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Whole genome sequencing and comparative genomic analysis of
Streptomyces sp. YHO02 isolated from the soil sediment in
Yuncheng Salt Lake

LI Zhenhua, WANG Jiaxin, ZHANG Linjie, SUN Yujia, TIAN Rong, YANG Jin, LIU Jin"

Life Sciences Department, Yuncheng University, Yuncheng, Shanxi, China

Abstract: [Objective] To elucidate the phylogenetic position and mine the gene resources for
synthesis of secondary metabolites from Streptomyces sp. YH02, a Gram-positive actinomycete
strain isolated from the soil sediment of Yuncheng Salt Lake in Shanxi.[Methods] Illumina and
PacBio platforms were used for whole genome sequencing of YH02, which was followed by gene
prediction, functional annotation, prediction of secondary metabolite synthetic gene clusters
(BGCs), comparative genomic analysis, and morphological, physiological, and biochemical
characterization. [Results] The YH02 genome was a linear chromosome spanning 8 285 116 bp,
with the G+C content of 71.77% and 7 237 open reading frames. Gene annotations in the GO,
COG, KEGG, and CAZy identified 2 829, 5 478, 4 805, and 279 genes, respectively. The
subcellular localization analysis predicted various secretion system-related proteins and 1 030
transporters. Additionally, 32 secondary metabolite BGCs were predicted in strain YH02, involving
the synthesis of various natural products such as terpenoids, non-ribosomal peptides, polyketides,
and ribosomally synthesized and post-translationally modified peptides. The comparative genomic
analysis revealed 15 739 pan-genome orthologous gene clusters and 4 267 core genome
orthologous gene clusters. The phylogenetic analysis based on the 16S rRNA gene sequence
revealed a proximate phylogenetic affiliation between strain YHO02 and Streptomyces venezuelae
ATCC 10712 as well as Streptomyces zaomyceticus NBC 00278. However, the average nucleotide
identity (ANI) value was below the threshold of 95.00%, and the digital DNA-DNA hybridization
(dI(DDH) value was less than 70.00%. YHO02 exhibited light pink aerial mycelia on the ISP
2 medium. It showed significant differences in tolerance to pH, sodium chloride, and growth
temperature compared with its closely related strains. Additionally, this strain demonstrated weak
starch hydrolysis activity, positive gelatin liquefaction, positive nitrate reduction, and slow milk
coagulation. [Conclusion] Based on the findings from genomic, physiological, and biochemical
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analyses, strain YHO2 is confirmed as a potential new species of Streptomyces. This study not only
enriches the microbial resource pool but also provides a theoretical basis and potential genetic
resources for mining the natural products with unique mechanisms of action.

Keywords: Streptomyces; whole genome sequencing; secondary metabolite synthetic gene

clusters; comparative genomics
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Figure 1

Circular maps of the complete genome of strain YHO02. The circular map contains seven circles.

Marked information is displayed from the outer circle to innermost, as follows: genome size, CDSs on the
forward stand, CDSs on the reverse stand, rRNA and tRNA, G+C content and GC skew.
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Figure 3 COG functional classification diagram of the genome of strain YHO02.
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Figure 4 KEGG functional classification diagram of the genome of strain YHO02.
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24 XERE=IEYERERE R
M 53

