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Co-occurrence patterns and environmental drivers of bacteria
and archaea in Yuncheng Salt Lake
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Abstract: [Objective] To elucidate the community structures and environmental adaptation
mechanisms of bacteria and archaea in the sodium sulfate-type Yuncheng Salt Lake in Shanxi
Province, China and explore the assembly patterns of microbial interaction networks under extreme
hypersaline conditions. The findings are expected to provide a theoretical basis for assessing the
ecosystem functions of salt lakes and developing halophilic microbial resources. [Methods] Water
samples were collected from 10 sampling sites with salinity gradients of 6.0%—-34.2% in Yuncheng
Salt Lake. The physicochemical analysis of water quality, high-throughput 16S rRNA gene
sequencing, molecular ecological network analysis, and multivariate statistical methods were
employed to systematically investigate the microbial community structure and its interactions with
environmental factors. [Results] The dominant taxa included Euryarchaeota, Pseudomonadota,
and Bacteroidota. Archaea were primarily represented by Halarchaeum and Halorubrum, while the
dominant bacterial genera were Roseovarius and Spiribacter. A microbial network consisting of
53 nodes and 73 edges was constructed, with negative correlations accounting for 63%. Key taxa
included Halolamina, Geitlerinema, and Halorubrum. Salinity, nitrogen, and sulfide emerged as
the three core drivers with high connectivity in the network, exhibiting significant correlations with
multiple microbial groups. [Conclusion] Microbial community assembly in Yuncheng Salt Lake
is dominated by negative correlations (e.g., potential competition, niche differentiation, or
environmental stress), and this highly competitive network structure enhances the system resistance
to environmental disturbances. The study reveals unique microbial adaptation strategies in sodium
sulfate-type salt lakes and provides new insights for the exploitation of extremophilic microbial

resources.
Keywords: sodium sulfate-type salt lake; microbial community assembly; halophilic
microorganisms; co-occurrence network; environmental drivers
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HEMIHE T, WEEEMRE, 2R
S AR KOG R R AR 2 EH I
RFHREW, AE B B . BTN
pH B S A BT 1 45 OGS R S8 P AP AE 2
SR, XA S B — AP UK Sl T A W
HAE DRV TED R B . 2 FEME AT S AR 3
Kl By, X TssdEbmim s, HEH T

560 2 B A ] S ) 4 SR WA S A M R TE 1Y
g, HEMEZ 205

iz YR AR WA F b [ L VG A R R, R A=
KRR BT RR AR AR 2 — , Dk i A
F= B B R AR O b B AR
BRI o R BE AR, ZER WK IR b 22 T i
TPE . AN S 2R AR AR, TR T IR
ERRG, B, ME AR I EAREM
K, BB AT LT8R, s
FHEBBE . R4 Y AT W,
WK R H 55, Rk B il A S AR
700 1 O R R A R VR X, R A S
(B H #2000, (HERXZER AR Y BV 1 R 50
PERFFEAT A 2 o AR5 b TR A DR Rl o3 A A X
KA ) B LA R PR 3 N AL o) v A B A, R
SR AR it v R PR BE T A 0 A X 4% A TR i
Mt k= .

AWFSE R 16S rRNA JE [H & 38 I P4 A
BN T AWM, RGENT I W 41
RS T G 2 A R R R B, A RN
XIS 1y Hak, il 2 988 OBk 4
Br, BEHEREE . AL 8. ALY SR SCHER Xt
Ay Z A s ), AT 48 7 AR i PR 45 T
KR EHLE . RS R B e N A S R 5T
RE VAR SE AL IS KR, JF Mg Eh A M oe I
FE % R B 580 A A8 B BRI A 2 45 4
WS

1 AR

1.1 #HEEE

BIAER AN T E LA R, R L
B RRARNE RS . W E &g, &%
HREYI, PRI IR R, R A
YiRiG, WSS 2 NP R E AR
AREY . %X RS A, BT RS
i o ASBHFE T A I K it SR B B[R] 2R 2023 4
4 . KEEREMA S L AV RAKR, RE

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



2698

YANG lJing et al. | Acta Microbiologica Sinica, 2026, 66(6)

