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As one  typical  cationic  disinfectant,  quaternary  ammonium  compounds  (QACs) were  ap-  

proved  for  surface  disinfection  in  the  coronavirus  disease  2019 pandemic  and  then  unin-  

tentionally  or  intentionally  released  into  the  surrounding  environment.  Concerningly,  it  is  

still  unclear  how  the  soil  microbial  community  succession  happens  and  the  nitrogen  (N) 

cycling  processes  alter  when  exposed  to  QACs. In  this  study,  one  common  QAC (benzalko-  

nium  chloride  (BAC) was  selected  as the  target  contaminant,  and  its  effects  on  the  temporal  

changes  in  soil  microbial  community  structure  and  nitrogen  transformation  processes  were  

determined  by  qPCR and  16S rRNA  sequencing-based  methods.  The  results  showed  that  the  

aerobic  microbial  degradation  of  BAC in  the  two  different  soils  followed  �rst-order  kinetics  

with  a half-life  (4.92 vs . 17.33 days)  highly  dependent  on  the  properties  of  the  soil.  BAC acti-  

vated  the  abundance  of  N �xation  gene ( nifH  ) and  nitri�cation  genes ( AOA and  AOB ) in  the  

soil  and  inhibited  that  of  denitri�cation  gene ( narG ). BAC exposure  resulted  in  the  decrease  

of  the  alpha  diversity  of  soil  microbial  community  and  the  enrichment  of  Crenarchaeota  and  

Proteobacteria.  This  study  demonstrates  that  BAC degradation  is accompanied  by  changes  

in  soil  microbial  community  structure  and  N transformation  capacity.  

© 2022 The  Research  Center  for  Eco-Environmental  Sciences,  Chinese  Academy  of  

Sciences.  Published  by  Elsevier  B.V. 

 

 

 

 

 

 

 

 

 

 

 

 

Introduction  

Quaternary  ammonium  compounds  (QACs) are  a group  of
cationic  surfactants  widely  used  in  medicine,  industry,  envi-
ronmental  protection,  and  agriculture  for  their  excellent  sur-
face  activity  and  bactericidal  property  ( Kahrilas  et  al.,  2015 ).
Recently,  the  U.S. Environmental  Protection  Agency  has  ap-
� Corresponding  author.  
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1001-0742/© 2022 The Research  Center  for  Eco-Environmental  Sciences
proved  some  surface  disinfectants  in  response  to  the  coron-
avirus  disease  2019 outbreak.  QACs are  the  most  common  of
these  recommended  disinfectants,  ( Chen  et  al.,  2021 ). Global
sales  of  surface  disinfectants  totaled  $4.5 billion  in  2020,
representing  a dramatic  increase  ( >  30%) over  the  previous
year  ( Lewis,  2021 ). Most  QACs ( >  75%) cannot  be removed
from  wastewater  and  then  discharged  into  the  environment
due  to  the  limitations  of  wastewater  treatment  technology
,  Chinese  Academy  of  Sciences.  Published  by  Elsevier  B.V. 
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 Dai  et  al.,  2018 ; Kim  et  al.,  2020 ; Zhang  et  al.,  2015 ). The  poten-
ial  environmental  risk  of  the  tremendous  increase  in  QACs 

ntering  the  environment  should  be paid  special  attention.  

There  is now  ample  evidence  suggesting  that  QACs can  en-  

er  and  accumulate  in  the  soil  through  sludge  return,  wastew-  

ter  irrigation,  and  pesticide  spraying  ( Pateiro-Moure  et  al.,
013 ; Xiang  et  al.,  2016 ). Some  researchers  predicted  that  the  

oncentration  of  QACs entering  the  soil  through  the  applica-  

ion  of  organic  fertilizers  was  about  3.5 mg/kg  ( Mulder  et  al.,
018 ). Moreover,  up  to  28.5 mg/kg  of  benzalkonium  chlorides  

BACs) were  still  detected  in  soils  in  one  region  of  South  Korea  

or  6 months  after  the  application  of  disinfectants  containing  

ACs ( Kang  and  Shin,  2016 ). Besides,  QACs were  detected  in  

ome  farmland  soils  at  concentrations  as high  as 0.82 mg/kg  

ue  to  irrigation  with  QACs-tainted  wastewater  ( Jardak  et  al.,
016 ). Soil  health  is  closely  related  to  healthy  food  production.
hus,  it  is  crucial  to  know  the  fate  and  toxic  effects  of  QACs in  

oil.  

