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Metagenomic analysis of the microbial community in
Xiaochaidan Salt Lake

WAN Zihe', SUN Xinyue', LONG Qifu', ZHU Derui', LI Yongzhen'", XING Jiangwa®’

1 Department of Basic Medical Sciences, School of Medicine, Qinghai University, Xining, Qinghai, China
2 Department of Basic Education, Zhuhai Campus of Zunyi Medical University, Zhuhai, Guangdong, China

Abstract: [Objective] To determine the composition, diversity, functional metabolic
characteristics, and their association with environmental factors of the microbial community in
Xiaochaidan Salt Lake, and to evaluate its ecological functions and potential risk as a reservoir for
antibiotic resistance genes (ARGs). [Methods] Metagenomic sequencing was applied to water-
sediment mixed samples from the lake. Databases including non-redundant protein database (NR),
clusters of orthologous groups of proteins (COG), Kyoto encyclopedia of genes and genomes
(KEGQG), carbohydrate-active enzymes database (CAZy), and comprehensive antibiotic resistance
database (CARD) were used to annotate microbial taxonomy, functional genes, metabolic
pathways, and ARGs. Additionally, Hellinger transformation-based principal component analysis
(tb-PCA) was conducted to link microbial community structures with environmental factors.
[Results] The salt lake exhibited high microbial diversity (Shannon index: 5.620-6.112), with a
total of 16 850 identified species. Bacteria dominated the microbial community (relative abundance
of 91.89%), mainly represented by Pseudomonadota (57.22%) and Bacteroidota (14.64%).
Archaea (3.77%) were absolutely dominated by Euryarchaeota (92.64%). Siphoviridae and
saprotrophic Qomycetes were the most dominant taxa in the viral and eukaryotic communities,
respectively. Association analysis with environmental factors demonstrated that bacterial
distribution was primarily driven by Cl™, whereas archaeal community distribution was co-driven
by Na*, CI", and SO,* . Metabolic functions related to amino acid and carbohydrate metabolism
were highly active, as reflected by the enrichment of glycosyltransferase and glycoside hydrolase
genes. Notably, diverse ARGs were detected, which were primarily conferred by efflux pump
systems (e.g., novA). [Conclusion] Xiaochaidan Salt Lake harbors a complex and functionally
synergistic microbial ecosystem. Local differences in ionic concentrations represent the primary
driver of niche differentiation between bacteria and archaea. To adapt to this extreme habitat,
indigenous microbes have evolved a strategy that integrates conservative osmoregulation and
flexible carbon metabolism. The high abundance of efflux pump-associated ARGs implies that this
hypersaline lake serves as a natural reservoir for ARGs, underscoring the potential risk of their
ecological dissemination.

Keywords: Xiaochaidan Salt Lake; microbial diversity; metagenome; ecological function; gene
function; genetic evolution

R )RR R SR IRBERER  BEERAR (502 mol)!), LA TALM .
MRy, B EGE AR RS T R k AR SR RRIRE . AR P ORI

http://journals.im.ac.cn/actamicrocn



3022

WAN Zihe et al. | Acta Microbiologica Sinica, 2026, 66(6)

R v g Eh TR W) 22 M RO s A A A 22
S EER R MR R4 K NaCl ik /Y
RNIA, Kushner™D ¥ 1g £ A= By %l o0 hy « 6
I £ A4 0 (0.2-0.5 mol/L) . g £k i 2k Wy
(0.5-2.5mol/L), WuiEEhis EY)(2.5-5.2 mol/L),
i AN AR BE TR, A SRR R T A RR Y
T BIL] A I R TR S AR R YT I N AR B
TR B DR B 0 R AT s h g Eh T
o B B ME Hb 2 RAH 2 ) o R A N R W 3A
e i gk TRT (A0 g kvl ) Ay I T e #h PR A Ak
HORR IR B A EE | 25 RS AR AR R SR ]
I, TERImIAEE TR E Yl A 2 B
PR . Br . PR . BUEL SRR B AR
YIEYEL G, W ER TR 3 (halocin) . HIAM 20
(extracellular polymeric substances, EPS). T [# £
k. W2 2 BEEL T R (polyhydroxybutyrate,
PHB). VU& M8E (ectoine) &l X LuE AL W)
AR, BTk, AEBEASE. &
IRl SN o | AT S e s A b DA
P

