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Introduction

Severe antibiotic pollution in estuaries
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Antibiotic emissions in Chinese river basins and global estuaries

Contributions of viruses to ARG spread
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Viruses as vectors of ARGs

Viral transduction can mediate horizontal ARG transfer

Studying viral ARGs is key to assessing

ARG transmission risk in estuaries.

(Zhang et al., Environ. Sci. Technol. 2015; Zheng et al., Sci. Total Environ. 2021;
Zhang et al., Front. Microbiol. 2022)



¢z Construction of the Global Estuarine Virome Dataset (GEV)

Particle-attached ) 100°W 100°E

Habitat water sediment
Pearl River Estuary Global Estuaries
60 samples 624 samples
Water: 23; Particle: 23; Sediment: 14 73 estuaries, 9 countries, 4 continents
Metagenomes, metatranscriptomes Viromes, metagenomes, metatranscriptomes

Physicochemical factors Physicochemical factors



Data collection and assembly

Bioinformatic workflow

Identification of the prokaryotic and viral genomes
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Scientific issues

How vARGs contribute to the
estuarine antibiotic resistome in
terms of diversity, abundance,

transmission, and expression?

What factors influence these VARG

characteristics?



Overview of the GEV dataset

(A) (B) (C)
GOV 2.0 1
Y 1e+05 -
Wetland+ E
Q
> — .
GSV 4 B ., Sediment
S 5e+04-| A 5137
LVD 4 'g ¢ Water
g E 122,559 \'-:,_
= 5
& Viral - 7 4,052
100 T00E Refssq 0e+00 —
Habitat Water  Sediment 0 25 50 75 100 0 100 200 300 400
Specific vOTUs (%) Mumber of metagenome samples
(E) i
ol Water Sediment
).Or !’J_
- ANOSIM ANOSIM Count
0010 R=0.40 R=043 Ty
- J? p=0.001 ; p=0.001| » Canada
0.005 L China
Unknown g ’§: o, ‘E G .
€} eorgia
(67.2%) S 0000 5 8. 20 N
‘? . « India
Family ~0.005- “* |eUsSA
Kyanoviridae . Demerecviridae —0.0104 seh
Phycodnaviridae  [Jl] Mimiviridae . . . . . . .
o -0.025 0 0.025  0.050 -2.5 0 25 5.0 7.5
Autographiviridae Others NMDS1 NMDS1

Figure 1 Overview of the global estuarine virome (GEV) database.

Estuarine viromes are novel and diverse

146,207 viral contigs (= 10 kbp) ;
136,443 vOTUs;

Only 12.8% of the estuarine vOTUs
could be classified into viral families;
More than 70% of the vOTUs did not
share clusters with other databases;
The diversity of estuarine viromes

remains largely unexplored.



(A)

Estuarine viruses carry diverse vARGs
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Figure 2 Abundant and diverse vVARGs in estuarine environments.

0.2% of estuarine vOTUs carrying ARGs;
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« VARGs encompassing 108 subtypes of ARGs that could confer resistance to 13 classes of antibiotics

through six distinct resistance mechanisms



diverse vARGs

Estuar

>
-
—
©
S
n
L
0
=
—
>
Q
=

Sediment

Water

(B)

the total ARG
abundance in 17

samples.

Alenjsa Jaau YeQ a)Iup
AJen}sa Janu asnapn
Alenjsa Aeg jeai

yainy Jo Jino
leyquiBYY JO JIND
Aienjsa Janll az1buep
1nogJeH Buayoue
Asenyse Jaal Buellnp
Aienjsa Janll ayoer
Arenysa Jaal BuellBuojnip
Aeg noyzbueH

Aenjse Jaall ayunAeyobuig
InogJeH BLOIA

Aeg euinbej

fenysa 09s10uel{ UBS
Aeg uojsanen

iod)seg Alenisg

feg aleme|ag

Aenysa Janu eiquuinjon
Aeg ayeadesayn

uoobe| exlIuD

Aensa Jan az1bues
UInoLw uswe

fenysa Janl Buelluswiry
Aenysa Jans ayueynpn
fenysa Jon BuellBuoy
Aenysa Jaal Buelluin
Alen)sa JaAl |Jead
Alen)sa Jaal nijueN
fenysa Jon BuellBueyueN
fenysa Jon BuellBueiopy
UINoL USWwoepoy|

