were shown in Table S1 (See supplementary materials). Melting curve analysis was
applied to check the purity of the amplified products and performed for temperatures
ranging from 60 to 95°C. The abundances of total bacteria and functional genes were
calculated by comparing the threshold cycle (C:) values of each sample with the
standard curve.

2.4 16S rRNA gene sequence analysis

The genomic DNA extracts served as a template for the PCR amplification of the
V2-V4 region of 16S rRNA using the primer set 338F/806R (5'-
ACTCCTACGGGAGGCAGCAG-3' and 5- GGACTACHVGGGTWTCTAAT-3') {
ADDIN EN.CITE { ADDIN EN.CITE.DATA }}. The amplified DNA was subjected
to agarose gel electrophoresis and purified using AxyPrep DNA Gel Extraction Kit
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(Axygen Biosciences, Union City, CA, USA). A mixture of the amplicons was then
used for sequencing on an lllumina MiSeq platform according to the standard
protocols at Majorbio Bioinformatics Technology Co., Ltd. (Shanghai, China). In
brief, raw fastq files were quality-filtered by Trimmomatic and merged by FLASH
with the following criteria: (i) The reads were truncated at any site receiving an
average quality score <20 over a 50 bp sliding window. (ii) Sequences whose overlap
being longer than 10 bp were merged according to their overlap with mismatch no
more than 2 bp. (iii) Sequences of each sample were separated according to barcodes
(exactly matching) and primers (allowing 2 nucleotide mismatching), and reads
containing ambiguous bases were removed. Operational taxonomic units (OTUS)
were clustered with 97% similarity cutoff using UPARSE (version 7.1
http://drive5.com/uparse/) with a novel ‘greedy’ algorithm that performs chimera
filtering and OTU clustering simultaneously { ADDIN EN.CITE
<EndNote><Cite><Author>Edgar</Author><Year>2013</Year><RecNum>1100</R
ecNum><DisplayText>(Edgar, 2013)</DisplayText><record><rec-
number>1100</rec-number><foreign-keys><key app="EN" db-
id="vzededvvherd97ep2db5pwrlfe5trtad95r0"
timestamp="1488511523">1100</key></foreign-keys><ref-type name="Journal
Article">17</ref-type><contributors><authors><author>Edgar, R.
C.</author></authors></contributors><titles><title>UPARSE: highly accurate OTU
sequences from microbial amplicon reads</title><secondary-title>Nature
Methods</secondary-title><alt-title>Nat Methods</alt-title></titles><alt-
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periodical><full-title>Nat Methods</full-title></alt-periodical><pages>996-
+</pages><volume>10</volume><number>10</number><keywords><keyword>div
ersity</keyword><keyword>database</keyword></keywords><dates><year>2013</
year><pub-dates><date>Oct</date></pub-dates></dates><isbn>1548-
7091</isbn><accession-num>WQ0S:000325073800023</accession-
num><urls><related-urls><url>&lIt;Go to
IS1&gt;://WOS:000325073800023</url></related-urls></urls><electronic-resource-
num>10.1038/Nmeth.2604</electronic-resource-
num><language>English</language></record></Cite></EndNote>}. The taxonomy
of each 16S rRNA gene sequence was analyzed by RDP Classifier algorithm
(http://rdp.cme.msu.edu/) against the Silva (Release128 http://www.arb-silva.de) 16S
rRNA database using confidence threshold of 70%. RDP classifier work was done

within the QIIME environment.