Microbial  degradation  is considered  to  be the  primary  path-  

ay  for  the  QACs dissipation  in  the  soil  environment.  It  has  

een  well  established  that  under  aerobic  conditions,  QACs 

an  be used  as carbon  sources  by  some  bacteria  such  as 

eromonas,  Xanthomonas,  and  Pseudomona  ( Bergero  and  

ucchesi,  2015 ; Patrauchan  and  Oriel,  2003 ; Tezel  et  al.,  2012 ).
ith  the  participation  of  molecular  oxygen  and  NADPH,  the  

ydroxylation  reaction  catalyzed  by  monooxygenase  marks  

he  initiation  step  of  QACs biodegradation  ( Khan  et  al.,  2015 ; 
atrauchan  and  Oriel,  2003 ; Tezel  et  al.,  2012 ). Whereas,  as one  

ntibacterial  agent,  QACs inevitably  expose  adverse  effects  on  

ther  organisms.  For example,  in  aerobic  wastewater  treat-  

ent  systems,  QACs could  inhibit  the  microbial  degradation  

f  organic  pollutants  and  cause  damage  to  key  enzymes  (such  

s ammonium  monooxygenase  and  nitrite  oxidoreductase)  

 Zhang  et  al.,  2018 ). QACs induced  the  decline  in  total  micro-  

ial  abundance  and  diversity  in  the  lake  and  the  enrichment  

f  Rheinheimera,  Pseudomonas,  and  Vogesella  ( Yang  and  

ang,  2018 ). In  membrane  bioreactors  with  QACs, some  mi-  

roorganisms  such  as Pseudomonas  and  Xanthomonadaceae  

radually  evolved  into  dominant  populations  ( Lai  et  al.,
017 ). Even QACs at  5 mg/L  completely  inhibited  the  nitri-  

cation  in  the  biological  denitri�cation  reactor  ( Hajaya  and  

avlostathis,  2012 ). Our  previous  study  also  proved  that  ben-  

alkonium  chlorides  (BAC) could  inhibit  photosynthesis  and  

ause  oxidative  stress  response  of  cyanobacteria  Microcys-  

is  aeruginosa  at  EC50 concentration  ( Qian  et  al.,  2022 ). De-  

pite  recent  advances,  the  dissipation  of  QACs in  the  soil  en-  

ironment  and  their  impact  on  soil  health  remains  poorly  

ddressed.  

Soil  microorganisms  are  regarded  as an  essential  indicator  

f  soil  health,  and  their  diversity  and  stability  are  fundamen-  

al  to  the  stability  of  the  soil  ecosystem.  It  is  widely  established  

hat  exogenous  substances  in  the  soil  can  alter  the  main  mi-  

robial  functional  groups  ( Wang  et  al.,  2020 ). Furthermore,  as 

he  driver  of  the  nutrient  cycle,  changes  in  soil  microbes  might  

ffect  the  nitrogen  (N) cycling  capacity  ( Ma et  al.,  2018 ; van  der
eijden,  2010 ). It  was  found  that  QACs could  inhibit  soil  mi-  

robial  ammonia  oxidation  activity  ( Frühling  et  al.,  2001 ) and  

timulate  dehydrogenase  activity  and  potential  nitri�cation  

t  low  concentrations,  whereas  QACs at  high  concentrations  

aused  the  opposite  effect  ( Sarkar  et  al.,  2010 ). Exploring  mi-  
robial  response  is key  to  uncovering  the  effects  of  QACs ex-  

osure  on  soil  health,  which  need  to  be fully  explored.  

To address  the  above-mentioned  scienti�c  issues,  BAC, a 

ypical  QACs, was  chosen  as the  target  contaminant  to  study  

ts  effects  on  microbial  community  structure  and  the  N con-  

ersion  capacity.  The  present  study  aimed  to  investigate  (1) 
he  degradation  kinetics  of  BAC in  two  different  soils;  (2) the  

emporal  changes  of  microbial  community  structure  during  

AC degradation;  (3) the  variation  of  the  abundance  of  N 

ransformation-related  genes.  