FE R R ER W T W B A I R . )
FhE W MAEY . CAMRERN, s
D T T ) O R T 2 B 2 R 1) 7 A 3
Z BN Z M AR R LS R A RS, Eh
B A TR (pH) B b BB B 25 T 7 G
e DR T YT A0 TR B T A R S 2R A OB I R
K 7B Zaitseva Z5BVF1 Yang S % B, h R
FE s M WA AR A8 R G Th A ) 2 e SRV
SER I IR N -, FEh R R L
-2 I B 4 (Alphaproteobacteria) 1 y-78 & TH 44
(Gammaproteobacteria)®s HALFIEHE, TEIRK I
RER ST - T B 4N (Betaproteobacteria) W AH
X 2 B Rt G v D R AR i
BT AT A3k 3 R . AR BRERER Y (R
FEGRBR AN AR FREE 2 il ) ARk R £h AU At
T LiR& 5y, 3 53R A W L SRS AT A
TR BRI, AR R
MR H 0 56 1] (Pseudomonadota) . 4 #FT 1 ]
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(Bacillota) F13UAT & ] (Bacteroidota) >, "y
il 1(Euryarchaeota) 7 fie 4 W 2, &
ey B, AR TT LA Pseudomonadota .
Bacillota.  Bacteroidota M 7 % B ]
(Actinomycetota) y E17; BRERERRIER Wb,
B 4 X B e, L Euryarchaeota |10 3,
4 Bacteroidota 5 Pseudomonadota "N £ Ji
e 10,

H T R 391 G A= A g 1) A I RS ME LA 58 4
NTEA, HZH0 AP JowE ok oy B R 5%
Yo JG IR IT SR W U E Wy RE T 454 5 D fig
ANAT BB AY 75 . 16S rRNA JE K 37 34 1) )7
(amplicon sequencing)F iy £8 ML)y %, W] 38 2k
TE R E R 7R DX P 91 AT 3003 PR AR il P A R
Wy 20 S FEAR X o B RO R I AR AR T
Z . — MY SRR 2R, 2
i B i 22 255 A e s ERYE ;. =28
PERY TSR AR, AR T SR HERR . 3X
L ) RN 2 T 2T A W A S T RE R TR AR
KU MIHZ T, 22410 ¥ (metagenomics)
AR AL BE A AR IR BEAE A PR = B A 5 2,
I KPR BE IR SRR I ELSC2H A, BT RBAS H LT
Kyoto encyclopedia of genes and genomes (KEGG,
https://www.kegg.jp/). comprehensive antibiotic
resistance database (CARD, https://card. mcmaster.
ca/) 55 PRI 2R f T D RE L X 0 A L 4248 A4 )
& L [ 7% (biosynthetic gene clusters, BGCs) M3t
AERYOMEREA, s A Y B IR BT E L S
Fof T AR CEL AR AP, SR A 5 h R 85 Bk
P2 A 5 D RESC R R T BIAR T,

/NG ELER WL T 95 1 A T VY SR R
B 75 b1 4% (37°48'-37°54'N, 95°47'-95°56'E),
WX O B MR 3 171 m, A E N
108.82-113.84 g/L, pH {H 7.8-8.2, T H & 14
WA Na™, Mg, CIHil SO, J& T MRl iR ik
P AL ER W, ARk, SR/ B Y
T 58 8 FE B A 3 R PE LRI bR 2 e 1
SRUE IR IT R NP IR BRE S AR 4
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A AR AR A% i . BAT, T s
Py Ve AR O RS | fn o] 52 4% .0 BRAK A - 3K 3
I tE AR A A, HETE )2 R A 19X 2%
fuy EE AL LA I AR 0 8 TR B, DA R AR
1 F ot A4 F Bk % A (antibiotic resistance
genes, ARGs) Y IRAF 5L H A, HEMI= &
e 2 R 21 2 AT o

AMFFE LL/INGE HLER WK -TRIR & 4 R 3 A i
A, FET R P H R R G 1 i B i
i A A AN 3 o I o (10 o A o AW 2 R T g Y
ST TR -5y TR R AR 2 R S L BRI IR sh AL
2590 Ve A% U AU 0 S8 ) B st B 05 0 0L 5 S
FEa T PEAS A2 55 v ARGs B9 = BB MR Bk
TEAERRES . AWF5E LA B T35 75 i e 5
Tt 198 5 7 18 6 W 7 Al 2B A N 2% 5 T 8 T 1Y)
RIBIFSE R B g P 58 T A ) A 2 T AR AL
AL, I R PPAL 2R R AR AL 50 R Eh kK
& ARGs FZAESY B SR 225