2.5 Statistical analysis

The richness and diversity of the bacterial communities within each treatment
were calculated with the Chaol richness index and Shannon diversity index within
Mothur software, respectively { ADDIN EN.CITE { ADDIN EN.CITE.DATA }}.
Differences in the number of functional genes within treatments were measured with a
series of one-way analysis of variance (ANOVA). Heatmap of tested functional genes
and microbial composition in surface water and Wilcoxon rank-sum test were
performed by ‘gplots’ and ‘clusrank’ packages using R v. 3.2.5 (R Foundation for
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Statistical Computing, Vienna, Austria), respectively. The Pearson correlation analysis
between different genes and microbial community composition was carried out using
SPSS software (IBM Co., USA) and showed by Gephi software v. 0.9.1(Gephi,
WebAitlas, France) { ADDIN EN.CITE
<EndNote><Cite><Author>Bastian</Author><Year>2009</Year><RecNum>961</R
ecNum><DisplayText>(Bastian et al., 2009)</DisplayText><record><rec-
number>961</rec-number><foreign-keys><key app="EN" db-
id="x095edwrr995rve0vtipte09wd9ptz2trr5t"
timestamp="1503503495">961</key></foreign-keys><ref-type name="Journal
Article">17</ref-type><contributors><authors><author>Bastian,
Mathieu</author><author>Heymann, Sebastien</author><author>Jacomy,
Mathieu</author></authors></contributors><titles><title>Gephi: an open source
software for exploring and manipulating networks</title><secondary-
title>lcwsm</secondary-title></titles><periodical><full-title>lcwsm</full-
title></periodical><pages>361-
362</pages><volume>8</volume><dates><year>2009</year></dates><urls></urls>
</record></Cite></EndNote>}. Functional profiling of microbial communities based
on 16S rRNA data was carried out using PICRUSt software { ADDIN EN.CITE {
ADDIN EN.CITE.DATA }}.

3. Results

3.1 Effect of benzyldimethyldodecyl ammonium chloride on amount of total
bacteria
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The number of 16S rRNA copies in natural water decreased with the presence of
BAC, even at low amounts (e.g., 10 pg L) (Fig. 1). The numbers of 16S rRNA
copies for 100, 1000, 10 000 ug L™ of BAC on the first day were 1.50 + 0.04x10°,
1.49 +0.13x10° and 1.26 + 0.04x10° copies per liter, which were significant lower
than that of control with value of 2.06 + 0.14x10° copies per liter (p < 0.05). The
numbers of 16S rRNA copies for all the treatments decreased from first day to the
seventh day. There were no significant differences between the numbers of 16S rRNA
copies with the 100, 1000, or 10 000 pug L treatments, but the numbers of 16S rRNA
copies within these treatments were lower than that of control (p < 0.05). Based on
these results, the presence of BAC clearly exerted a negative effect on bacteria
growth, especially at concentrations of higher than 100 pg L.

3.2 Effect of benzyldimethyldodecyl ammonium chloride on abundance of
functional genes

The exposure time and concentrations of BAC influenced the abundances of
most functional genes at different significant levels (p <0.05, p <0.01, and p <0.001),
except the effect of time, and interaction effects of time and concentrations of BAC on
the proliferation of tetM and gnrD (Table 1).

3.2.1 Quaternary ammonium compound-resistant genes and antibiotic resistance
genes

Two quaternary ammonium compound-resistant genes (qacEA1 and gacA/B) and
six antibiotic resistance genes (sull, tetA, tetM, gnrD, strA, and blactx-m) were
assessed in this study (Fig. 1). There was no significant difference between the control
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and lowest treatment level (10 pg L) for the gacEA1, sull, tetM, gnrD and strA both
on the first day and seventh day. The numbers of sull, tetA and tetM copies increased
as the concentration of BAC increased both on the first and seventh day. gacA/B
exhibited an increase trend from the control to the highest treatment level on the first
day, but no significant differences in the numbers of qacA/B copies were found
between any of the treatments on Day 7 (p > 0.05). The effect of BAC on the
proliferation of strA and gacEA1 showed similar trend. On the first day, a sharp
increase in the abundances of strA and gacEA1 exposed to BAC was observed at
concentration of 1 000 ug L™, but no significant difference was found between the
abundances of strA and gacEA1 at the treatment levels of 100, 1 000 and 10 000 pg L
Lon Day 7 (p > 0.05). gnrD abundances at highest treatment level of 10 000 pg L™ on
the seventh day exhibited significant difference with the control, while no significant
differences were found between all the other experimental treatments (p > 0.05). The
effect of BAC on the abundances of blacrx-w gene increased significantly compared
with the control even at the lowest treatment level of 10 pg L™ on Day 1 (p < 0.05).
However, there was no significant difference in the abundances of blactx-m between
the control, 10, 100, or 1 000 ug L treatments on Day 7.
3.2.2 Nitrogen-cycling genes