FIZ0.5 myKFE, RERTRANER 1 iR, FRibk
fEJ5, —HBrFH T E DNA $EBURRE S A TS
50 mL Falcon &, #A7TWKER-AT, FTF2H H AW
S JE S PAL IR 5 — KR T IR A
AN E (24 h ). PR IRALSER I I H A
$5 R BE (salinity) . pH. L% (total nitrogen, TN),
S (total phosphorus, TP), fHAZA(NOsY). itk
W) (sulfide) 1335 i M [5] 4 (total dissolved solids,
TDS), HHr, #hEER ST 17 5L
WE 5 NO; I R 2251 Ot E ;s pH R
fEHEC pH THIAE ;3 TN SR b o 7 R 4 V1 i
ArIEIEEERINE 5 TDS SR FHAR TG AR FH K b A
BB E 5 B AR i R B S T
TR LB (ICP-AES)INSE ; TP R JHAHMR B4y
eI L
1.2 DNA BY#2EXA0 PCR # 18

fifi Ffl E.Z.N.A.® Mag-Bind DNA Kit (Omega
Bio-Tek 7\ F)) PR 55 i £ BRORN 48 4k 36 X 4
DNA. FIHENEHEEE A DNA $-H) () 2l
FVREZ, DAL GAs e TR 22500, PCR Y™
1% 16S rRNA £ V4 X, 5[¥1° 515F (5'-GTGC
CAGCMGCCGCGG-3") fll 806R (5'-GGACTACH
VGGGTWTCTAAT-3"). PCR [ I {£& % (20 uL):
S5xFastPfu buffer 4 pL, dNTPs (2.5 mmol/L)
2uL, b THEBIYIGRER 5 pmol/L)45 0.8 L,
TransStart FastPfu DNA Polymerase (2.5 U/uL)
0.4 uL, DNA #i#% 2 uL, ddH,O #MFE % 20 pL,
PCR S 4% : 95 °C 3 min; 95°C 30s, 55°C

F1 EEIPRERNE
Table 1
Salt Lake

Location of sampling points in Yuncheng

Sample Longitude Latitude |Sample Longitude Latitude
(E) (N) () N)

YH1  35°01'37" 111°03'10" [YH6  34°56'13” 110°57'00"

YH2 35°00°10" 111°01'01” [YH7  34°57'14” 110°58'08"

YH3  34°58'58" 110°59'06"|YH8  34°58'33” 111°00'28"

YH4  34°58'04" 110°57'35"|YH9  34°59'23" 111°02'31"

YHS  34°5627" 110°54'32"|YH10 35°00'21" 111°04'44"
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30s, 72°C45s, 432 MEH; 72 °C 10 min.
BRI E 3 A HEE ., BIC HEREEY
B 2 BH AT BR S ) kA7 sl i e . A
(149 ¥ 41 35 % NCBI BioProject $0#i g, 5t 5
A& PRINA1308961

1.3 MFEHEAALIE

i fastp (https://github.com/OpenGene/fastp)
version 0.20.0 FAFXS R AAI P P o EA T g, fifi
H Flash (http://www.cbceb.umd. edu/software/flash)
version 1.2.7 B AT 9 . BRI IRy . 1 UE
reads FEFF B E 20 LA R AOAEIE, % E 50 bp [
wWH, #HE N AT 20, WG
1T o Al 25 i o B 5 o o o 4 e I BN T
50 bp 1 reads, APBR N B A reads; AR
PE reads Z [0/ overlap ¢ & , B WiX] reads PF4%
(merge) il — 5575, /) overlap £ %4 10 bp;
PHEZF 1) overlap X 1R A e KAE i LR N
0.2, FIEAFTGITFH); AR E R Wi
barcode Fl 5| ¥ IX 7 #£ d . IF IR F 5 5 1,
barcode T VT 1Y 45 BLALH 0, & K514 5
BoH 2,

BT EINS B, QUME 2 Jitfe i
DADA2 i {/ % B 45 942 5 B 0107 91 64 T g
Ab3E . DADA?2 [N Ab PR S 1 5 4138 H R A
14 ¥ 51| A8 /& (amplicon sequence variant, ASVs),
Ry S Y I TR B X i B 22 A AT 40 BT Y
S, B ETAREA T2 20 000, FlRF)E
FEAREAS 124 7 51 8 55 B (Good s coverage)f/)
35 99.09%. T Sliva 16S RNA F K $4i8 Ji
(v138), f#H QIME 2 1) Naive bayes 532 4%
X ASVs #EATHIF 3282703 T o
1.4 Zitoth