1 MRE5FE

1.1 #HARRERIBIERRNE

AMWFFETF 2020 4F 8 H R /NGE B L)
] 3 128 m, 37°27'47"N, 95°34'36"E) /K -1
IR A REA(19.3 °C, pH 7.68), RFELREE KT
10-40 cm, FLUE 4 DR, & RS E IR
25100 m, ZrHlkRich XCD-1, XCD-2, XCD-3
5 XCD-4, #4or KA il OE L TH AR
FA R A, R LR (total salinity, TS). &
Bk (total carbon, TC), [ % (total nitrogen, TN) f&
TAHLEF(Na™, K, Ca*", Mg*", COy", CIN%
PRALFE bR, HAYRESh 2 WAL S T 2 5 N4
DFF53HT o
1.2 #5 DNA I2E5S0E

K FEE T 0.22 um FLARIKIZK R AR IR 1
Ve MifE, XTUENE ST B, S
DNeasy” PowerSoil® Pro Kit (Qiagen 2\ 7)) #RAE T
TRSEUFEA L N 40 DNA #2580, 18t 1% B b

BE I L VKA FEAS DNA 43 FRYSE 2.
NanoDrop 43366 11 (ThermoFisher Scientific /3
FDIMSE ODaso/ODago FUAE, VAESUEFEA DNA 4l
J#; [ HH Quantus™ I ZE X (Promega 24
AT DNA MREE . 28 it 45 50k i A 2R
A, BHE LT YR R A BRA W] 58 Ak
FHERHIE . AWEIE T FRAT 10 7 B D5 4 i )
¥ K5 2 #2322 2 NCBI [ sequence read archive
(SRA)KUHE J7E (8 55 PRINA1433262), 45 Ff
AR 4 BioSample ID KA SAMN56360487~-
SAMN56360490,
1.3 HIELE

JEGE I 7 751 (raw reads) A8 453k 18 BY 554 5
T B 3 07 Bk T AE R Fastp %K 4 (https:/github.
com/OpenGene/fastp)5& 2%, J R FiiE A
HERA T, — 2D H 57 3 o i 0 BT 20 A
BB 50 bp MITARITFN, MRS
Jii & )7 5] (clean reads). FifiJ5, KM FLASH &
4 (https://ccb.jhu.edu/software/FLASH/) ¥ Jit 4 ik
b 0 Fr B DF 2 20 2 O K B =300 bp 19 1 S
(contigs)P”, H:T N50/N90 5771 contigs JF
i J5 , ] F Prodigal #X {F (https:/github. com/
hyattpd/Prodigal) X 1= 5T i 1Y contigs #4177 5]
TEHE (open reading frame, ORF) TP
14 FERFEREHER IR

i 1 CD-HIT % {4 (http://weizhong-lab. ucsd.
edu/cd-hit/) X Il 7> 45 21 B A & 28 P 91 0E 17 2R
2, WZH identity 5 coverage HEEE N 90%,
PEHLAS RIS h i K L AR AR P 91, DA
¥4 ## unigenes.
database (NR, https://ftp.ncbi.nlm.nih. gov/blast/db/
FASTA/). clusters of orthologous groups of
proteins (COG, http://www.ncbi.nlm.nih.gov/COG/),
KEGG. carbohydrate-active enzymes database
(CAZy, http://www.cazy.org/), CARD %5 % & J%
X} unigenes #HATIHREIT -

F] H non-redundant protein
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SHE B E N E-value<1x107)P3 | 2454 NR #
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WAL OSBRI S o e