The response of nitrogen-cycling genes exposed to different concentrations of
BAC is shown in the Fig. 1. Generally, the abundances of nifH and amoA showed a
decrease trend as BAC concentrations increased on Day 1, but the nirK showed an
increase trend. However, no significant difference within the abundances of amoA
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was found between the control and different treatment levels on Day 7. There was no
significant difference in the numbers of nifH copies between control and the lowest
treatment level (10 pg L) on Day 1 and Day 7. Yet, on both Day 1 and Day 7, the
abundances of nifH within the 100, 1000, and 10 000 pg L* treatments were
significantly lower than that within the control (p < 0.05). The abundances of nirK on
Day 1 exhibited a slow increase from the control to the 1 000 pg L treatment and a
sharp increase as BAC concentrations reached 10 000 pg L. After seven days, the
numbers of nirk copies within 1000 and 10 000 pg L treatments were still
significant higher than that of the control (p < 0.05).
3.3 Effect of benzyldimethyldodecyl ammonium chloride on bacterial community
3.3.1 Bacterial community richness and diversity

The bacterial valid reads obtained from each treatment ranged from 30 963 to 42
619, normalized to 30 900 to compare richness and diversity of bacteria community
(Table 2). On Day 1, the control treatment had the highest number of operational
taxonomic units (OTUs) with 560, followed by the 10, 100, 1000 and 10 000 ug L
treatments. After seven days, the 10 and 100 ug L treatments had the highest number
of OTUs (451), followed by the control, 1000 and 10 000 pg L treatments. On Day
1, Shannon diversity indices declined from control to the highest BAC concentration;
however, on Day 7, Shannon diversity indices increased as the concentrations
increased from the control to 10 000 ug L™X. On Day 7, richness within two high
concentration treatments (1 000 and 10 000 pg L) remained lower than those of the
control, 10 and 100 pg L treatments. There is an obvious difference in the diversity
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at Day 1 but not at Day 7, which may be due to the degradation of BAC by the
microorganisms as the contact time increased. Evidence showed that the BAC could
be mineralized by enriched Pseudomonas sp. from returned activated sludge within
300 h (Khan et al., 2015).
3.3.2 Bacterial community structure

The compositions and cluster heatmap of bacterial community exposed to BAC
were shown in Fig.2. The bacterial compositions within the 10 and 100 pg L
treatment between Day 1 and Day 7 as well as the control were similar (group A),
higher concentrations (1000 and 10 000 pg L) treatments were classified in the other
group (group B) (Fig. 2b). Bacteria within the class Cyanobacteria was the highest in
abundance of group A (Fig. 2a). Sphigobacteriia, Betaproteobacteria, Phycisphaerae,
Acidobacteria and Alphaproteobacteria were also important components in group A
(Fig. 2a). The group B could be divided into two small cluster. Cluster I including
higher concentrations (1000 and 10 000 pg L) treatments on Day 1, which showed
that Gammaproteobacteria was important composition of bacterial community in this
group. Flavobacteriia and Betaproteobacteria were also the large proportion of the
composition of bacterial community in the 1 000 and 10 000 pg L* treatment on Day
1, respectively (Fig. 2a). The higher concentrations (1000 and 10 000 pg L1)
treatments on Day 7 constituted the Cluster II, in which Cytophagia, Sphigobacteriia,
Alphaproteobacteria, and Betaproteobacteria were the main composition of bacterial
community (Fig. 2a). Genus difference between the group A and group B was
analyzed via Wilcoxon rank-sum test (Fig. 3). It is observed that the proportions of
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Cyanobacteria, Microcytis, Synechococcus, unclassified_f _Family, and CL500-3
(planctomycetes) in group A were higher than those in group B (p <0.05), indicating
these kinds of bacteria were inhibited or killed by high concentrations of BAC. Group
B had higher proportion of Pseudomonas, Vogesella and Rheinheimera at p <0.1
level.
3.3.3 Functional profile prediction based on the 16S information