RIRBEWMAEY Z BB, A
FE B R AT 28 43 By o 32 [l 2ok T SR A
ASVs Z [8] Fr 45 0] E B9 Spearman % #H 5 1 #4)
., YA RBEZ AR Spearman A OC R AL R>0.8
(8{<-0.8) H. P<0.01 B JA B4 ASVs Z 1]
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i) Spearman AH SCYE B AT Gt 22 & L, FAIH
Cytoscape 3.2 FRAF AT IAL 2% o AR o 265 P A B
() 342 300 (Py) A R D) 328 30 38 (Z3) T K19 A oA
4 FPEAY 4300 A G (AR A AT
IR EE YT A, Z>2.5 H O P<0.62), JEHET N
(FF 2 M Z B A S EE R A, Z<2.5
H P>0.62), M0 i (TEHEA 4 h BA 5
T PE R, Z>2.5 H P>0.62) LA K AR A
(TEAS L PN BB AR e 2 [a] B A 5L A s 2 30 3 1) 1
M, Z<2.5 H Pi<0.62). i 3 FP2E AT S
YR, TR DR SRR e e
T AREEZEAEN . EY 5 P8 22 [E] /9 1)
28 [E12R H] Gephi 0.9.2 B A58

2 ERE

2.1 KRIBILIERR

i R W 45 SRR SR TS bR AN 3R 2 s
10 > FRE S B SR FEAE 6.0%-34.2% 28], Hir
YHI 5%, YHS fz 5o AR Pk 5 AR fe 4 Ol
AR R AR R 4 o AR R BE (YHL) . v R
(YH2-YH7). &% (YH8-YH10) 3 25, pH #
TR Z G0 . TDS J2& FRAE A4 S5 g 1 [ 1A 1
wFEAR, HAMBEFIAE 58.0-346.3 g/L Z [,
YHI f: ik, YHS8 fiz . TN, #ifb# . TP,
NOs™ i e /IME 5 e s (8 34 73 0 BLAE YHT Fl

w2 EWEAK BERLIE AR

YHS,
22 EEWEARE YRR AR

ASHIE ST T SRR 1 7 296 4~ ASVs JIT T
NP AN AT o R gt 45 R B s R
W) 20 B 220 A A 44 17 101 20 265 H 496 B}
659 J& s I FE A 11T 154010 H 15 7}
50 J& o AE 11 AT TR R e
W [ 1(Euryarchaeota), HAHX FEE =T 35%; H
A W T W gh o 1] (Nanoarchaeota)
Thermoplasmatota . Hadarchaeota J 3R 5.l o
I"1(Thermoproteota) (") K X} = FE ¥ /NT 2%,
LRI, 7EEREE R Y YHS SRAE 5.(34.2%) F
N 155% [ YHS REE &, T T
(Euryarchaeota)¥] i Y46 X3, HARX 23
L 70%. MIZEE R AT LIE Y, i T B A XS
FoBE R B S B R e AR R A AR A TR
YH1, YH6. YH7. YH9 Fl YHI10 %A, B
Y5 ] (Pseudomonadota) AR F B fic =, U
FFIRI ] (Bacteroidota) 75 3% S5 X 3 AT — % 5317 -
W% 4B [ ) (Cyanobacteriota) 1F YH1 Fll YH7 R Af
SRR R R . BRER S R = Y YHS
FEAN, TR T (Actinomycetota) 1F HAY X 43

2 s T AN 5 AR R B A X
FE, 25 R ERWIANT 2 BE fe v 1t 8 3 S

Table 2 Physical and chemical characteristics of water quality in Yuncheng Salt Lake