. Materials  and  methods  

.1.  Soil and chemicals 

wo  surface  soils  with  different  physicochemical  properties  

ere  selected  as the  subject  for  the  present  study:  acid  forest  

oil  (XS) and  alkaline  cultivated  soil  (HN),  and  their  physico-  

hemical  properties  are  given  in  Appendix  A Table  S1. After  

ieving  through  a 2 mm  sieve  to  remove  large  pieces  of  vege-  

ation  and  debris,  the  soils  were  stored  in  a refrigerator  at  4 � C
ntil  use. The  soil  samples  were  incubated  at  20% moisture  

ontent  for  a week  at  room  temperature  to  recover  the  micro-  

ial  activity  before  the  spiking  experiment.  

BAC (CAS Nos.  139-07-1,  purity  99%) from  Shanghai  Mokai  

iotechnology  Co., Ltd.  (Shanghai,  China).  All  the  other  

eagents  were  obtained  from  Bio-Rad  Laboratories  Co., Ltd.
California,  USA) and  the  Chongqing  Huanghui  Chemical  Dan-  

erous  Goods Sales Co., Ltd.  (Chongqing,  China).  The  used  

rimers  were  synthesized  by  Sangon  Biotech  (Shanghai)  Co.,
td.  (Shanghai,  China).  BAC (0.1 g) were  accurately  weighed  

nd  made  into  stock  solutions  (5 mg/mL)  with  20 mL  

ethanol.  The  stock  solution  was  diluted  in  ultrapure  water  

o  the  desired  concentration  at  the  time  of  use. 

.2.  Experimental  design 

.2.1. Soil preparation  

biotic  soil  controls  were  sterilized  through  three  cycles  of  

0 min  autoclaving  at  0.1 Mpa  and  121 � C with  intermittent  

ncubation  at  (22 ± 2) � C for  3 days  between  each  autoclaving  

ycle.  An  appropriate  amount  of  BAC stock  was  added  to  the  

oil  sample,  then  stirred  continuously  in  a fume  hood  for  

ore  than  3 hr  to  ensure  methanol  volatilized  completely.  Soil  

amples  with  the  �nal  concentration  of  BAC of  10 mg/kg  were  

btained.  To investigate  the  dynamic  degradation  process  and  

cotoxicity  of  BAC in  soil,  the  following  three  groups  were  set  

p:  (1) the  experimental  group  with  the  addition  of  10 mg/kg  

dw)  BAC only;  (2) control  group  with  the  addition  of  sterile  

ater  to  the  unspiked  soil;  (3) abiotic  soil  control  group  with  

he  addition  of  10 mg/kg  BAC and  0.4 mg/g  NaN  3 . Incubation  

xperiments  were  performed  in  a 125 mL  screw-capped  

rown  bottle  containing  15 g of  soil,  and  all  treatments  were  

un  in  triplicate.  All  samples  were  then  placed  in  a constant  

emperature  incubator  at  20 � C, and  destructive  samplings  

ere  taken  for  analysis  on  days  0, 1, 3, 7, 15, 30, and  60. During
he  incubation  period,  soil  moisture  was  maintained  at  20% of  

he  moisture  content  by  weight  the  loss.  Gas chromatography  

SC-3000B-020T, Chongqing  Chuanyi  Analytical  Instrument  
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Co., Ltd.,  China)  was  used  to  monitor  the  O 2 concentration
in  the  brown  bottle  throughout  the  experiment.  The  carrier
gas to  determine  O 2 concentration  was  high-purity  helium
at  a �ow  rate  of  25 mL/min.  The  detector  and  column  tem-
perature  were  both  50 °C. Fresh  air  was  injected  to  allow
aerobic  conditions  when  the  O 2 concentration  was  lower
than  15%. 

1.2.2. Extraction  and analysis of BAC 

The  soil  (0.5 g) was  mixed  homogeneously  with  a 10%
methanolic  hydrochloric  acid  (15 mL,  V/V  ). The  samples  were
then  sonicated  at  62 � C for  1 hr,  followed  by  centrifugation  at
7000 r/min  for  10 min  to  obtain  the  supernatants.  The  extrac-
tion  procedure  was  repeated  three  times,  and  all  supernatants
were  combined  and  �ltered  with  a 0.45 µm  �lter  membrane.
Samples  were  stored  at  -20 °C until  analysis.  BAC was  deter-
mined  using  LC-MS with  a Shim-pack  GISS 1.9 µm  C18 column
(2.1 mm  × 50 mm)  by  injecting  10 µL. Eluents  were  0.1% formic
acid  in  water  (A) and  methanol  (B). The  details  of  the  elu-
tion  process  are  provided  in  Appendix  A Table  S2. The  column
temperature  was  set  at  25 °C and  the  detection  wavelength  at
210 nm.  The  recovery  rate  of  BAC in  soil  was  92.4% ± 2.6%,
and  the  background  of  BAC in  HN  and  XS soil  was  0.01 and
0.45 mg/kg,  respectively.  In  parallel,  BAC in  the  air  of  the  bottle
was  detected  by  SPE columns  (C18 300 mg,  DIONEX, USA), and
the  results  indicated  that  the  BAC concentrations  were  below
the  detection  limit  (see the  Appendix  A Text  S2 for  additional
details).  