The functional community profiles for each sample based on clusters of
orthologous groups (COG) were created (Fig. S1a, Supplementary materials). The
heatmap also showed that the functional community profiles were classified also into
two groups (Fig. S1b, Supplementary materials), which were the same as those
clustered based on the community structure. A significant increase in genes associated
with RNA processing and modification, transcription, lipid transport and metabolism,
amino acid transport and metabolism, and cell motility was found in group A than
group B at p <0.05 via t-test (Fig. 4).
3.4 Correlation analysis between the functional genes and microbial community

The Pearson correlation coefficients between the functional genes and bacterial
community composition with p values less than 0.05 were shown in Fig. 5 using
Gephi software. sull, gacEAIand tetM showed positive significant correlations with
most other antibiotic resistance genes. Cyanobacteria exhibited significant negative
correlations with most antibiotic resistance genes. Bacteria of Gammaproteobacteria
and Betaproteobacteria showed positive correlations with antibiotic resistance genes.
Gammaproteobacteria and Betaproteobacteria showed evidence that they were the
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important groups of multi-antibiotic resistance bacteria in surface water of the
environment { ADDIN EN.CITE { ADDIN EN.CITE.DATA }}. Hence, our results
also confirmed that shifts in proliferation of antibiotic resistances and microbial
community were correlated with each other exposure to BAC.
4. Discussion
4.1 Effect of BAC on functional genes

Selective enrichment of a population, advantageous mutations, and the transfer of
ecologically important genes are important mechanisms for the adaptation of
microbial communities to toxic pollutants { ADDIN EN.CITE { ADDIN
EN.CITE.DATA }}. gqacA/B has been shown to be wide-spread among gram-positive
bacteria, such as Staphylococci, while gacEA1 has been wide-spread among gram-
negative bacteria, especially Enterobacteriaceae and Pseudomonas { ADDIN
EN.CITE
<EndNote><Cite><Author>Jaglic</Author><Year>2012</Year><RecNum>1233</
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Z</author><author>Cervinkova,
D</author></authors></contributors><titles><title>Genetic basis of resistance to
quaternary ammonium compounds--the gac genes and their role: a
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were 110-1495 times higher than gacA/B and proportion of Pseudomonas increased at
high concentrations of BAC compared to low levels of BAC (Fig. 2 and 3). These
results indicated gacEA1 may play a more direct role in the adaptation of bacteria
exposed to BAC. Among the antibiotic resistance genes examined, gnrD was the most
insensitive to BAC exposure. Quinolones inhibit the DNA gyrase of bacteria which
could be protected by the 214-amino-acid pentapeptide repeat protein encoded by
qnrD { ADDIN EN.CITE
<EndNote><Cite><Author>Cavaco</Author><Year>2009</Year><RecNum>1161<
/RecNum><DisplayText>(Cavaco et al., 2009)</Display Text><record><rec-
number>1161</rec-number><foreign-keys><key app="EN" db-
id="vzededvvherd97ep2db5pwrlfe5trtad95r0"
timestamp="1491463727">1161</key></foreign-keys><ref-type name="Journal
Avrticle">17</ref-type><contributors><authors><author>Cavaco, L.
M.</author><author>Hasman, H.</author><author>Xia,

{PAGE  \* MERGEFORMAT}



631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

S.</author><author>Aarestrup, F.
M.</author></authors></contributors><titles><title>gnrD, a Novel Gene Conferring
Transferable Quinolone Resistance in Salmonella enterica Serovar Kentucky and
Bovismorbificans Strains of Human Origin</title><secondary-title>Antimicrobial
Agents and Chemotherapy</secondary-title></titles><periodical><full-
title>Antimicrobial Agents and Chemotherapy</full-title><abbr-1>Antimicrob
Agents Ch</abbr-1><abbr-2>Antimicrob. Agents. Ch</abbr-
2></periodical><pages>603-
608</pages><volume>53</volume><number>2</number><dates><year>2009</year
><pub-dates><date>February 1, 2009</date></pub-dates></dates><urls><related-
urls><url>http://aac.asm.org/content/53/2/603.abstract</url></related-
urls></urls><electronic-resource-num>10.1128/aac.00997-08</electronic-resource-
num></record></Cite></EndNote>}, while BAC damaged the phospholipid bilayer
of bacterial structures { ADDIN EN.CITE
<EndNote><Cite><Author>loannou</Author><Year>2007</Year><RecNum>1139<
/RecNum><DisplayText>(loannou et al., 2007)</DisplayText><record><rec-
number>1139</rec-number><foreign-keys><key app="EN" db-
id="vzededvvherd97ep2db5pwrlfe5trtad95r0"
timestamp="1490775349">1139</key></foreign-keys><ref-type name="Journal
Article">17</ref-type><contributors><authors><author>loannou, C.
J.</author><author>Hanlon, G. W.</author><author>Denyer, S.
P.</author></authors></contributors><auth-address>Quest Int, Ashford TN24 OLT,