H T A RAEA R RN SRR R 2,
A% R B TU AR 53 AT (redundancy analysis,
RDA)Z ) R BB AL G o Ah, ARl
T Wy R R g 22 el AR kR, A AR
T FH B0 G R 2 A 43 B B 7 A TR 45
PEAG R 22 . % T Hellinger 5% 1k 78 40 ¥ 40 & K
Tt E A (] 50 S8R 1 ) b = B R
HA PO AT R T B 32 R4
47 M (transformation-based principal component
analysis, tb-PCA) #1750 #7. 16 R &5 P4 H
vegan fU 1) envfit BB, 2 999 WS4 KIKE
546 56 (permutation test), K bR UEAL J5 A A5
TR th-PCA Elrh 38 ax Fhr iiik
HAE R (R H A e 24 3 O B8
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2 HERS0HT

2.1 FBIL4FE

/INGE ELER R KA 1Y) 32 B A3 A 46
WER, TS K 102.62 g/lL, TC. TN Fl TP 435
J 7.80. 71.93. 0.42 mg/L. %K s Cl .
SO M Na' %8 T FE 4w, IRl 4038,
22.02, 32.09 g/L; HAE T Mg™, K. Ca™,
COs> 439 1.69. 0.59., 0.46., 0.13 g/L.

22 MFER

MR 1R, SEEARZ TR G 0% B e
i reads ] ¥4 48 o 97.00%, A RE =
11.62-14.84 Gb Z [a] . XJ HEA K s 17 PR
B 5L O (% 2), A FEARRY NSO fHAL T
780-1 103 bp Z[A], i3 (A (1)~ F- Y44 B4 rh e
466-498 bp, 75 42 H 0 T R4
2.3 {IFaTH
2.3.1 BEEHEM

AL LS 52 16 850 MW FR, T
8 F 13417297 44755 H 1412 B 3433 J&., 1
FEAARG I BN AT . T 5 L I 5 22 il
WEEYERE, HrhdamE S OL(91.89%), HAR K
WL R AERZ AR 1),

TET 1K B 2A), 4HF LA Pseudomonadota
(57.22%) B AR, HRIKK A
Bacteroidota (14.64%). Actinomycetota (8.64%).
AR ] (Planctomycetota, 3.32%) . PEil# []
(Verrucomicrobiota, 2.83%).
Bacteria (2.00%). Bacillota (2.00%). ¥ 21 ]

unclassified d

®1 HARREFEBMFER

Table 1 Metagenomic sequencing results of samples
Sample Rawreads  Cleanreads Effective Clean
rate/% data/Gb
XCD-1 99642084 98410904 98.76 14.84
XCD-2 85128874 83792532 98.43 12.63
XCD-3 86824520 85675104 98.68 12.92
XCD-4 79315756 77203052 97.34 11.62
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Table 2 Sample sequencing, assembly, and gene prediction results

Sample Contigs Contigs bases/Gb ~ N50/bp Max contigs/kb ~ ORFs Total gene Average gene
length/Gb length/bp

XCD-1 1327 841 1.09 936 808.64 1907 229 0.95 498

XCD-2 1138513 0.82 780 323.60 1533 842 0.72 466

XCD-3 1281617 1.00 867 296.89 1795434 0.87 484

XCD-4 561 387 0.49 1103 433.44 830369 0.41 496

Eukaryota, 1.20%

Viruses, 2.31%

Archaea, 3.77% Unclassified, 0.82%

Bl oGt

Figure 1  Species distribution proportion.

(Cyanobacteriota, 1.87%). i 2 ¥l B []
1.62%). #F = ¥k I']
(Deinococcota, 1.28%) f F: il (others, 5.52%);
B B Y5 P DL Euryarchaeota W 26 i # 2
B, AN EE N 92.64%. AN, K 5]
unclassified d _Archaea (4.88%). WM ZILEH ]
(Thermoproteota, 1.03%) X HAth (others, 1.45%) %%
(% 2E).

1E 20 K I (E 2B), Alphaproteobacteria
(25.20%) 5 Gammaproteobacteria (21.83%) J& 2
WA, H R KK 8- B A
(Deltaproteobacteria, 6.63%). i %k g
(Actinomycetes, 6.23%). BTN (Flavobacteriia,
6.08%) . ¥ &% K B 24 (Planctomycetia, 2.83%) .
W 2F 4k & 9N (Cytophagia, 2.82%) . LT 1 24
(Bacteroidia, 2.71%) M. Betaproteobacteria (2.66%)
o MBI EN W E TN
/N FF T 40 (Halobacteria, 83.28%); LAk, if
1, 4% unclassified d Archaea (4.88%). H Bifil
ESEL (Methanomicrobia, 3.67%). unclassified p

(Gemmatimonadota,

Euryarchaeota (2.85%). #JEAR I (Thermoplasmata,
1.07%) S HAth (others, 4.25%) (€] 2F),
TERPKF (I 2C), ARG U 2L
4N BH(Rhodobacteraceae, 13.53%). unclassified
A R

c__ Gammaproteobacteria (6.18%).