iz H] Antismash v7.0 FAEXT R AR YHO2 (/)2
D ZH AT 00 oA, RS 32 A S RS
PG AR DC I BRI (R 1) Ik BB BE DA 5
Wi T 2R IRE N, BARGEE 6 AR
K & A ¥ (non-ribosomal peptide synthetase,
NRPS) 5 A #% . 4 4~ R Bl 5 5 B (polyketide
synthases, PKS)FEA 7% | 3 4™l M (terpene) b &
YRR . 3 Ak 34 (siderophore) 2 4k R #%
3 2 B Ak (lanthipeptide) JEFEE R FE . 2 bk
&G A B 3 J5 18 400 JIK (ribosomally synthesized
and post-translationally modified peptides, RiPP)Jk
H#% . 2 1~ T HEE(butyrolactone)JE K% . 2 />
8 2 (melanin) FE K 7% DA K 1 A4~ 5 70 & B g
(ectoine) G ARG FE A& . A 6 4B il
28 Mk 254k A ) (linear azole-containing peptides,
LAP). W[l (indole). VR Ak (linaridin) . ¥4
RK & M (cyclodipeptide synthases, CDPS), £k
(lassopeptide) R A MY G B 2 . el
My, FEEFE2. 4. 5. 100 12, 15 F129 4305
7% N Fii $iL 5 & (venezuelin) . K 72 £ [Hl (ectoine) ,
+ R % (geosmin), =8k 2K (desferrioxamin) B,
IR Z (cypemycin), A [ (A-factor)Fll 2-F 3
5K Fr (2-methylisoborneol ) A= 1) & 2 DA
FORRIES S 100%, 5 FHR YHO2 SR
21.88%. AHILZT, JENFE 17, 24, 25 7128 7
S 5 #% % (flaviolin), alnumycin/prealnumycin/
thalnumycin, AR/ (hopene). k4= [# % (salinichelins)
FR AR 5 B DR A LA e AR, ARBLEE A
T 50%-76%, XRWIE YHO2 HA G
U B ABUR TG S 2 R R D TS Y
FRWE 1. Ak, @A 17 AN IEES MG
W) E )G AL AR I BAR (R T 31%), 0
i /A %% 2 (enduracidin) . herboxidiene. primycin,
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5% 2 (leinamyein) i D1 K B 2 (rebeccamycin) |
malacidin, % | % % (lankamycin), istamycin,
colabomycin E. chlorotonil A, murayaquinone,
ficellomycin, ZIF# % (rubradirin), coelimycin P1 .
it % £ A-M (formicamycins A-M), {2
(melanin) Fl1 3£ F| 25 Z (friulimicin) 5% .
2.5 16S rRNA EEZGLF N

18 o X B Bk YHO2 9 16S rRNA J [K %)
(1 523 nt)#H 17 BLAST Z0#Mr &8, H5 5 6%
HEA RN 16S IRNA KL 531 A w5 B2 A
I, BD S. venezuelae ATCC 10712 (99.93%).
S. zaomyceticus NBRC 13348 (99.93%) . S. exfoliatus
NRRL B-2924 (99.86%) .
(99.8%)Fi1 S. gardneri NBRC 12865 (99.65%).
T 16S rRNA FEHFPIIM R RGBT TR,
FEE YHO2 5 S. venezuelae ATCC 10712 KT
[[l—97 45, H5 S. zaomyceticus NBRC 13348 1)
SRR RGN o X —E5 R TER AR (ND)IE
R KASR (ML) VA 1Y) FR 48 & B A Hh 115 5]
—HAE(E 7. & 8).
2.6 EEERERBAS
2.6.1 ¥k YHO2 B Az B E A

HIH] 16S rRNA FERFPHI LS AR, ety
R YHO2 Fr AR BLRE %5 e it i o e A S R
PEAT A FE A L B . 1k E B AR L FE S
venezuelae ATCC 10712, S. zaomyceticus NBC
00278 . S. exfoliatus NBC 00077 . S. vilmorinianum
YP1 HI S. gardneri ATCC 15439, i i+t 7 R [ 21
Ay A, L% 15 739 A4S & IR IR N
(&1 9)o IXBEREP R HE— 2Lk 73 WA IR A
L 4267 NTEFTAT T AR A 3l A Y [T AE D
FE(N 27.12%), HMYERERIZH, (27 3 836 NTER
SRR R BRI [ IR PR (5 24.37%), DL K
7 636 TR R R S P 4 [R) U5 DR (o 48.51%)
127 FE AL R /N X 6 R T AR 1 X B DR 20 R /)N