1.3.  Determination  of soil  urease activity  

The  urease  activity  was  measured  according  to  the  method-
ology  described  by  Yang  et  al.  (2021a) . In  short,  mix  5 g of  soil
with  10 mL  citrate  buffer,  5 mL  urea  solution  (10%), and  1 mL
toluene  in  a 50 mL  volumetric  �ask.  The  absorbance  was  mea-
sured  after  the  samples  were  incubated  in  a constant  temper-
ature  incubator  at  37 � C for  24 h.  

1.4.  Gene quanti�cation  and high-throughput  sequencing 

The  soil  DNA  was  extracted  using  the  DNeasy  PowerSoil  Kit
(Qiagen,  Hilden,  Germany)  following  the  manufacturer•s  pro-
tocol.  Extracted  DNA  was  then  stored  at  Š80 °C until  tested.
N transformation-related  gene abundance  was  quanti�ed
through  real-time  qPCR (Bio-Rad,  Foster,  USA). The  PCR re-
action  system  had  a total  volume  of  20 µL and  contained
primer  (1.2 µL), template  DNA  (0.8 µL), sterile  water  (8 µL),
and  10 µL 2 × IQ SYBR Green  Supermix  (Bio-Rad,  USA). For
additional  details  on  qPCR procedures,  see Appendix  A Text
S3. High-throughput  sequencing  was  carried  out  by  Majorbio
Bio-pharm  Technology  Co., Ltd  (Shanghai,  China)  with  the  Illu-
mine  novaseq  6000 platform.  The  analysis  process  and  quality
control  are  described  in  detail  in  the  Appendix  A Text  S4. 

1.5.  Statistical  analysis  

In  this  study,  �rst-order  degradation  kinetics  model  was  used
to  describe  the  kinetics  of  BAC biodegradation.  First-order
degradation  kinetic  has  the  following  form:  

d ( C t Š C s ) 
dt 

=  Šk × ( C 0 Š C s ) (1)

which  was  also  equal  to  the  following  style:  

 t Š ( C 0 Š C s ) exp  ( Šk · t ) +  C s (2)

T 50 =  
ln  2 

k 
(3)

where,  k is  the  biodegradation  rate  constant;  t (day)  is  the  in-
cubation  time;  C t (mg/kg)  is  the  soil  concentration  of  BAC; C 0

(mg/kg)  is  the  initial  BAC concentration;  C s (mg/kg)  is  BAC ad-
sorbed  to  the  surface  of  the  soil;  T 50 (day)  is  the  half-life  of
BAC. 

Signi�cance  differences  were  examined  using  the  two-
sample  t -test  to  compare  two  groups  and  one-way  ANOVA
tests  to  compare  multiple  groups  (IBM SPSS Statistics  26.0,
USA). Pearson•s correlation  between  the  abundance  of  the  mi-
crobial  community  and  the  concentration  of  BAC was  con-
sidered  statistically  robust  if  Pearson•s correlation  coef�cient
(| r |) was  >  0.8 and  the  p -value  was  <  0.05. The  experimen-
tal  data  were  processed  and  mapped  using  OriginPro  2020b
(OriginLab  Corporation,  Northampton,  Massachusetts,  USA).
Co-occurrence  network  analysis  was  performed  in  the  R en-
vironment  via  the  igraph  package,  and  the  network  was  visu-
alized  via  the  interaction  platform  Gephi.  