{PAGE  \* MERGEFORMAT}



653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

Kent, England&#xD;Univ Brighton, Sch Pharm &amp; Biomol Sci, Brighton BN2
4GJ, E Sussex, England&#xD;Univ Cardiff Wales, Welsh Sch Pharm, Cardiff CF1
3XF, Wales</auth-address><titles><title>Action of disinfectant quaternary
ammonium compounds against Staphylococcus aureus</title><secondary-
title>Antimicrobial Agents and Chemotherapy</secondary-title><alt-title>Antimicrob
Agents Ch</alt-title></titles><periodical><full-title>Antimicrobial Agents and
Chemotherapy</full-title><abbr-1>Antimicrob Agents Ch</abbr-1><abbr-
2>Antimicrob. Agents. Ch</abbr-2></periodical><alt-periodical><full-
title>Antimicrobial Agents and Chemotherapy</full-title><abbr-1>Antimicrob
Agents Ch</abbr-1><abbr-2>Antimicrob. Agents. Ch</abbr-2></alt-
periodical><pages>296-
306</pages><volume>51</volume><number>1</number><keywords><keyword>es
cherichia-coli</keyword><keyword>cytoplasmic
constituents</keyword><keyword>antimicrobial
action</keyword><keyword>membrane
damage</keyword><keyword>resistance</keyword><keyword>mechanisms</keywo
rd><keyword>biocides</keyword><keyword>cell</keyword><keyword>time</key
word><keyword>classification</keyword></keywords><dates><year>2007</year><
pub-dates><date>Jan</date></pub-dates></dates><isbn>0066-
4804</isbn><accession-num>W0S:000243214200038</accession-
num><urls><related-urls><url>&It;Go to
ISI1&gt;://WOS:000243214200038</url></related-urls></urls><electronic-resource-

{PAGE  \* MERGEFORMAT}



675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

num>10.1128/Aac.00375-06</electronic-resource-
num><language>English</language></record></Cite></EndNote>}. Hence, different
sterilization mechanisms of BAC and quinolones may account for the insensitivity of
gnrD gene to BAC exposure. An increase of the antibiotic resistance genes encoding
efflux pump has been found in the long-term exposure of aerobic microbial
communities within engineered, unnatural systems to BAC { ADDIN EN.CITE
<EndNote><Cite><Author>Tandukar</Author><Year>2013</Year><RecNum>115
7</RecNum><DisplayText>(Tandukar et al., 2013)</DisplayText><record><rec-
number>1157</rec-number><foreign-keys><key app="EN" db-
id="vzededvvherd97ep2db5pwrlfe5trtad95r0"
timestamp="1491379016">1157</key></foreign-keys><ref-type name="Journal
Article">17</ref-type><contributors><authors><author>Tandukar,
Madan</author><author>Oh, Seungdae</author><author>Tezel,
Ulas</author><author>Konstantinidis, Konstantinos
T.</author><author>Pavlostathis, Spyros
G.</author></authors></contributors><titles><title>Long-Term Exposure to
Benzalkonium Chloride Disinfectants Results in Change of Microbial Community
Structure and Increased Antimicrobial Resistance</title><secondary-
title>Environmental Science &amp; Technology</secondary-
title></titles><periodical><full-title>Environmental Science &amp;
Technology</full-title><abbr-1>Environ Sci Technol</abbr-1><abbr-2>Environ. Sci.
Technol.</abbr-2></periodical><pages>9730-