(Flavobacteriaceae, 4.20%). 2L R W Fl
(Rhodospirillaceae, 2.66%). 1% % K W Fl
(Planctomycetaceae, 2.58%). Tk FF B
(Microbacteriaceae, 2.15%). a4 F oW P
(Spongiibacteraceae, 2.05%). unclassified d
Bacteria (1.98%). 4 %  ji W B
(Hyphomonadaceae, 1.60%). unclassified o
Mpyxococcales  (1.57%). e E oW B

(Nitriliruptoraceae, 1.54%) % ; i & 09 #% O 11
PO R A wF R N FF W OB (Halobacteriaceae,
56.03%), WK N &= ik B Bl (Haloferacaceae,
14.34%) Fl J& {8 T 68 @ Bt (NVatrialbaceae,
12.12%) . (4.88%) .
unclassified p Euryarchaeota (2.85%). H %% /\
Z BR 1 Bl (Methanosarcinaceae, 1.87%) M F: At
(others, 7.90%) (&l 2G).

TEJ&7KF- (1 2D), A DL 3w B ik A
unclassified ¢ Gammaproteobacteria  (5.20%).
PR AR 01 )& (Roseovarius, 2.22%). unclassified
d_ Bacteria (1.93%). fifi# G #1560 & (Nitriliruptor,
1.54%). /K Zh 4 i J& (Enhygromyxa, 1.49%).
unclassified ¢ Actinobacteria (1.40%). " 111 ¥k
N (Zhongshania, 1.34%). H %F RO R
(Gemmatimonas, 1.12%). AT )& (Marinobacter,
1.06%). unclassified f Rhodobacteraceae (1.03%).

unclassified d_Archaea
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unclassified f Microbacteriaceae (1.01%) M H:Aih
(others, 80.68%). 1 Fa AHX T = B 4 i AR IR Ry 3k
BER T )& (Halalkalicoccus, 32.67%). unclassified
d_ Archaea (4.88%). ik 21 W J& (Halorubrum,
4.13%). h & W& (Haloarcula, 3.50%). ihEkh
EE (Halococcus, 3.14%) . BHEE (Haloferax,
3.07%). unclassified p Euryarchaeota (2.79%).
Mt £h i JB (Halosimplex, 2.53%) . {5 & £ %
W J& (Candidatus Halobonum, 2.50%) . i& ik
B J& (Haladaptatus, 2.49%) . & JL fi] £ &
J& (Halogeometricum, 2.47%) . H W W J&
(Halomicrobium, 2.34%)% (1% 2H).
BRI A AN, it S AR
= Others
= Chlamydiota
= Chloroflexota

== Acidobacteriota = Gemmatimonadota
= Deinococcota == Planctomycetota

== Cyanobacteriota
== Bacillota

A B
100 - 100 -
90 90
80 80
=70 S 70h
5 5
= %
2 60 2ot
= o
o =
g o
3 50 2 50
2 g
3 =
=
5 i)
2 40 S 400
o =
2 =
3 30 & 30
20 20
10 10

BreX1 BreX2 BreX3 BreX4
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S6 BRI A 2 &R e v ) H 22 R 4 (1] 21,
20). W7 I, KR ME T (K F} (Siphoviridae) |
#: 25 DNA J% 8 #l (Phycodnaviridae) Fl fJL 2 W 7
P& BE (Myoviridae) i 4 B = o % F& W& i 16 B
(Podoviridae) & U4 25 95 7 B (Mimiviridae) 5 Fifi
Ji. MINAE)Z A, Siphoviridae %51 B A& 32 %
Mok B A TR R R A A R M
Phycodnaviridae I Mimiviridae 1) & 48 B E&H —
F R AR S N R A LR AR, T
BERITER WA YRR . HAZ R 2
MR EEFENIE £, ERSFELEDN
MRS R TEFEEHEAET 5 (I iJm, %
J& (Phytophthora) . %43 %% J& (Aphanomyces) 17K