2. Results  and  discussion  

2.1.  Biodegradation  kinetics  of BAC in  two  different  soils 

To reveal  the  effects  of  soil  properties  on  the  environmental
fate  of  BAC, two  different  soils  were  selected.  XS from  for-
est  areas  was  sorted  as acidic  silt  loam  soil,  and  HN  collected
from  agricultural  region  was  alkaline  loam  soil.  The  detailed
properties  of  the  two  soils  are  listed  in  Appendix  A Table  S1.
The  aerobic  biodegradation  process  of  BAC in  the  two  different
soils  is  presented  in  Fig. 1 . The  degradation  process  of  BAC fol-
lowed  well  �rst-order  kinetic  in  both  HN  and  XS soils,  and  the
kinetic  equations  and  �tting  parameters  are  provided  in  Ap-
pendix  A Table  S5, revealing  that  the  half-life  of  in  XS soil  was
(17.33 ± 0.34) days,  3.5 times  higher  than  in  HN  soil  (4.92 ± 0.15)
days  ( Eqs. (1)…(3) ). This  was  accompanied  by  a nearly  constant
BAC content  in  the  sterile  control  group  for  15 days.  The  assay
results  of  BAC in  the  air  inside  the  bottle  showed  that  the  mass
of  BAC volatilized  into  the  air  was  less than  0.02% of  the  BAC
initially  added  to  the  soil.  The  evidence  above  suggests  that
microbial  degradation  is the  predominant  pathway  of  BAC dis-
sipation  in  the  soil.  

It  could  be clearly  seen that  the  degradation  rates  of  BAC
in  the  two  soils  were  totally  different.  The  degradation  rate  of
BAC in  HN  soil  was  signi�cantly  higher  than  that  of  BAC in
XS soil  ( p <  0.05). The  two  different  soils  used  in  this  experi-
ment  showed  notable  differences  in  organic  matter,  pH,  and
other  physicochemical  properties,  especially  the  organic  mat-
ter  content  in  the  XS was  about  3-fold  higher  than  that  in  the
HN  (Appendix  A Table  S1). This  might  be an  essential  contrib-
utor  to  the  apparent  difference  in  the  degradation  rates  of  BAC
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Fig.  1 … Aerobic biodegradation  kinetics  of  benzalkonium  

chloride  (BAC) in  two  different  soils.  The  solid  line  in  the  

�gure  indicates  the  degradation  kinetics  of  BAC, while  the  

dotted  line  indicates  the  degradation  rate  of  BAC. XS from  

forest  areas  was  acidic  silt  loam  soil,  and  HN  from  

agricultural  region  was  alkaline  loam  soil.  
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n  those  two  soils.  Previous  studies  established  that  microor-  

anisms  can  utilize  BAC as a carbon  source,  leading  to  the  

egradation  of  BAC. However,  this  process  could  be postponed  

y  the  more  easily  utilizable  carbon  sources  ( Zhang  et  al.,
011 ). Moreover,  the  high  organic  matter  content  could  lead  to  

rreversible  adsorption  of  surfactants  to  the  soil  ( Atay  et  al.,
002 ; Matsuda  et  al.,  2009 ). Additionally,  in  HN  and  XS soil,
5.4% and  83.9% of  BAC were  calculated  to  be degraded  on  

he  day  203 of  the  incubation  period,  respectively  (data  not  
Fig.  2 … Abundance  variations  of  nifH  (a), AOA (b
hown),  indicating  BAC could  pose persistent  stress  on  the  soil  

cosystem.  

.2.  Effect of BAC on soil N transformation  

s demonstrated  in  the  preceding  studies,  the  soil  N trans-  

ormation  capacity  could  be revealed  by  the  N transformation  

unctional  enzymes  and  the  genes encoding  these  enzymes  

 Song et  al.,  2019 ; Zhang  et  al.,  2021 ). To further  quantify  the
hange  in  soil  N conversion  ability,  urease  activity  (Appendix  A 

ext  S6), and  the  abundance  of  N transformation-related  func-  

ional  genes ( nifH,  AOA, AOB, narG ) were  assayed  in  HN  and  XS
oil.  