S. vilmorinianum YP1
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Table 1 The gene clusters for the biosynthesis of secondary metabolites in the genome of strain YH02
Region number Gene cluster type Start End Predicted product Similarity (%)
1 NRPS 2 112887  Enduracidin 14
2 Lanthipeptide-class-iv 300 441 323174  Venezuelin 100
3 NRPS 402 054 453 041  Herboxidiene 2
4 Ectoine 583 795 594212  Ectoine 100
5 Terpene 621 444 642362  Geosmin 100
6 Lanthipeptide-class-ii 889 209 950 699  Primycin 5
7 NRPS-like 953289 1022495 Leinamycin 22
8 Indole 1160109 1183373 Rebeccamycin 25
9 CDPS 2348037 2368751 Malacidin 5
10 Siderophore 2988237 2998 118  Desferrioxamin B 100
11 NRPS-like 4562363 4605498 Lankamycin 16
12 Linaridin 5137647 5160275 Cypemycin 100
13 Melanin 5175473 5183729  Istamycin 8
14 Butyrolactone 5545020 5554900 Colabomycin E 4
15 Other 5657024 5698 134  A-factor 100
16 LAP 5703255 5762595  Chlorotonil A 15
17 T3PKS 5985845 6026979  Flaviolin 50
18 Siderophore 6074562 6086959 Murayaquinone 6
19 Siderophore 6119730 6134556  Ficellomycin 3
20 T1PKS 6279271 6381294  Rubradirin 31
21 RiPP-like 6470007 6480677 - -
22 Butyrolactone 6596825 6607776 Coelimycin P1 8
23 T1PKS 6745282 6808200 Formicamycins A-M 18
24 T2PKS 6942292 7014832  Alnumycin/Prealnumycin/Thalnumycin 75
25 Terpene 7157915 7183759 Hopene 76
26 RiPP-like 7235466 7246348 - -
27 Melanin 7497255 7507633  Melanin 28
28 NRPS 7680916 7731629  Salinichelins 61
29 Terpene 7743561 7764938  2-methylisoborneol 100
30 NRPS 7770573 7827609 - -
31 Lanthipeptide-class-iii 7889159 7911817 - -
32 Lassopeptide 8221130 8285116  Friulimicin 15

—: No similar gene cluster predicted.
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Streptomyces broussonetiae T44™ (MT849770)
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0.01
—_—
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Figure 7 The neighbor-joining phylogenetic tree based on 16S rRNA gene sequences of strain YH02 was

constructed with closely related type species. Allostreptomyces psammosienae YIM DR4008" was selected as the

outgroup. Bootstrap values of above 50% are shown at the branch points. Bar: 0.01 substitutions per nucleotide

position.

() 1.97 5, HorpZr 3L PR 4 o5 SF 25 B i 3 R 4
KNI 57%
2.6.2 ANI %1 dDDH {#itE

T X RAR YHO2 EAT MG b 2, ST
SILPRZ FE XT3 T 6 AR B AR Ik R 41 22 [a] 1) °F-
9 ¥ HF Bk — £ M (ANI) {5 Al DNA-DNA 4% 58
(IDDH)fA (5§ 2). 45 Won, WP YHO2 5 S.
venezuelae ATCC 10712 Z [a] B ANI {H K
90.91%, dDDH {H & 39.80%, 5 S. zaomyceticus
NBC i) ANI {fi}y 91.02%, dDDH {i} 47.90%,
55 At T A7 55 2 TR PR 22 1) ANT K F
95.00%, dDDH fH¥I/NT 70.00%, 3% —%45 B
WITRHR YHO2 7 e 5555 1 & (Streptomyces) 1 (1Y)
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— ANAERT P,
2.6.3 TEESFMEBESHR

FLT 168 rRNA FE ] 751 LEXT L K ANT A
dDDH it % 45 %, & B S. venezuelae ATCC
10712, S. zaomyceticus NBC 00278, S. exfoliatus
NBC_00077 5 B kk YHO2 #4778 25 Al B A= 1k
Friktede, Z5RILEK 3. Witk YHO2 7 ISP 2 £
Fedk R R 2R OO R 0, AR
RITRRA ] . BRAR YHO2 f5c K i 52 pH {H 7 3k
12.0, ot KA 32 8 LSRRI E W5
3B RMRAAAEZE S o (ETERKIF T, PR
YHO2 {X BRI KM, T H AR R PR BEA 0K i
TER . AR, TERR YHO2 HAWIRGR L. fifiedh
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Figure 8 The maximum-likelihood phylogenetic tree based on 16S rRNA gene sequences of strain YH02 was
constructed with closely related type species. Allostreptomyces psammosienae YIM DR4008" was selected as the
outgroup. Bootstrap values of above 50% are shown at the branch points. Bar: 0.01 substitutions per nucleotide

position.