== Jerrucomicrobiota
= /ctinomycetota

== Unclassified d_Bacteria == Bacteroidota

= Pseudomonadota

== Others

wm Chlamydiia

== Clostridia

mm Fpsilonproteobacteria

== /cidimicrobiia

== Bacteroidia

== Deinococci

= Opitutae

= Unclassified_p__Bacteroidota
= Unclassified p_Cyanobacteriota
== Unclassified d Bacteria
== Nitriliruptoria

== Sphingobacteriia

=2 Verrucomicrobiae

=3 Betaproteobacteria

= Gemmatimonadetes

= Planctomycetia

= Cytophagia

== Deltaproteobacteria

== [‘lavobacteriia

== Jctinomycetes

== Gammaproteobacteria

== /[phaproteobacteria

BrcX1 BreX2 BreX3 BreX4
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Relative abundance on genus level/%

Relative abundance on family level/%
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= Rhodobacteraceae

mm Spongiibacteraceae

= Flavobacteriaceae

= Unclassified ¢ Gammaproteobacteria
m Gemmatimonadaceae

mm Rhodospirillaceae

B Planctomycetaceae

mm Nitriliruptoraceae

m Unclassified d _ Bacteria

m Alteromonadaceae

m Cyclobacteriaceae

mm Unclassified ¢ Actinobacteria
® Microbacteriaceae

mm Unclassified_c_Alphaproteobacteria
m [‘lammeovirgaceae

m Alcanivoracaceae

mm Opitutaceae

m Hyphomicrobiaceae

= Oceanospirillaceae

O Unclassified o Myxococcales
3 Prolixibacteraceae

= Desulfobacteraceae

O Zhongshania

B Unclassified ¢ Gammaproteobacteria
W Roseovarius

B Gemmatimonas

B Nitriliruptor

[ Unclassified d Bacteria

[ Unclassified ¢ Actinobacteria
B Marinobacter

B [oktanella

B Alcanivorax

B Rhodopirellula

B Enhygromyxa

B Draconibacterium

B Pseudohongiella

B Thioalkalivibrio

O3 Plesiocystis

O Sunxiuginia

O Desulfotignum

& Fluviicola
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Top 15 viral families abundance
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Figure 2 Microbial community structure in Xiaochaidan Salt Lake. A, B, C, D denote the bacterial community
composition at the phylum, class, family and genus levels in the four samples, respectively; E, F, G, H denote the
archaeal community composition at the phylum, class, family and genus levels in the four samples, respectively; |
and J denote the viral community composition at the family level and the eukaryotic community composition at

the genus level, respectively.
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Table 3 Microbial alpha diversity statistics

Sample Sobs ACE Chaol Shannon Simpson Coverage
index index index index

XCD-1 3149 3149 3149 6.112 0.006 >0.99

XCD-2 3059 3059 3059 5.941 0.010 >0.99

XCD-3 3086 3086 3086 6.111 0.006 >0.99

XCD-4 3044 3044 3044 5.620 0.015 >0.99
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Figure 3

Association analysis of microbial communities and core environmental factors in Xiaochaidan Salt

Lake based on tb-PCA and permutation tests. A: tb-PCA ordination plot of driving factors for bacterial

communities; B: tb-PCA ordination plot of driving factors for archaeal communities. Scatter points represent

samples, solid triangles represent dominant genera, and solid black arrows represent core environmental factors

that showed significant or marginally significant effects (P<0.1) based on envfit permutation tests.
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Figure 4 COG annotation classification statistics.
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Figure 5 KEGG classification bar chart (level 1 and level 2).
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Figure 6 CAZy annotation classification statistics.
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name mechanism reads
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modification antibiotic; macrolide resistance gene
myrA Antibiotic target modifying enzyme; gene involved in self resistance to 190
antibiotic; macrolide resistance gene
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tirC Antibiotic efflux ~ Efflux pump conferring antibiotic resistance 13218
nov4A Aminocoumarin Efflux pump conferring antibiotic resistance 38 778
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Figure 7 Circos diagrams of KEGG functional annotation (A) and CAZy functional annotation (B). The left

side of the outer ring represents the four samples, while the right side represents the annotated functional

categories. The width of the inner ribbons indicates the relative abundance of specific functional categories in

each sample.
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