{PAGE  \* MERGEFORMAT}



697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

9738</pages><volume>47</volume><number>17</number><dates><year>2013</y
ear><pub-dates><date>2013/09/03</date></pub-
dates></dates><publisher>American Chemical Society</publisher><isbn>0013-
936X</isbn><urls><related-
urls><url>http://dx.doi.org/10.1021/es401507k</url><url>http://pubs.acs.org/doi/abs/
10.1021/es401507k</url></related-urls></urls><electronic-resource-
num>10.1021/es401507k</electronic-resource-num></record></Cite></EndNote>}.
In this study, not only did the abundance of efflux pump antibiotic resistance genes
increase with increasing concentrations of BAC, but other antibiotic resistance gene
types (e.g., ribosomal protection protein, tetM) also increased. The majority of
plasmids carrying both antibiotic resistance genes and biocide (e.g. BAC) /metal
resistance genes (BMRGs) are found to be conjugative (Pal et al., 2015), which may
result in the increase in abundances of different kind of antibiotic resistance genes
exposed to BAC.

The changes in abundances of eleven genes exposure to BAC could be classified
into four groups (Fig. 6). The first group included tetA, gacEA1 and strA, which
showed higher abundances to BAC exposure compared with the control both on Day
1 and Day 7, indicating the selective pressure of BAC on these genes always existed
during the experimental period. amoA and nifH constituted the second group, which
exhibited lower abundances to BAC exposure, indicating BAC had negative effect on
the proliferation of these two genes and influenced nitrogen cycle in the aquatic
system. BAC has showed evidence that it initially inhibited the nitrification efficiency
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to BAC. Hence, BAC had less effect on the proliferation or spread of these three
genes (qnrD, tetM and nirK). gacA/B, sull and blacrx-m were clustered as the four
group, which showed higher abundances to BAC exposure compared with control on
Day 1 but not on Day 7. These results indicated the BAC could exert different
selective pressure on the quaternary ammonium compound-resistant genes, antibiotic
resistance genes and nitrogen-cycling genes.
4.2 Selective enrichment of specific bacteria exposure to BAC in aquatic system.
Selective enrichment of Rheinheimera, Pseudomonas, and Vogesella was found in
the high BAC treatments (Fig. 3), suggesting that these bacteria have resistance or
degradation capacity to BAC. In engineered BAC-fed communities, Pseudomonas has
been identified as the dominant species (over 50%), followed by Citrobacter {
ADDIN EN.CITE { ADDIN EN.CITE.DATA }}. In domestic drain biofilm
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occurrence of enriched Pseudomonas spp. communities after the introduction of
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4.3 Effect of BAC on microbial community and function

Microbial abundance and diversity were affected by the varying concentrations
of BAC. Our study showed that within water samples exposed to the highest BAC
concentrations (i.e., 10 000 pg L) microorganism abundance decreased by 38.72%
on Day 1 (Fig. 1). The ECso of BAC for these microbial communities, based on
quantitation of 16S rRNA, in natural water from eutrophic lake was more than 10 000
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resistance genes and cell envelope modification systems { ADDIN EN.CITE {
ADDIN EN.CITE.DATA }}. The transcriptome analysis of Listeria monocytogenes
exposed to quaternary ammonium compound benzethonium chloride revealed cell
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functional profiles of aquatic microbial community involved in the adaption process
to BAC stress, such as genes related with RNA processing and modification,
transcription, lipid transport and metabolism, amino acid transport and metabolism,
and cell motility.
4.4 Shift pattern in proliferation of functional genes and microbial community
The functional genes within aquatic microbial community seemed to be more
sensitive to BAC exposure. Most of the genes examined in this study, such as gacEA1,
sull, tetM, strA, nifH and nirK, exhibited significantly different abundances in the
treatments with over 100 ug L* BAC on Day 1, compared to the abundances of these
genes in the control. The abundances of blacrx-m, tetA, amoA and gacA/B in the 10 pg
L treatment on Day 1 were significantly different compared with control. Based on
the results of functional genes and microbial diversity, the changes in abundances of
functional genes exposure to BAC at lower concentrations were observed before
significant changes in microbial community compositions occurred. This may be due
to the limitation of 16S rNA gene sequence method. Although 16S rRNA gene
sequence can exhibit biases by amplifying species unequally and also capture a
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broader range of microbiome diversity, a lower sensitivity and resolution existed for
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num></record></Cite></EndNote>}. Combined with the discovery of this study, it
could conclude that environmental concentrations of BAC did not obviously influence
the aquatic microbial composition and function, only affected the proliferation of
specific functional genes. The specific species enriched gave light for isolating
bacteria degrading the BAC from natural environment. g°PCR and 16SrNA used in
this study showed that BAC could shifts the proliferation of specific functional genes
and microbial community at DNA level. Further studies are still needed to identify the
main pathways of BAC and key players in the nutrient cycling influenced by BAC in
aquatic ecosystems, using metatranscriptome at RNA level or functional
metaproteomic approach at protein level.
5. Conclusion

