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a b s t r a c t 

The activated sludge process is characterized by high microbial density and diversity, both 

of which facilitate antibiotic resistance gene transfer. Many studies have suggested that 

antibiotic and non-antibiotic drugs at sub-inhibitory concentrations are major inducers of 

conjugative gene transfer. The self-transmissible plasmid pND6-2 is one of the endogenous 

plasmids harbored in Pseudomonas putida ND6, which can trigger the transfer of another 

co-occurring naphthalene-degrading plasmid pND6-1. Therefore, to illustrate the potential 

influence of stimulants on conjugative transfer of pND6-2, we evaluated the effects of four 

antibiotics (ampicillin, gentamycin, kanamycin, and tetracycline) and naphthalene, on the 

conjugal transfer efficiency of pND6-2 by filter-mating experiment. Our findings demon- 

strated that all stimulants within an optimal dose promoted conjugative transfer of pND6-2 

from Pseudomonas putida GKND6 to P. putida KT2440, with tetracycline being the most ef- 

fective (100 μg/L and 10 μg/L), as it enhanced pND6-2-mediated intra-genera transfer by 

approximately one hundred-fold. Subsequently, seven AS reactors were constructed with 

the addition of donors and different stimulants to further elucidate the conjugative behav- 

ior of pND6-2 in natural environment. The stimulants positively affected the conjugal pro- 

cess of pND6-2, while donors reshaped the host abundance in the sludge. This was likely 

because stimulant addition enhanced the expression levels of conjugation transfer-related 

genes. Furthermore, Blastocatella and Chitinimonas were identified as the potential receptors 

of plasmid pND6-2, which was not affected by donor types. These findings demonstrate 

the positive role of sub-inhibitory stimulant treatment on pND6-2 conjugal transfer and the 

function of donors in re-shaping the host spectrum of pND6-2. 

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

Sciences. Published by Elsevier B.V. 

h
1

∗ Corresponding author. 
E-mail: shanshan0320@xjtu.edu.cn (S. Li). 

I

A
l
g

ttps://doi.org/10.1016/j.jes.2022.03.011 
001-0742/© 2022 The Research Center for Eco-Environmental Sciences
ntroduction 

ntibiotic resistance has become an emerging threat to pub- 
ic health worldwide. The spread of antibiotic resistance 
enes is greatly enhanced by horizontal gene transfer, par- 
, Chinese Academy of Sciences. Published by Elsevier B.V. 

https://doi.org/10.1016/j.jes.2022.03.011
http://www.sciencedirect.com/science/journal/99999994
http://www.elsevier.com/locate/jes
mailto:shanshan0320@xjtu.edu.cn
https://doi.org/10.1016/j.jes.2022.03.011


journal of environmental sciences 126 (2023) 742–753 743 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ticularly plasmid-based conjugative transfer. Therefore, nu-
merous studies have sought to characterize the factors
that mediate conjugation in different natural environments
( Ikuma et al., 2012 ; Wang et al., 2014 ; Jutkina et al., 2018 ).
However, conventional evaluation methods that depend on
cultivable microorganisms tend to underestimate the occur-
rence of conjugative plasmid transfer in nature, as only end-
point measurements are conducted ( Li et al., 2020b ). There-
fore, due to paucity of suitable selection approaches to as-
sess uncultivable transconjugants ( Fu et al., 2017 ), the cur-
rent knowledge on plasmid-mediated conjugative transfer
specifically in activated sludge (AS) communities is still lim-
ited. Several studies have investigated the composition and
mechanisms of the conjugation system, which is encoded
by several genes in conjugative plasmids, and have revealed
that the composition and structure of the conjugative sys-
tem significantly affect the process of conjugative plasmid
transfer ( Kubori and Nagai, 2016 ; Mathioudaki et al., 2021 ).
Kishida et al. (2017) characterized the conjugative process of
the naphthalene-degrading plasmid NAH7 by analyzing the
fundamental composition of its conjugative system and the
oriT region for transfer initiation. Additionally, a few stud-
ies found that the conjugative transfer process partly relies
on the characteristics of the plasmid donor and the stimu-
lator in the environment. Although little is known about re-
cipient recognition and the nature of the conjugative pore,
some evidence indicates that different donor backgrounds
may lead to discrepancies in the conjugative plasmid host
range ( De Gelder et al., 2005 ; Shintani et al., 2005 ). Moreover,
sub-minimum inhibitory concentrations (sub-MICs) of antibi-
otics and antimicrobials may enhance conjugative plasmid
transfer ( Parra et al., 2019 ; Wang et al., 2019 , 2020a ), and the un-
derlying mechanisms of this phenomenon are strongly linked
to the SOS response and reactive oxygen species (ROS) re-
sponse systems. These observations thus highlight the need
for a more detailed analysis of the potential effects of plasmid
donors on the host range of broad-host-range (BHR) plasmids
in natural and microbial communities. 

Plasmid pND6-2 is a self-transmissible megaplasmid har-
bored by the naphthalene-degrading bacterium Pseudomonas
putida ND6, which enables another endogenous naphthalene-
degrading plasmid pND6-1 to be transferred to the recipient
( Li et al., 2013 ; Wang et al., 2020b ). Although the pND6-1 trans-
fer rate is extremely low (e.g., previous studies have reported
rates as low as 10 −9 ), conjugation facilitates the dissemina-
tion of degradative genes located on the mobilizable plasmid,
which accelerates the elimination of naphthalene in culture.
Furthermore, the transferability of pND6-2 from P. putida ND6
to P. putida KT2440 in different aquatic environments has been
described ( Wang et al., 2020b ). Thus, additional studies are
needed to further investigate the effect of plasmid donors and
promoting factors on the transfer of plasmid pND6-2 in a nat-
ural microbial community. 