Streptomyces zaomyceticus NBC 00278 (CP108062.1) 85833?3; }

CP040244.1
e
Streptomyces gardneri 1590 CP108238.1

ATCC 15439 (CP059991.1)
Streptomyces exfoliatus

1854
1097 NBC_00077 (CP108238.1)

4267

1655

675 Streptomyces

Streptomyces vilmorinianum YP1 sp- YHO2 (CPO39991.1)

(CP040244.1) 765

Streptomyces venezuelae ATCC 10712 (CP029197.1)

E9 ZEEBEFEHE
Figure 9 Venn diagram of Pan-genome homology. The Venn diagram shows the number of orthologous gene

clusters of the core genome (the center part) and the numbers of unique genes of each genome.
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R2 EHRYHO2SHITEYIT 2 B89 F 1% H BR
—H M {EFIDNA-DNAZ X (&

Table 2 Average nucleotide identities and digital
DNA-DNA hybridization values between strain YH02

and their related species

Similarity 1 2 3 4 5
index

ANI (%) 9091  91.02 9023  87.28  89.18
dDDH (%) 39.80 47.90 3720 35.00 37.20

1: S. venezuelae ATCC 10712; 2: S. zaomyceticus NBC 00278;
3: S. exfoliatus NBC _00077; 4: S. vilmorinianum YP1; 5: S.
gardneri ATCC 15439.

IR B A DB 228 R . ST,
PR YHO2 8 5 I\ Ry 4% 25 TR J& (Streptomyces) T 7
/‘%ﬁﬁ e}

3 W5 E®

55 7 T JE (Streptomyces) W) Fh TE Z A 1 £ S
IRBE SR B LB A IS AR T, (L R AE A O
ZAF AN . R AR AR A BT AR
X A 25 38 I o A T A I SR
YR EE R, JCHRTERE . YOI UKE A

Ol M SRR A B BRI YHO2 SR TRAT]
PR DA 1L 7Y 32 Ik R 1) = e AR v oy s 15 )
) — R R . R Z2H0R PR ZORIE T HE
B, AELAL G5 ) SE 56 A5 58 5 VR A 4 T 0 BT B 2
RO PE FHAIL R 7 T A7 e Jey BRI PR, PR A
SERRR YHO2 RS2 8 B S S it
A FE R FAEYE 22000, R4S T Ak
YHO2 19 5¢ 88 FE 41 Jp 51, HE 4 K/ A
8 285 116 bp, 4w 7237 3K . FlH GO,
COG #1 KEGG %5 £ 4l FE A7 Lb X, 58 ml T
YHO2 S& K20 R FAE B 3 . A SR o,
PR YHO2 1935 (R Ty 8 = B4R v e A= W AR i it
R, TR R GAC = W A BORR R . 1t
Hb, i CAZy Bl E W B, FE AR
YHO02 %5 H 2 B0 5 oK Ak A 0 A G 1Y
fitg, Horh R i 22 0 SR BT K I AORE SLE S
it , 3k SE R 5T A=K Ak B P I e o R AR
= 0 A 7 o AT R R A S A Y iz
FE AR T YHO2 FEF 4 P AFELE 1030 FioR
R E B, XU 1S SRk
Yt ic ot 8, JF 5 AR R AR B v ny v

R3  EKRYH2SIESMT 2 B E RAFIE

Table 3 Differential characteristics between the strain YH02 and related species of Streptomyces
Characteristics 1" 23] 30671 40381
Spore chain Rectiflexibile Rectiflexibile Rectiflexibile Flexibile/Spiral
Aerial mass color on ISP 2 Light pink Yellowish gray White White
Diffusion pigment on ISP 2 - - nd -

pH range for growth 6.0-12.0 6.5-7.5 6.5-7.5 nd
Maximum NaCl tolerance (%) 5 2.5 nd 6
Temperature range for growth (°C) 16-37 25-30 30 10-37
Hydrolyze of starch w + + +
Gelatin hydrolysis + + + w
Nitrate reduction + + + -
Milk coagulation w nd + w

1: Streptomyces sp. YHO02; 2: S. venezuelae ATCC 10712; 3: S. zaomyceticus NBC 00278; 4: S. exfoliatus NBC _00077. +: Positive

or present; —: Negative or absent; w: Weak; nd: No report. #. All data from this study.
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