Sample Salinity/% pH NO; /(g/L)  TNAg/L)  Sulfide/(g/L) TDS/(g/L)  TPAg/L)
YHI 6.0 8.3 2.2 6.0 6.2 58.0 0.1
YH2 17.0 8.1 34 16.5 213 164.0 0.6
YH3 132 7.8 3.6 15.7 13.7 123.3 0.4
YH4 17.0 7.9 3.8 18.1 21.1 188.7 0.3
YHS 15.5 7.9 3.9 18.4 13.9 144.0 0.3
YH6 18.0 7.8 5.1 27.0 16.8 172.0 0.4
YH7 13.4 8.1 42 16.5 13.1 134.7 0.3
YHS 342 7.7 17.1 74.1 274 346.3 1.4
YH9 22.0 7.9 6.0 28.6 21.8 2247 02
YHI0 225 7.8 6.0 33.6 272 229.3 0.4
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Relative abundance distribution of bacteria and archaea at different sampling sites in Yuncheng Salt
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H o ZF: i) ACE, Chaol. Shannon DL A&
Simpson FEEOK Jz Wiz % £ 91 A= W) 2 FEVE B9 AR
k&, Shannon F5£50E —FE FH A9 Z 4+
PEFEPR, TR T IFA KRS Y FEE . Shannon 45
>3 FoRTE KR, 2-3 RIS, 125K
ARG YY, <1 FoREEG YL, AE 3 AL
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Figure 2 Relative abundance distribution of dominant bacterial and archaeal genera at different sampling sites

20

in Yuncheng Salt Lake.

R3 BWEATERER SRR
Table 3  Diversity indices at different sampling sites in Yuncheng Salt Lake

Sample ACE indices Chaol indices Shannon indices Simpson indices
YHI1 892.68 883.77 4.78 0.03
YH2 734.78 723.15 3.14 0.23

YH3 675.01 665.18 3.28 0.21

YH4 602.06 595.20 3.65 0.12

YH5 322.90 316.44 1.82 0.50

YH6 781.03 772.96 4.47 0.04

YH7 1027.16 1 009.10 4.78 0.03
YH8 252.99 250.51 3.26 0.11

YH9 792.20 781.45 4.49 0.04
YH10 662.77 648.97 4.12 0.05
Mean+SD 674.36+254.33 664.67+250.69 3.78+0.94 0.14+0.15
F-value 9.572 9.598 26.750 33.287
P-value 0.000 0.000 0.000 0.000
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Co-occurrence network constructed based on bacterial and archaeal ASVs. The diagram contains

53 nodes and 73 edges. Each node represents an ASV. Red lines and green lines represent positive (37%) and

negative (63%) relationships, respectively.

W, TN 1(Euryarchaeota) ASVs i 5.6%;
41 ASVs H B 5L TR ] (Pseudomonadota) 1
22.6%, UFFTE ] (Bacteroidota) 5 20.7%, 43
B (Chloroflexota) i 11.3%.

w3 g, AR Z MR R E
PATAAHDE(63%)  F . HNIE] 4 FISE 4 7R, 4K
EIFOIE] 1 AMEEHerbul (B 4 2j68), il
ASV695 IR F B I8 (Halolamina), H: 57
B ASV721 87575 B J& (Halorientalis) 5 i A ¢
5 40 H ASV980 %k i £¢ 14 '] (Chloroflexota) Fl
ASV617 AT ] (Bacteroidota) EIEM L. B
Wz Ak, W2 B SR 0 3 6 A i 477 i (K 4
gl 1), sl E T 55 22 38 (Geitlerinema) .
£ i Bl (Balneolaceae) . 5 18 ¥ ¥ A
(Phaeodactylibacter) . Z A i 2N
(Gammaproteobacteria) FEL 21 J& (Halorubrum) .
W1 3 AT, R 21T I8 (Halorubrum) (ASV669)

P4 actamicro@im.ac.cn, & 010-64807516

Sr :
if a
2r . ®
& (] o !
N o :.
L .
© o - )
or 8 ® o o
°
“1F ‘ © e
® ® °
=5 1 1 1 1 ]
0.0 0.2 0.4 0.6 0.8

El4 BETRRAERE(Z)SHEREEREP)H
ESHEMET SR 572

Figure 4 Classification of bacterial and archaeal
network nodes based on intra-module connectivity

(Z;) and inter-module connectivity (P;).
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Table 4 Keystone groups identified by topological roles of bacterial and archaeal networks
Node ASVID Phylum Class Order Family Genus
type
Module  ASV695 Euryarchaeota  Halobacteria Halobacterales Haloferacaceae Halolamina
hub
Connector ASV9 Cyanobacteriota Cyanobacteriia Cyanobacteriales Geitlerinemaceae Geitlerinema
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