Both cultivable and uncultivable microorganisms can be ef-
fectively elucidated via microbial diversity analysis based on a
metagenomics approach, thus providing a more comprehen-
sive and reliable overview of plasmids and a powerful means
for host range identification ( An et al., 2022 ; Tao et al., 2019 ).
However, the host range of plasmid pND6-2 and its possible
influencing factors have not been explored. Therefore, this
study sought to explore the range of transconjugants that re-
ceived the plasmid pND6-2 after its introduction into AS mi-
crobial community. Additionally, we investigated whether the
donor strain delivering the plasmid affected the plasmid host
range. The impact of different doses of antibiotics and naph-
thalene on the transfer of pND6-2 miscellaneous recipients
was also evaluated. 

1. Materials and methods 

1.1. Activated sludge sampling and analysis of sludge 
characteristics 

AS was sampled in a municipal wastewater treatment plant
(Xi’an, China) in August 2019. Three-liter samples from the
secondary sedimentation tank were collected into sterile
polyethylene containers, which were transferred to the lab-
oratory within 1 hr of sampling and kept at 4 ◦C. Basic physic-
ochemical properties were determined immediately and are
listed in Appendix A Table S1 . The concentration of cultivable
kanamycin-resistant bacteria in the AS samples was 1000
CFU/mL. Concentrated sludge was precipitated overnight and
centrifuged at 4000 ×g for 20 min, after which the pellet was
resuspended in sterile water for subsequent experiments to
eliminate kanamycin-resistant microbes from the AS sam-
ples. The microbial communities in the settled AS were used
as recipients in the host-range exploration experiment. 

1.2. Strains, growth media, antibiotics, and naphthalene 

The gentamycin- and kanamycin-resistant P. putida strains
GKND6 and KT2440GK carrying the pND6-1::Gm and pND6-
2::Km plasmids ( Wang et al., 2020b ) were used as model
donors in this study, whereas P. putida KT2440 was cho-
sen as the model recipient in the solid filter mating assay.
These strain stocks were cultured in LB medium supple-
mented with antibiotics. The transconjugants were screened
using minimal salt medium plates containing 0.8 g/L p -
coumaric acid with 25 μg/mL kanamycin or 15 μg/mL gen-
tamicin as previously described ( Wang et al., 2020b ). The an-
tibiotics, naphthalene (Nah), and p -coumaric acid were sep-
arately purchased from Sangon Biotech (China), Sinopharm
(China), and Sigma-Aldrich (China). The ampicillin, gentam-
icin, and kanamycin stock solutions were prepared in ster-
ilized Milli-Q water, whereas the tetracycline and naph-
thalene solutions were dissolved in ethanol and methanol,
respectively. 

1.3. Antimicrobial susceptibility testing 

The donor P. putida GKND6 is resistant to ampicillin, gen-
tamycin, and kanamycin, and the genes that confer resis-
tance to these antibiotics are located in genome, pND6-1 and
pND6-2 plasmid, respectively. Furthermore, this strain also
possesses a slight natural tolerance to low doses of tetracy-
cline. These four antibiotics were thus selected to explore
their possible effects on conjugal transfer. The resistance of
P. putida GKND6 and P. putida KT2440 towards antibiotics
was determined via agar dilution susceptibility screening
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Table 1 – Characteristics of activated sludge mixture samples collected in this study. 

Sample Stimulant ( + /-) Donor Activated sludge sterilized ( + /-) Sample collection date (day) 

SND1 + P. putida GKND6 - 1 
SKT1 + P. putida KT2440GK - 1 
SAS1 + / - 1 
nSND1 - P. putida GKND6 - 1 
nSKT1 - P. putida KT2440GK - 1 
nSAS1 - / - 1 
SND7 + P. putida GKND6 - 7 
SKT7 + P. putida KT2440GK - 7 
SAS7 + / - 7 
nSND7 - P. putida GKND6 - 7 
nSKT7 - P. putida KT2440GK - 7 
nSAS7 - / - 7 
SNDU1 + P. putida GKND6 + 1 
SKTU1 + P. putida KT2440GK + 1 
nSNDU1 - P. putida GKND6 + 1 
nSKTU1 - P. putida KT2440GK + 1 
SNDU7 + P. putida GKND6 + 7 
SKTU7 + P. putida KT2440GK + 7 
nSNDU7 - P. putida GKND6 + 7 
nSKTU7 - P. putida KT2440GK + 7 

+ : containing; -: none; /: none. 
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 Ferreira et al., 2003 ). Briefly, Luria-Bertani (LB) agar plates 
ontaining serial doses of antibiotics or naphthalene were 
repared in advance. After culturing single colonies in LB 

edium overnight, the cultures were washed twice and then 

djusted to approximately 10 5 CFU/mL with fresh LB medium.
pproximately 100 μL of each of the diluted mixtures were 
eparately transferred onto each plate and resistance to each 

ntibiotic was confirmed following the plate count method 

fter incubation at 30 ◦C for 1 day. Each trial was conducted in 

riplicate. 