S Aienyse sl BueifBujoepy

e
o) D) o —
i) < 9 @)
© 7, —~ =S O/O
¢« B 5 2 §
c kv, R, c c
c % O ©
(a'd — c (7)) +
<C + ) Q
> = — o
QO © o (@)
LN Q Q <
Al 0o c S =
[ ] [ ]
w0 0
(o] (o] - o
(1+ WMdY =
D
= T
- o N T o ! 0
N oY Lo o TMm OTWR wo<
-~ s> ursTanx0<gYy x =0 xSa<
EERS S5 EsT QU= 58 3
R N S R LS
||
||
m
N
[ |
[ |
||
||
||
||

Aenysa Jaall ayonT

Aenysa Jani Buelluer]

yInow uawpir

yinow uspjoelr

Alenjse Jaau Buelluelr

yinow uauwioennH

Uinow uawinH

Alenjsa Janll aybuellbuenH
Alenjsa Jaal aybuobusg)buellbueny
yinow uawibBuoH

ynow uawibuaH

Alenisa Janll eysiembueilue
Alenjsa Jaal BuopbuellueH
Asrenysa Janu BuellBusyobueq
Alenjsa Jaall ueubueilbuoq
Asenysa Janl BuellBuaieq
Aienjsa Janll ayeysieq

Figure 2 Abundant and diverse VARGs in estuarine environments.



(A)

Estuarine vARGs target a broad range of hosts
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Figure 3 Predicted virus-host linkages of the ARG-carrying vOTUs in the GEV.
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83% of ARG-carrying
vOTUs were assigned to
potential hosts;

Hosts spanned two
archaeal and 36
bacterial phyla;

vOTUs with higher
VARG density tended to
interact with more
prokaryotic taxa;

Viral communities
carrying specific vARGs
could target over a
hundred prokaryotic
families.
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443 potential ARG transfers;

178 vARGs, 112 vOTUs, 235 host MAGs;
Two or more different ARGs were
involved within one specific virus-host
linkage (red);

Some viruses carrying different ARGs
were linked to the same host;

Potential pathogens were involved in

nearly 2.3% of ARG transfer events,

Figure 4 Virus-mediated ARG transfers in the

estuarine environments.



VARGs are actively expressed in estuarine environments

Water

Sediment Mat

uppP
SSA

TLA(
fef( 2}
[ rpoB

cmeB
fefBlgﬁﬂ)
nov.

Chesapeake Columbia Delaware Bay Pearl River estuary
Bay River
estuary

Antibiotic class

Aminoglycoside Multidrug Beta-Lactams Peptide Tetracycline Nitroimidazole

Columbia  Elkhorn
River Slough
estuary

Quinolone Aminocoumarin

Figure 5 Contributions of vVARGs to the overall expression of estuarine antibiotic resistome.

Relative expression of vARGs (%)

Over half (51%) of the
VARGs were active in the
estuaries;

msbA was the most active
VARG;

Multiple vVARGs were
expressed simultaneously
in almost half of the
samples;

Over 5% of total ARG
expression was contributed
by VARGS in three samples;
The relative expressions of
some VARGs exceeded
their prokaryotic
counterparts.



Elevated temperature and human activities may raise VARG risks
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Figure 6 Drivers of the VARG richness, abundance, expression, and transmission in estuarine water.
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« Biotic factors: the richness
of pARGs and the whole
viral (vTax) and prokaryotic
(pTax) communities;

« Abiotic factors:
temperature, latitude,
population density, and
urban ratio;

« Temperature and human
activities exhibited both
direct and indirect effects

on VARGs.



«Hevated temperature and human activities may raise vARG risks

Domestic settlements

Two main explanations

« Higher temperatures could
increase prokaryotic metabolism

and reproduction in estuaries, and
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Summary

O Estuarine viruses, particularly temperate viruses, carried abundant and diverse
ARGs, and over half of the vVARGs were actively expressed in estuarine
environments.

O vARG-carrying viruses targeted a wide range of prokaryotes and likely
facilitated horizontal gene transfer of vVARGs between viruses and prokaryotes,
supported by sequence similarity and minimal evolutionary distance analyses.

O Elevated temperatures and coastal human activities could significantly

increase the richness, abundance, transmission risk, and relative expression of
estuarine vVARGs.

Xiaoqing Luo, Xiyang Dong, Jialing Li, Jicheng Yao, Ziqi Peng, Qi Li, Ziwen Yang, et al. 2025.
Diversity, transfer potential, and transcriptional activity of virus-carried antibiotic resistance genes in global estuaries.
iMetaOmics 2: ¢70074. https://doi.org/10.1002/1imo2.70074
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