.2.1. Effect of BAC on nifH  

he  gene of  nifH  encodes  nitrogenase  ferritin,  and  its  

bundance  is associated  with  soil  N �xation  activity  

 Bossolani  et  al.,  2020 ). The  changes  in  the  abundance  of  

ifH  were  plotted  in  Fig. 2 a. The  abundances  of  nifH  in  XS and
N  soils  were  1.81 × 10 6 … 4.55 × 10 6 copies/g  and  5.95 × 10 5 …
.35 × 10 6 copies/g,  respectively.  The  background  abundance  

f  nifH  in  XS soil  was  signi�cantly  higher  than  that  in  HN  soil
 p <  0.05). This  may  be related  to  the  higher  organic  matter  

ontent  in  XS soil.  The  available  experimental  data  suggested  

 positive  correlation  between  the  abundance  of  N-�xing  

acteria  and  organic  carbon  content  ( Manzoni  et  al.,  2012 ; 
i  et  al.,  2022 ). As a whole,  the  abundance  of  nifH  increased

n  the  two  soils  with  the  degradation  of  BAC. On day  60, the
elative  abundance  of  nifH  in  XS soil  increased  by  91% and  

9% in  HN  soil.  It  could  be hypothesized  that  some  N-�xing  

acteria  could  utilize  BAC as carbon  sources.  
), AOB (c), and  narG  (d) genes  in  both  soils.  
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Fig.  3 … The temporal  variation  of  relative  abundances  of  bacterial  phylum  (a) and  genus  (b) in  the  XS soil  spiked  with  BAC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.2.2. Effect of BAC on AOA and AOB 

AOA and  AOB refer  to  the  ammonia  monooxygenase  gene
( amoA ), and  their  abundances  can  re�ect  the  ammonia  ox-
idation  capacities  of  the  soil  archaea  and  bacteria,  respec-
tively  ( Philippot  et  al.,  2002 ). Fig. 2 b and  c illustrate  the  dy-
namic  changes  of  AOA and  AOB abundances  during  the  degra-
dation  of  BAC. Similar  patterns  can  be observed  for  the  re-
sponse  of  AOA and  AOB to  the  BAC degradation.  After  days
7, 15, and  60 of  incubation,  the  abundances  of  AOA and  AOB
were  signi�cantly  higher  in  both  soils  than  on  day  0 ( p <  0.05).
The  maximum  abundances  of  AOA and  AOB in  XS and  HN
soils  were  documented  at  day  60. For AOA , the  maximum  ac-
tivation  rates  were  160% and  195% in  XS and  HN  soils,  re-
spectively,  compared  to  day  0. For AOB , the  maximum  acti-
vation  rates  were  55% and  368% in  XS and  HN  soils,  respec-
tively,  compared  to  day  0. It  suggested  a possible  increase  of
the  soil  nitri�cation  rate  following  the  degradation  of  BAC.
Consistent  with  our  results,  the  activation  of  AOA and  AOB
genes by  pollutants  was  also  observed  in  previous  studies
( Du  et  al.,  2018 ; Zhang  et  al.,  2021 ). Evidence  suggested  that
ammonia  monooxygenase  produced  by  ammonia-oxidizing
bacteria  could  participate  in  the  co-metabolism  of  organic
matter  when  they  are  stressed  by  organic  pollutants,  thereby
increasing  the  abundance  of  AOB ( Tran  et  al.,  2013 ). 

2.2.3. Effect of BAC on narG 

The  gene of  narG is responsible  for  encoding  the  gamma  sub-
unit  of  nitrate  reductase,  which  is ubiquitous  in  prokaryotes
and  can  therefore  mark  the  function  of  soil  nitrate  reduction
( Fierer  et  al.,  2005 ). The  changes  in  the  abundance  of  narG are
shown  in  Fig. 2 d. It  is  apparent  from  the  plot  that  the  abun-
dance  changes  of  the  narG gene under  the  single  treatment
of  BAC were  distinctly  different  from  that  of  the  other  three
N transformation-related  genes.  Throughout  the  incubation,
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Fig.  4 … Network  co-occurrence  analysis  of  microbial  community  in  the  XS soil  spiked  with  BAC. A  connection  stands  for  a 

strong  (Spearman•s  r  >  0.8) and  signi�cant  ( p value  <  0.01) correlation.  The  size  of  each  node  is  proportional  to  the  number  

of  connections  (degree).  Red edges  indicate  positive  interactions  between  two  bacterial  nodes,  while  green  edges  indicate  

negative  interactions.  Each node  is  colored  based  on  the  bacterial  phyla.  (For interpretation  of  the  references  to  color  in  this  

�gure  legend,  the  reader  is  referred  to  the  Web  version  of  this  article).  