.4. In vitro conjugation 

onjugation assays were conducted as described in a previ- 
us study ( Wang et al., 2020b ). Here, these experiments were 
onducted in the presence of an antibiotic and naphthalene 
oncentration gradient ( Appendix A Table S2 ). The antibiotics 
nd naphthalene in 1.2 mg/L MgSO 4 solution were added to a 
ellet (total volume of 200 μL) that contained 10 8 CFU/mL of 
oth the donor and recipient strains. This solution was also 
sed in the mating plate with the mixed pellet spotted on a 
lter in an LB agar plate without antibiotics, which was used 

s a negative control. All plates were incubated at 30 ◦C for 1 
ay and all mating systems were evaluated in triplicate (i.e.,
iological replicates). Afterward, serial ten-fold dilutions of 
ach sample were spread onto transconjugant selection plates 
ontaining p -coumaric acid, gentamycin, and kanamycin. In- 
raspecific transfer frequency was determined by calculating 
he ratio of transconjugants to recipient cells ( T / R , transcon- 
ugant/recipient). 

.5. Activated sludge microcosms set up 

iven that minimal stimulant (gentamicin, kanamycin, tetra- 
ycline, and naphthalene) doses remarkably enhanced con- 
ugal intraspecies transfer from P. putida GKND6 to P. putida 
T2440, activated sludge microcosms were set up to in- 
estigate the potential influence of stimulant mixtures and 

onor on the conjugal transfer behavior of pND6-2. Briefly, a 
timulant combination consisting of gentamicin (5 μg/L) and 

anamycin (5 μg/L), tetracycline (10 μg/L), or naphthalene (1 
g/L) was added to the mixtures of donor and indigenous AS 
icroorganisms. 

.5.1. Experimental procedures 
pproximately 150 mL aliquots of treated AS were added to 
00 mL beakers, then separately inoculated with equal num- 
ers of GKND6 and KT2440GK donor bacteria cells (approxi- 
ately 10 7 CFU/L). Two flasks containing identical volumes of 
S microbes were treated as negative controls. The beakers 
ere stirred at 100 r/min to ensure sufficient aeration and in- 

ubated for 7 days at room temperature (26-35 ◦C). The beakers 
ere then monitored and labeled as SND, SKT, SAS, nSND,
SKT, and nSAS depending on whether they were stimulated 

r non-stimulated ( Table 1 ). Here, “(n)S” meant (not) added 

timulants, while ND(KT) meant the mixture of donor bacte- 
ia GKND6 (KT2440GK) and AS. And “AS” stood for AS without 
onor. Given that the precise conjugation characteristics of 
igh-abundance AS recipients remained unknown, further ex- 
eriments were conducted to confirm conjugation, and sam- 
le collection was conducted on days 1 and 7. The samples 
ere labeled SND1, SND7, SKT1, SKT7, SAS1, SAS7, nSND1,
SND7, nSKT1, nSKT7, nSAS1, and nSAS7 ( Table 1 ) and were 
sed for high-throughput sequencing analysis, after which 

ene expression analysis was conducted. Specifically, dotG 

i.e., a channel protein-coding gene associated with the con- 
ugative transfer system) and kan (i.e., a kanamycin-coding 
ene) were located on pND6-2, whereas the key naphthalene 
egradation genes nahG and aacC1 (gentamycin-coding gene) 
ere located on pND6-1. The variations in the transcription 
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level of the four aforementioned genes were then explored in
P. putida GKND6 and P. putida KT2440GK, and 150 mL of ster-
ile sludge (121 ◦C, 20 min) was used as a negative control. Fol-
lowing the above-described procedures, additional stimulated
and unstimulated AS mixture samples were generated and
collected at day 1 and 7. The resulting samples were labeled
SNDU1, SNDU7, SKTU1, SKTU7, nSNDU1, nSNDU7, nSKTU1,
and nSKTU7. Table 1 summarizes the details of the aforemen-
tioned samples. The “U” represented sterilized AS and “1(7)”
means the collected days. All beakers were transferred to a
rotary shaker at 100 r/min at ambient temperature (30 ± 2 ◦C)
to mimic the conditions of the sewage plant. Each sample was
evaluated in duplicate (i.e., two biological replicates). 

1.5.2. Sample collection 

The kanamycin tolerance of the cultivable microbes in sludge
(after sedimentation) was evaluated at a 50 mg/mL kanamycin
exposure level without disturbing the growth of the donor bac-
teria in the previous experiment. An aliquot of 10 mL of each
tested sample was collected on days 1 and 7. After transferring
the aliquots into sterile, cold-resistant polyethylene tubes, all
samples were treated with kanamycin (50 mg/mL) for 3 hr to
eliminate most of the kanamycin-sensitive cells. Finally, the
samples were stored at −80 ◦C until needed for downstream
analyses. 