In this study, BAC was applied to discover its effect on abundances of functional
genes and microbial diversity. Changes within important functional genes in natural
water exposed to BAC were different dependent on the gene type, concentrations of

{PAGE  \* MERGEFORMAT}



1137

1138

1139

1140

1141

1142

1143

1144

1145

1146

1147

1148

1149

1150

1151

BAC and exposure time. High concentrations of BAC more than 1 000 pg L
significantly influenced the microbial diversity and community composition. Low
concentrations had significant influence on the abundances of specific genes but less
effect on microbial composition. The changes of BAC transformation and nutrients
were not recorded in this study, hence, metaproteomic and metatranscriptomic may be
needed to discover relationship between the key microbial species and pathway of
BAC in the aquatic microbial ecosystem in the further research.
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Table 1 Statistically significant differences of functional genes based on two-way ANOVA

Variables qacAE1  qgacA/B sull tetA tetM gnrD StrA blaTXM amoA nifH nirk
Tlme *%* **k%k **k* * ns nS **k* **k*k **k%k **k*k **k*%k
CO n Centra‘“ Ons **k%k ** **k*x **k%k **k%k * **kx **k%k **k%k **k*%k **k*k
Time X Concentrations faleiel * *x falelel ns ns Fkx ol faieiad *x *x

*p <0.05; **p <0.01; ***p <0.001;

{PAGE

\* MERGEFORMAT}



1155  Table 2. Bacterial community diversity in water microcosms exposed to BAC after

1156  one day (Day 1) and seven days (Day 7).

Concentration of  Day 1 Day 7

BAC OTUs Chaol Shannon  OTUs Chaol  Shannon
Control (0) 560 589.5 3.48 376 460.4 251

10 520 553.5 281 451 509.9 2.82
100 513 586.1 2.83 451 497.5 2.80
1000 250 325.0 2.59 366 411.9 3.47

10 000 154 2015 2.14 256 279.6 3.98

1157
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Figure captions

Fig. 1 The copies of 16S rRNA, guaternary ammonium compound-resistant genes
(gacEA1 and gacA/B), antibiotic resistance genes (sull, tetA, tetM, gnrD, strA, and
blacTtx-m) and nitrogen cycling related genes (amoA, nifH and nirK) in water
microcosms exposed to BAC after one day (1 d) and seven days (7 d). Different letters
over the bars indicate statistically significant differences at p < 0.05 level in One-way
ANOVA.

Fig. 2 Microbial community composition at the level of the Class in water
microcosms exposed to BAC after one day (D 1) and seven days (D 7) (a), and
clusters were analyzed using heatmap (b). The number after D1 and D7 means the
concentrations of BAC.

Fig. 3 Difference of genus in the two groups was analyzed using Wilcoxon rank-sum
test responded to exposure of BAC.

Fig. 4 The difference between the specific functional profiles of microbial community
based on 16S sequence at p <0.05 level between group A and Group B.

Fig. 5 The Pearson correlation between the functional genes and microbial
composition using Gephi software. The p values showed in the figure were all less
than 0.05. Lines with pink color indicated negative correlation, and lines with green
color indicated positive correlation.

Fig. 6 The heatmap of quaternary ammonium compound-resistant genes, antibiotic
resistance genes and nitrogen-cycling genes exposure to different concentrations of
BAC after one day (D 1) and seven days (D 7). (The log values for each gene were

normalized to the corresponding log values of D1 _control).
{PAGE  \* MERGEFORMAT}



1181  Fig. 7 The schematic map of shifts in proliferation of functional genes and microbial

1182  community influenced by BAC stress.
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