t
t
w  

t
a
1
n
t
c
d
p
c
t

2

T
m
t
l
s
T
h
B  

p

i

he  narG abundance  in  XS soil  increased  signi�cantly  only  on  

he  days  3 and  7, with  the  maximum  abundance  on  the  day  7 

hich  increased  by  184.03% compared  to  day  0. For HN  soils,
he  abundance  of  narG increased  signi�cantly  only  on  days  7 

nd  15, reaching  a maximum  on  day  15 with  an  increase  of  

5.45% compared  to  day  0. On the  day  60, the  abundance  of  

arG in  HN  and  XS soils  decreased  by  97% and  17%, respec-  

ively.  This  inhibition  was  also  found  in  the  effect  of  herbi-  

ides  on  denitri�cation-related  genes ( Zhang  et  al.,  2018 ). A 

ecrease  in  the  abundance  of  denitri�cation-related  genes im-  

lies  a drop  in  the  soil  denitri�cation  capabilities,  which  is 

onducive  to  the  uptake  of  N by  crops  and  may  help  reduce  

he  greenhouse  gas N 2 O ( Gu et  al.,  2017 ; Zhang  et  al.,  2018 ). 
.3.  Effect of BAC on soil microbial  community  structure  

he  changes  in  soil  N transformation-related  functional  genes 

ay  have  been  accompanied  or  induced  by  a pronounced  al-  

er  in  the  microbial  community  structure.  Given  that  the  fol-  

owing  two  reasons,  we  monitored  the  microbial  community  

uccession  process  in  XS soil  with  the  degradation  of  BAC: (1) 
he  N transformation-related  functional  genes in  both  soils  

ad  similar  response  patterns  to  the  degradation  of  BAC; (2) 
AC had  a longer  half-life  in  XS soil,  which  might  have  a more
rofound  impact.  

The  changes  in  alpha  diversity  of  microbial  community  

n  XS soil  are  recorded  in  Appendix  A Table  S7 during  BAC 
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degradation,  indicating  the  alpha  diversity  of  the  microbial
community  gradually  decreased  with  the  increase  of  expo-
sure  time.  The  composition  of  the  microbial  community  at
the  phylum  and  genus  levels  are  plotted  in  Fig. 3 . In  all  mi-
crobial  taxa,  3 phyla  were  identi�ed  as the  dominant  group,
namely  Actinobacteriota  (22.35%-36.46%), Chloro�exi  (13.49%-
29.96%), and  Proteobacteria  (15.40%-34.40%) ( Fig. 3 a). The  rel-
ative  abundance  of  Proteobacteria  increased  during  the  �rst
seven  days  after  BAC administration  and  then  decreased.  This
is consistent  with  the  rapid  BAC degradation  in  the  initial  pe-
riod  of  incubation,  implying  that  certain  species  in  Proteobac-
teria  could  contribute  to  the  BAC degradation  ( Das et  al.,  2021 ;
Kidd  et  al.,  2021 ; Mohapatra  and  Phale,  2021 ). The  relative
abundance  of  Crenarchaeota  was  signi�cantly  higher  than
that  of  day  0 except  for  day  7, and  its  abundance  was  posi-
tively  correlated  with  the  concentration  of  BAC (Appendix  A
Fig. S2). There  are  some  evidences  suggest  that  Crenarchaeota
is one  of  the  main  taxa  of  AOA ( Liu  et  al.,  2021 ). Considering
the  results  of  the  above-mentioned  AOA gene together,  it  may
be prudent  to  consider  that  BAC may  facilitate  the  nitri�cation
process  of  the  soil.  

The  community  heatmap  of  the  top  50 genera  is shown
in  Fig. 3 b. During  the  degradation  of  BAC, the  top  4 domi-
nant  genera  were  AD3 (12.29%-19.75%), Acidothermus (5.24%-
10.72%), HSB_OF53-F07 (1.79%-13.89%), and  Gaiellales (4.87%-
8.63%). And,  the  abundance  changes  of  Xanthobacteraceae and
Nitrososphaeraceae were  positively  correlated  with  the  varia-
tion  of  BAC concentration,  implying  that  the  two  genera  might
be potential  BAC degrading  bacteria  (Appendix  A Fig. S2). Pre-
viously,  Xanthobacteraceae was  reported  to  degrade  organic  pol-
lutants  ( Martirani-Von  Abercron  et  al.,  2017 ), and  also  to  oxi-
dize  ammonia  and  �x  N ( Lee et  al.,  2005 ; Muñoz-Palazon  et  al.,
2019 ; Obermeier  et  al.,  2020 ). Nitrososphaeraceae , known  am-
monia  oxidizing  archaea,  could  oxidize  ammonia  to  hydroxy-
lamine,  which  serves  as the  �rst  step  in  the  nitri�cation  pro-
cess ( Yang  et  al.,  2021b ). Thus,  the  increase  in  the  abundance
of  N conversion-related  genes could  be attributed  to  the  en-
richment  of  these  two  bacteria.  This  further  proves  that  BAC
in  the  soil  can  perturb  the  N transform  functions  by  changing
the  microbial  community  structure.  Intrasporangiaceae and  No-
cardioides , as functional  microbiota  in  the  soil,  are  responsible
for  the  decomposition  of  cellulose  and  sugar  as well  as the
mineralization  of  multiple  organic  compounds,  respectively
( Harada  et  al.,  2006 ; Schellenberger  et  al.,  2010 ; Takagi  et  al.,
2009 ). In  the  present  study,  the  two  genera  abundances  �rstly
decreased  and  then  increased  during  the  degradation  of  BAC.
This  suggests  that  BAC might  interrupt  the  mineralization
processes  of  organic  compounds  in  the  soil.  