1.6. Total RNA extraction and reverse 
transcription-quantitative polymerase chain reaction 

(RT-qPCR) 

Total RNA was extracted using the RNeasy® PowerSoil® To-
tal RNA Kit (Qiagen, Germany) according to the manufac-
turer’s instructions. The quality of the obtained RNA sam-
ples was assessed via electrophoresis, after which the sam-
ples were reverse-transcribed using the FastKing RT Kit (TIAN-
GEN, China). The resulting cDNA was stored at −20 ◦C un-
til required for subsequent analyses. RT-qPCR was conducted
to identify changes in the expression of nahG (naphthalene-
degrading gene), aacC1 (gentamycin-coding gene), dotG (key
gene of the conjugative transfer system), and kan (kanamycin-
coding gene). These experiments were conducted in triplicate
in a LightCycler® 96 Instrument (Roche, Germany) using the
SuperReal preMix Plus kit (SYBR Green) (TIANGEN, China). The
16S rRNA gene was selected as a house-keeping gene, and all
primer pairs involved in this study were summarized in Ap-
pendix A Table S3 . All experiments were conducted in tripli-
cate for each sample. 

1.7. High throughput analysis of 16S rRNA and 

statistical analysis 

Samples were shipped on dry ice to Personal Biotechnology
Co., Ltd, (Shanghai, China) for microbial diversity analysis via
high-throughput sequencing. Briefly, PCR amplification of the
tag-encoded 16S rRNA gene (V3–V4 region) was performed us-
ing the 338F (5’-ACT CCT ACG GGA GGC AGC A-3’) and 806R (5’-
GGA CTA CHV GGG TWT CTA AT-3’) universal primer pair. Af-
ter purification and quantification, the PCR products were se-
quenced on an Illumina MiSeq 2500 sequencer by Personal Bio
(Shanghai, China). Data quality and sequence analyses were
carried out using the Quantitative Insights into Microbial Ecol-
ogy (QIIME, v1.8.0) pipeline ( Schloss et al., 2009 ). Alpha diver-
sity (Shannon and Chao indices) was calculated using QIIME
with the flattening method of the whole OTUs abundance ma-
trix. Cluster analysis of relatively high-abundance genera and
beta-diversity-based principal component analysis (PCA) were
conducted using R software (version 3.6.1) ( White et al., 2009 ).
The 16S rRNA OTU data was used for Phylogenetic Investiga-
tion of Communities by Reconstruction of Unobserved States
(PICRUSt, v.1.0.1) to predict gene functions. 

2. Results 

2.1. Dose-dependent effects of sub-MICs of stimulants 
significantly promote pND6-2-mediated horizontal transfer 

The sensitivity of P. putida GKND6 and P. putida KT2440 to
ampicillin, gentamycin, kanamycin, and tetracycline was de-
termined via the agar plate dilution method ( Appendix A
Table S4 ). P. putida GKND6 had multidrug resistance against
ampicillin, gentamycin, and kanamycin, whereas it exhibited
resistance to low doses of tetracycline. The MIC values for
kanamycin and gentamycin in P. putida GKND6 were higher
than 2.2 mg/mL, whereas the MIC values for ampicillin and
tetracycline were 1.5 mg/mL and 40 μg/mL, respectively. P.
putida KT2440 was naturally resistant to low doses of ampi-
cillin but was sensitive to gentamycin, kanamycin, and tetra-
cycline. 

To investigate the effects of stimulants on pND6-2 conjuga-
tive transfer, the intra-genera transfer from P. putida GKND6
to P. putida KT2440 was evaluated upon exposure to different
stimulant doses from sub-MIC concentrations to high screen-
ing concentrations ( Fig. 1 ). Our findings elucidated the impact
of these stimulant concentrations on gene transfer frequency,
with 100 and 10 μg/L of tetracycline having the strongest ef-
fect compared to other stimulants, which resulted in an ap-
proximately one hundred-fold increase. As expected, other
stimulants exhibited moderate effects when compared to the
control, with 31.8-, 2.9-, 5.4-, and 5.5-fold increases for 1 μg/L
naphthalene, 100 μg/L ampicillin, 1000 μg/L gentamycin, and
5 μg/L kanamycin, respectively. 

Moreover, all analyzed tetracycline concentrations pro-
moted gene transfer; however, growth rate and survival were
steadily decreased with increasing antibiotic doses, which
was likely due to the adverse effects of high antibiotic con-
centrations on protein function ( Schuurmans et al., 2014 ;
Aslam et al., 2018 ). Therefore, 5 μg/L gentamycin, which was
linked to a 4.3-fold increase in gene transfer, was selected in
subsequent experiments, in addition to 10 μg/L tetracycline, 1
μg/L naphthalene, and 5 μg/L kanamycin. 

2.2. Response of microbial communities to different 
stimulants and donors in the activated sludge matrix 

The results of intra-genera transfer indicated that optimal
contributor mixtures could potentially facilitate the inter-
genera transfer from P. putida to AS indigenous bacteria. To
confirm this, we analyzed the microbial diversity of the AS in
the presence and absence of stimulants. The species accumu-
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Fig. 1 – Effects of different stimulants on the conjugative transfer efficiency of pND6-2 between P. putida GKND6 and P. putida 
KT2440. (a) Ampicillin; (b) gentamycin; (c) kanamycin; (d) tetracycline; (e) naphthalene. μg/L, parts per million; error bars 
indicate mean ± standard deviation (SD), n = 3. 
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ation curves of all sequenced sludge mixture samples tended 

o be saturated ( Appendix A Fig. S1 ), indicating that the se- 
uencing depth was sufficient to reflect the microbial diver- 
ity in AS ( Beagrie et al., 2017 ) . 

.2.1. Stimulants induce variations in the diversity of indige- 
ous activated sludge bacterial communities 
pon comparing the results of the AS samples with the origi- 
al ( P. putida GKND6) and secondary ( P. putida KT2440GK) donor 
acteria as shown in Fig. 2 a and b, both the SKT and nSKT
roups exhibited slight decreases in richness and diversity 
n the first day; however, these values increased significantly 
n the seventh day, with the SKT values being consistently 
igher than those of nSKT. The diversity of SND1, nSND1,
ND7 and nSND7 remained largely stable throughout the ex- 
eriment and a relatively large number of species ( Fig. 2 b) was 

dentified on the first day. However, we inferred from the re- 
ults that P. putida GKND6, a donor, adapted quickly to the 
ludge environment and complete the mating process than 

hat of the AS samples inoculated with P. putida KT2440GK.
oreover, the proportion of stable transconjugants decreased 

n the P. putida GKND6-containing population. Regardless of 
hich donor bacteria were inoculated in the mating samples,

ow stimulant dosage romoted conjugation and gene trans- 
er compared with the non-stimulated group, which increased 

ransconjugant richness while decreasing microbial diversity 
 Ghoul and Mitri, 2016 ). 

As shown in Fig. 2 c, the PCA indicated that the domi- 
ant modulator of the microbial community structure was the 
onor (62.94%). Additionally, P. putida KT2440GK had a more 
ominant influence on the community structure of the AS 
han P. putida GKND6. Previous studies have demonstrated 

hat the original plasmid donor and its genetic background af- 
ect plasmid transfer ( De Gelder et al., 2005 ). After the donor,
ulturing time was another important factor that altered bac- 
erial richness (16.30%). 

The top 50 most abundant genera were selected to char- 
cterize the effect of the interactions between stimuli, con- 
act time, and donor types on the microbiome structure diver- 
ity of AS samples ( Fig. 3 ). Interestingly, the microbial com- 
unity structure was divided into two distinct groups over 

ime, with the abundance of Group 1 containing 30 phylo- 
ypes from Haliangium to Lautropia , being higher on day 1,
hereas the richness of Group 2, with another 20 phylo- 

ypes from SM1A02 to Roseomonas , markedly increased on 

ay 7. Furthermore, Pseudomonas accounted for less than one- 
housandth of the bacterial abundance in raw sludge; how- 
ver, the variations in the number of donors indicated that 
he abundances of P. putida KT2440GK and GKND6 were re- 
pectively reduced to 2% and less than 1% on day 7 of culti-
ation. This indicates that the adaptive capacity of P. putida 
KND6 in AS was lower than that of P. putida KT2400GK 

n day 7, although the abundances of both strains were 
ubstantially decreased over time. In contrast, the abun- 
ance of Rhodoplanes and Tetrasphaera increased in the pres- 
nce of stimulants on day 1, whereas the Haliangium , and 

ouleothrix genera in all samples were strikingly enriched at 
ay 7 when donors were added. Association networks were 
onstructed for these dominant genera with rho > 0.6 and 

 -value < 0.01. 
To adequately characterize the changes in AS microbial 

ommunity structure after stimulant exposure, 20 groups at 
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Fig. 2 – Microbial community profiling of all AS (activated sludge)-related samples. Microbial alpha diversity analysis: (a) 
Shannon index; (b) Chao index; (c) PCA (principal component analysis) of community structure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

the genus level with a remarkable difference between the
groups were selected ( Fig. 4 ). Consistent with the results in
Fig. 3 , the abundance of several phylotypes decreased follow-
ing the incubation time, including genus Brachumonas, Clostrid-
ium, Ferribacterium and Hydrogenophaga . In contrast, the pop-
ulation of Blastocatella, Chitinimonas, Klebsiella, Azovibrio and
HdN1 group increased on day 7 by 1-20 fold when compared
with the corresponding group on day 1. Among them, the
abundance of Blastocatella increased with the adding of P.
putida GKND6 in SND7 than that in SAS7, similar shift was ob-
served in nSND7 than that in nSAS7. Besides adding GKND6,
the addition of KT2440GK also leaded to the increasing abun-
dance of Chitinimonas genus. These above results indicated
that Blastocatella and Chitinimonas genus may be the potential
recipients of plasmid pND6-2 in AS. Furthermore, the addition
of stimulants caused a shift in the abundance of several genus.
The abundance of Blastocatella and Citobacter increased signif-
icantly with the addition of stimulants in SAS7 than that in
nSAS7, whereas The abundance of Crenothrix, Hydrogenophaga
and HdN1 group decreased. 

2.2.2. Relative abundance of microbial functional groups in re-
sponse to inter-genera conjugation with activated sludge com-
munities 
The top 50 dominant functional groups were selected by clus-
ter analysis ( Appendix A Fig. S2 ) and the functional anno-
tation information corresponding to the KEGG object identi-
fier is described in Appendix A Table S5 . A total of 12 classi-
fied groups were divided into two groups based on prominent
abundance differences. Functional group shifts in the case
of cell-to-cell contact were consistent with the results of the
differences in community abundances. The functional gene
levels of all treated samples were linked to the participation
of P. putida GKND6, and the abundance values exhibited the
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Fig. 3 – The heat map of tope 50 genera microbial consortia shift analysis of AS samples under different treatments. High 

abundances are indicated in red and low abundances are indicated in dark blue. 
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ollowing order: SND1 > nSND1 > nSAS1 or SND7 > nSND7 > 