2.4.  Analysis  on soil microbiomes  co-occurrence network  

The  co-occurrence  network  analysis  was  used  to  characterize
the  effect  of  BAC on  the  connections  between  soil  microor-
ganisms  ( Fig. 4 ). As shown  in  Fig. 4 , the  positive  edges (64.69%)
percentage  was  dramatically  higher  than  that  of  the  negative
edges (35.31%). This  showed  that  possible  widespread  posi-
tive  interactions  exist  with  bacteria  in  response  to  adverse  en-
vironmental  disturbances  ( Yi  et  al.,  2022 ). Proteobacteria  is  a
critical  functional  microbiota  in  the  soil,  which  plays  a cru-
cial  role  in  the  soil  carbon,  N, and  sulfur  cycles,  and  can  par-
ticipate  in  the  degradation  of  carbon-containing  compounds
( Spain  et  al.,  2009 ). We  found  that  Proteobacteria  is  highly
correlated  with  other  microorganisms  during  the  degrada-
tion  of  BAC. It  could  be concluded  that  Proteobacteria  is  the
core  microbial  phylum  of  XS soil  and  plays  a crucial  role
in  maintaining  the  stability  of  microbial  community  struc-
ture.  Within  the  Proteobacteria  clusters,  the  Xanthobacteraceae
was  positively  correlated  with  Bradyrhizobium  and  Methyloligel-
laceae. Xanthobacteraceae was  capable  of  ammonia  oxidation
and  N �xation,  while  Bradyrhizobium  has  a signi�cant  posi-
tive  correlation  with  organic  carbon  and  available  phosphorus
( Obermeier  et  al.,  2020 ; Yan  et  al.,  2014 ). Therefore,  functional
microbes  in  soil  that  can  tolerate  BAC are  the  key  drivers  of
changes  in  microbial  community  structure  during  the  degra-
dation  of  BAC. 

3. Conclusions  

The  present  paper  investigated  the  temporal  evolution  of  soil
microbial  communities  and  N transformation  functions  dur-
ing  BAC degradation.  Aerobic  microbial  degradation  was  the
main  pathway  of  BAC dissipation  in  natural  soils,  and  its
degradation  process  followed  a �rst-order  kinetic  model,  and
its  half-life  (4.92 vs . 17.33 days)  may  depend  on  the  organic
matter  content  of  the  two  soils.  A decrease  in  the  alpha  diver-
sity  of  the  soil  microbial  community  was  found  during  BAC
degradation,  which  was  accompanied  by  a signi�cant  change
in  the  abundance  of  some  functional  microorganisms.  For ex-
ample,  Xanthobacteraceae , involved  in  ammonia  oxidation  and
N �xation,  and  Nitrososphaeraceae , responsible  for  nitri�cation,
were  found  to  be signi�cantly  correlated  with  BAC concentra-
tions.  This  implies  that  the  soil  N cycle  function  is inevitably
disturbed  during  the  degradation  of  BAC. This  can  be further
demonstrated  by  the  up-regulation  of  nitrogen  �xation  and  ni-
tri�cation  genes in  combination  with  the  down-regulation  of
denitri�cation  genes.  These  �ndings  suggest  that  while  pay-
ing  attention  to  the  ecotoxicity  of  BAC in  soil,  it  is  important  to
focus  on  changes  in  the  soil  microbial  structure  and  nutrition
cycle.  
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