SAS7. In the sludge samples where P. putida KT2440GK was 
dded, the overall abundance values were ranked as SKT7 > 

SKT7 > SAS1 > SKT1 > nSKT1 > nSAS1 > SAS7 > nSAS7.
ith the donor as the variable, the abundance values of P.

utida GKND6 as the donor is much higher than that of P.
utida KT2440 as the donor on the first day, and vice versa 
or day 7. Therefore, the following conclusions were drawn 

rom the above-described results: (1) the stimulant was the 
rincipal driving force that increased the abundance of func- 
ional genes in all tested samples; (2) the addition of dif- 
erent bacteria harboring pND6-2 as the donors showed dif- 
erent levels of increases in conjugation; (3) microbial abun- 
ance was positively correlated with the microbial gene 

evels. 
Next, the potential functions of all genes were pre- 

icted and classified using PICRUSt coupled with a biological 
etabolic pathway analysis database. The abundance matrix 

lassification of the predicted functional groups is presented 

n Appendix A Fig. S3 . The most abundant genes belong to 
he functions of amino acid metabolism, membrane transport,
arbohydrate metabolism, replication and repair, and energy 
etabolism, the abundance distribution of these functional 

roups accounting for 10.6%, 10.3%, 10.1%, 7.3%, and 6.1%, re- 
pectively. 
.3. Sub-MICs of stimulants and donors affect the 
xpression of key conjugative genes in the activated sludge 
atrix 

ub-MICs of stimulants can affect bacterial susceptibility by 
egulating key metabolic functions ( Shun-Mei et al., 2018 ). In 

his study, plasmid pND6-1 and pND6-2 were labeled with 

 gentamycin resistance gene ( aacC1 ) and a kanamycin re- 
istance gene ( kan ), respectively. Previous studies ( Kim et al.,
014 ; Zhang et al., 2017 ) have reported that sub-MICs of an-
ibiotics strongly stimulate the spread of antibiotic-resistance 
enes in microbes. Therefore, the transcript levels of aacC1 
nd kan were quantified before and after the addition of stim- 
lant mixtures. Furthermore, the essential salicylate hydrox- 
lase gene nahG was chosen to analyze the possible impact on 

aphthalene degradation ability by HGT. To confirm the con- 
ugation transfer pattern in AS protist, the expression of the 
ssential conjugation related genes dotG which was the core 
omponent of the type IVB secretion system were analyzed 

imultaneously as shown in Fig. 5 . 
The four tested gene ( aacC1, kan, nahG and dotG ) transcrip- 

ional levels of the sludge sample control groups (nSAS1) were 
-fold higher than those in SAS1 after antibiotic treatment.
hese increases in gene expression were also observed on 

ay 7, although overall transcription levels decreased dramat- 
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Fig. 4 – Top 20 maximum differences in OTUs at the genus level. Each color indicates a different AS sample group. 

Fig. 5 – Expression of key genes located on the pND6-1 and pND6-2 plasmids upon treatment with minimal-dose stimulant 
mixtures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ically. The transcription levels of genes aacC1, nahG , and kan
in the SAS7 and nSAS7 samples markedly decreased to one-
tenth. Particularly, the mRNA levels of dotG were the same as
those in nSAS1 but were lower than in nSAS7. 

To further investigate the plasmid transfer characteristics
of the two donors in AS, the plasmid transfer patterns of donor
bacteria were investigated in sterilized sludge. The expression
of all evaluated genes in all donor-containing samples tended
to increase except for dotG , which decreased at day 7 com-
pared to day 1. The stability of plasmids pND6-1 and pND6-
2 in P. putida KT2440 was weaker than that of wild-type host
bacteria ( Wang et al., 2020b ), which was likely due to a loss
of plasmids. Upon comparing the sludge samples with equal
amounts of P. putida GKND6 and P. putida KT2440GK inocula-
tion, the mRNA levels of the samples with P. putida GKND6
were one-tenth of those in the P. putida KT2440GK samples
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n day 1. This decrease in mRNA levels was further accen- 
uated on day 7. The total amount of P. putida GKND6 cells 
aried throughout the experiments but bacterial activity de- 
reased steadily with contact time. These results indicated 

hat P. putida KT2440, a model strain of P. putida , can better 
dapt to complex bacterial communities ( Molina et al., 2000 ). 

For the mating reactions, AS samples with P. putida GKND6 
howed a severe decrease in abundance, suggesting the pres- 
nce of a high proportion of transconjugants involved in gene 
ranscription. In contrast, the expression levels in nSKT1 did 

ot increase after adding P. putida KT2440GK to the sludge,
hereas the expression in SKT1 increased steadily with a 
eaker stimulation than that in the SND1 group. The over- 
ll gene expression of nSNDU7, nSAS7, SNDU7 with SAS7 ex- 
ibited a disparate decline. Specifically, the expression levels 
f the antibiotic-treated group decreased to one-sixth and the 
on-treated group was a few tenths of the original level. More- 
ver, the plasmid receptors involved in the nSKT7 and SKT7 
amples contribute to the gene expression level enhancement 
nd the former highly surpassed the latter. It was presum- 
bly speculated that the type and the number of strains in 

he sludge decreased after the addition of stimulants, result- 
ng in a decline in the richness of recipients. This indicated 

hat the donors played a major role in the conjugation process 
 Alderliesten et al., 2020 ). 

. Discussion 

.1. Sub-MICs of stimulants promote the conjugative 
ransfer of pND6-2 within genera 

everal studies have reported that the conjugative frequen- 
ies of bacteria are increased by sub-MICs of antibiotics 
 Andersson and Hughes, 2014 ), other antimicrobial agents 
 Zhang et al., 2017 ), and heavy metals ( Guo and Tian, 2019 ;
arra et al., 2019 ). This phenomenon could be attributed to in- 
reased cellular energy, excess ROS production, and enhance- 
ent of the SOS response and cell permeability ( Wang et al.,

019 ; Li et al., 2020a ). 
Nevertheless, most related studies have focused on the ef- 

ects of specific drugs on the conjugative transfer efficiency 
f antibiotic resistance genes under laboratory conditions 
 Shun-Mei et al., 2018 ; Parra et al., 2019 ; Wang et al., 2019 ).
hus, our study sought to investigate the effects of different 
oses of ampicillin, gentamicin, kanamycin, tetracycline, and 

aphthalene on the conjugative transfer capacity of pND6-2 
ithin species. P. putida GKND6 has ampicillin, gentamicin,
anamycin resistance, and naphthalene degradation ability.
herefore, we speculated that these three antibiotics and 

aphthalene might promote the pND6-2 transfer efficiency 
y influencing the conjugation process. In addition, tetracy- 
line has shown a unique function in various types of stud- 
es, such as enhancement on hydrogen production perfor- 

ance ( Zheng et al., 2019 ) and enhancing antibacterial po- 
ential of silver conjugated tetracycline ( Hameed and Hus- 
ein, 2021 ). However, the introduction of tetracycline below 

he minimum inhibitory concentration did not show a neg- 
tive effect on the growth of host strain P. putida GKND6.
ur results confirmed that the appropriate doses of ampi- 
illin, gentamycin, kanamycin, tetracycline, and naphthalene 
ould increase the conjugative transfer efficiency of pND6- 
 within species ( Fig. 1 ). In previous studies, 0.3 ppm gen-
amycin resulted in a 5-fold increase in the conjugation rate 
f the gentamycin-resistance pUCP24T plasmid from E. coli 
M10 λπ to P. aeruginosa PAO1 ( Lu et al., 2017 ). Further, 1/2
IC ampicillin increased the transfer of ESBL plasmids in E.

oli from 1.0- to 11.3-fold ( Liu et al., 2019 ), and previous stud-
es had not reported similar effects of antibiotics at the μg/L 
evel. Here, the addition of sub-inhibitory concentrations of 
ve different drugs (100 μg/L tetracycline, 1 μg/L naphtha- 

ene, 100 μg/L ampicillin, 1000 μg/L gentamycin, and 5 μg/L 
anamycin) greatly enhanced pND6-2 conjugative transfer,
ith tetracycline and naphthalene being the largest contribu- 

ors to within-genera plasmid pND6-2 spread. 

.2. Stimulants and donor types affect the conjugative 
ransfer of pND6-2 in the AS matrix 

ext, we investigated the effect of different donors and stimu- 
ants on the transfer of pND6-2 in AS, as the complex bacterial 
ommunity of AS could closely mimic natural environmen- 
al conditions. The diversity of microbial community mem- 
ers obtained from all samples remains consistent, meaning 
hat the host types of plasmids are conservative and cannot be 
ffected by stimulants and donor bacteria. However, the rich- 
ess was improved by the addition of stimulants. This could 

e attributed to (1) the existence of transconjugants threat- 
ning the survival of the AS bacterial flora by competition 

 Ghoul and Mitri, 2016 ); (2) increases in horizontal gene trans- 
er by producing reactive oxygen species (ROS) due to chemi- 
al stimulation ( Ren et al., 2021 ). Multiple levels of antibiotics 
otentially induced structural changes in bacterial commu- 
ities by affecting bacterial physiology (Martinez, 2017 ). Nor- 
ally, population richness is positively correlated with low 

biotic stress ( Bowker et al., 2010 ), and collateral sensitiv- 
ty is easily enhanced by antibiotic-antibiotic co-susceptibility 
 Baym et al., 2016 ; (3) plasmid persistence in transconjugants 

ay be strengthened by kanamycin after additional stimula- 
ion of mating behavior. Spearman’s correlation analyses indi- 
ated that Pseudomonas had a significant negative correlation 

ith Taibaiella and Lewinella , whereas other dominant bacte- 
ial groups had a symbiotic relationship with Taibaiella and 

ewinella on day 7, which explained the sharp reduction of 
onor bacteria by interspecific competition ( Appendix A Fig.
4 ). 

Although the bacterial information obtained by metage- 
omic analysis was limited, the potential host can be inferred 

y the variation of genus abundance between different treat- 
ents. The significantly increasing abundance of Blastocatella 

nd Chitinimonas genus in the groups with P. putida GKND6 or 
. putida KT2440GK on day 7 indicated that they are the poten- 
ial recipients of pND6-2 in AS. Genus Blastocatella , as the po- 
ential receptor of pND6-2 from donor GKND6, was detected 

bundantly in diverse natural environments ( Chalupa et al.,
019 ; Abena et al., 2020 ; Li et al., 2021 ). Nevertheless, genus
hitinimonas was regarded as the recipients of pND6-2 with 

oth GKND6 and KT2440GK as the donor. Our results revealed 

he influence of donors on the recipients range even though 

he used donors belonged to the same species P. putida . Sim- 
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ilar results have been reported by Heß et al. (2021) , they in-
vestigated the changes in the community composition as well
as the uptake of the plasmid RP4 by the particular commu-
nity members with three different E. coli strains as donors.
The results revealed that the spread of the plasmid RP4 in
a synthetic bacterial community is dependent on the partic-
ular donor strain. Phylogenetic relationships between donor
and recipient strains were considered to influence conjugative
transfer efficiency ( Garbisu et al., 2017 ; Ren et al., 2018 ). A phy-
logenetic analysis of microbial genomes using a network ap-
proaches suggested that horizontal gene transfer occurs fre-
quently between phylogenetically related species. This may
be attributed to the interactions between the plasmid and the
recipient chromosome during the transcriptional regulation of
transfer genes ( Rehman et al., 2019 ; Li and Christie, 2020 ). The
plasmid stability and genotype might be affected by the chro-
mosome modification system of the host, such as methyla-
tion, restriction endonuclease system, and clustered regularly
interspaced short palindromic repeat (CRISPR)-Cas system
( Seronick et al., 2022 ). The phylogenetically related species
may share similar modification system, which could dimin-
ish the degradation of heterogenous DNA leading to an in-
crease in conjugative transfer efficiency. Considering that only
the relatively abundant bacterial communities in AS could be
detected, high-throughput 16S rRNA gene sequencing analy-
sis may underestimate the potential conjugative recipients of
pND6-2 in AS. 

Compared to P. putida GKND6, the secondary donor P. putida
KT2440GK enhanced the community diversity of conjugants,
which may be due to its better adaptability, as demonstrated
in our experiments. Previous studies have demonstrated that
the original plasmid donor and its inherited characteristics
show a crucial effect on the diversity of transconjugants.
The ratio of transconjugant species number to the number
of transconjugants was different in donor S. meliloti (0.10), P.
putida (0.07), and R. eutropha (0.05) ( De Gelder et al., 2005 ). Sam-
ples treated with mixed stimulants showed an increase in bac-
terial diversity compared to untreated samples. Further, the
stimulant was the principal driving force that increased the
abundance of the functional genes in all tested samples. Fur-
thermore, the promotion of low concentration naphthalene
on conjugation plays an important role in bioaugmentation as
a selective pressure. In addition to conjugation systems, the
conjugation process may be related to other functional sys-
tems in bacteria, including membrane transport, replication
and repair, and energy metabolism, suggesting that the conju-
gation process may be accompanied by an upregulation of the
aforementioned genes. Plasmids produce fitness cost in hosts
because of the costs of replication, repair, and expression of
plasmid genes ( Millan and MacLean, 2017 ). Moreover, the tran-
scription level of dotG was higher than those of the nahG,
aacC1 , and kan genes, which suggested that a high proportion
of conjugation system-related genes existed in the indigenous
microorganisms, and therefore a certain proportion of cells
with mobile genetic elements should be present in the AS mi-
crobial flora. These results also suggest that horizontal gene
transfer is widespread in AS, and further evidence indicated
that antibiotic-resistance genes coding for multidrug resis-
tance, particularly tetracycline resistance, were highly abun-
dant in the AS, as suggested in previous studies ( Zhang et al.,
2011 ; Che et al., 2019 ). The transcript levels in samples con-
taining the GKND6 group decreased sharply after seven days,
indicating that P. putida KT2440, a model strain of Pseudomonas
putida , drive a superior ability to better adapt to the com-
plex bacterial community ( Molina et al., 2000 ). Moreover, the
stimulants enhanced intraspecific transfer efficiency when P.
putida GKND6 was the donor, and therefore a similar promo-
tion of inter-genera transfer should occur when an optimal
stimulation mixture is supplied to P. putida GKND6 ( P. putida
KT2440GK) and the AS mixture. 

4. Conclusions 

Our findings suggested that sub-MICs of ampicillin, gen-
tamycin, kanamycin, tetracycline, and naphthalene signifi-
cantly enhanced intra- and inter-genera pND6-2 horizontal
transfer efficiency. Moreover, the introduction of a plasmid
donor played a dominant role in the diversity of the indige-
nous AS community. Thus, the correlation in the increase
observed between the transcription levels of crucial genes
coded in pND6-1, pND6-2 and conjugative transfer demon-
strated the occurrence of inter-genera conjugation behavior
between P. putida KT2440 or P. putida GKND6 with the complex
AS community. Additionally, pND6-1 was a superior donor
compared to pND6-2. Further, this study suggested that Blas-
tocatella and Chitinimonas were the potential recipients of con-
jugative transfer, and the stimulants significantly increased
conjugation in the complex AS fauna. Generally, the strains
with a close phylogenetic relationship from the donor bacte-
ria are more likely to be the plasmid receptor ( Ren et al., 2018 ).
However, we infer that there are great differences between the
plasmid hosts even at the phylum level. Nevertheless, addi-
tional studies are required to precisely determine the plasmid
recipient, as transconjugants that can replicate and stabilize
expression are recommended as donors containing the self-
transmissible plasmid. Further exploration is also required to
identify the mechanisms by which plasmid donors affect na-
tive bacterial communities, as well as to identify accurate host
ranges. 
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