2026, 66(7): 3409-3424 G =i
CSTR: 32112.14.j.,AMS.20260046 Acta Microbiologica Sinica
DOI: 10.13343/j.cnki.wsxb.20260046 http://journals.im.ac.cn/actamicrocn

Research Article Bt &

s e BB E (Heyndrickxia coagulans) B 73 SR EH
YR ARE IV

W Y, EREX Y, Fall, AR, FEK, FHHET, FTT"

1 B =IEAEYR GBI AIRA R, =f B
2 BB At Sablrsabe, w B

HHIGEHE, FEAG R, B LLUR, JE B, 2Rk, Wi g, 2R BES I RAE [C TR (Heyndrickxia coagulans) W53 25 N AR FH#E I3
B[], fhEEMIREAR, 2026, 66(7): 3409-3424 .

HU Xiaoyan, DONG Haotian, LUO Hongjuan, ZHOU Xianfei, LI Chunqiu, CAO Yanru, LI Yaping. Isolation of Heyndrickxia
coagulans and assessment of its feeding potential[J]. Acta Microbiologica Sinica, 2026, 66(7): 3409-3424.

W . 45 B 4E5 KA (Heyndrickxia coagulans), 5 A % & 45 3 3047 & (Bacillus coagulans), £-
HEBEGRAOF A TR, R—R2T2WPARAEAH. [B6)] HRAESHAGRLEERZREA,
st H AR B HAT RN [FE] RA-FRUNEEMNB MR, LEREEFHa T o BRL R
B2 KE, @it 16S rRNA KB M Faf 5 B AT S Z, 8 F 8. | mnx.
REEREFEERMBARR, FHFEMNE . KOBEETESN, AR R EAE L F 430 R A6 5] A
B IR — A IEHAN, GO E B ENRALERBRANAAED. [£X] £58%
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Isolation of Heyndrickxia coagulans and assessment of its feeding
potential

HU Xiaoyan'*, DONG Haotian**, LUO Hongjuan', ZHOU Xianfei', LI Chunqiu', CAO Yanru®’,
LI Yaping"

1 Kunming Saturn Biological Technology (Group) Co., Ltd., Kunming, Yunnan, China

2 College of Agriculture and Life Science, Kunming University, Kunming, Yunnan, China

Abstract: Heyndrickxia coagulans, formerly known as Bacillus coagulans, exhibits pronounced
intraspecific heterogeneity and represents an important probiotic candidate for animal feed.
[Objective] To isolate high-quality H. coagulans strains and evaluate their potential for feed
applications. [Methods] H. coagulans strains were isolated from spoiled fruits, soil, and feces
through the plate streaking method. The isolates were identified by 16S rRNA gene sequencing.
Functional assays were conducted to comprehensively evaluate their feed potential, including acid
production, gastrointestinal tolerance, biosurfactant production, antimicrobial activity, protease
activity, and utilization of different carbohydrates and feed raw materials. [Results] A total of 133
strains were isolated, among which 23 strains were identified as H. coagulans. Nine strains with
strong acid-producing ability were further selected. Among them, strain N9 isolated from rotten
Artocarpus heterophyllus exhibited the highest acid production, decreasing the pH to 3.89+0.05
after 24 h of incubation at 37 °C and achieving a lactic acid yield of (3 370.00+87.36) pg/mL.
Following treatment with simulated gastric and intestinal fluids and bile salts, the survival rates of
N9 were (73.50+1.54)% and (83.20+1.66)% , respectively. Furthermore, strain N9 showed the
strongest biosurfactant production, with an oil displacement diameter of (43.00+0.46) mm.
Antimicrobial assays revealed that N9 effectively inhibited three intestinal pathogens: Sal/monella
enterica subsp. enterica, Escherichia coli, and Staphylococcus aureus. In addition, strain N9
exhibited notable protease activity, with enzymatic characteristics well adapted to the animal
intestinal environment. It was capable of utilizing carbohydrates such as xylo-oligosaccharides, as
well as feed ingredients including palm kernel meal, cottonseed meal, sunflower meal, soybean
meal, and wheat bran for acid production. [Conclusion] H. coagulans N9, isolated from rotten A.
heterophyllus, demonstrates good potential for feed additive, serving as a new candidate strain for
the research on probiotic application.

Keywords: Heyndrickxia coagulans; isolation; identification; feed application potential
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LIR . W, TREANIR, XEGHLERA] A
fis £ PR HEZY 10% 19 H # Re D g, 42
G E YR e B A Y . R SERE SRR KL A
W %) ) FH 38 0] A — e BB s/ S W kR
FE, HEMZEAR < NG PR IE

Bk 4 by A [ B (Heyndrickxia coagulans) iz
R Y Hammer DS i 2F- 07 43 B4R AS A 41TER
PRUEFPIR, ELRE(EA- D718 . &E [ i Hmif54 ,
T W1 i 44 R 58 45 28 f AT B4 (Bacillus coagulans) .
% W T 1980 4F 1F X %% “Approved Lists of
Bacterial Names” W %%, De Clerck %P F
2004 47X EE 45 ZE LR 7 (B. coagulans) B3R 14 K
AR AR EEAT TAGI, CRRZ B IT R IR A
B IGPHE . FEPEDRE WA IR, Rl AR
B SR 290, B & B [RIBESS 2R fAT T
PR BIAF TR R 22 57, f87n 1A 1B 35 1 Fh N
SeFtE. 2020 4F, Gupta S0 300 A2 AT
WA AT T RG22 BT, %
eSS 27 A TR R A 2R A 24 O BRSSO =
W (Weizmannia coagulans). B J5 ) 2023 4,
Narsing Rao %5V 4f 4 3 K 20 7 9] ) S S il —
#1k (amino acid identity, AAT)7> BT 45 FR B 0% S
IR (Weizmannia) B 73 Zh it R B v 17 LG AT
E(Heyndrickxia), ek %%‘;EE%(W coagulans)
bifi = B 2 SRy Bt 45 U B IS I (Heyndrickxia

coagulans)
eSS AR IQ I 7 A 1) Z RS RE i B 70 e
TR L YE R S E B A F LR, — T

T AT AR S il pH (EL, S0 St S50, &
FIRBUAERNMER; S —Jim, FIREEE
LALRE R, ATLAR TS A ke, K
BB Iz AR IR . ok A AN R AR BT B
245 TSP F T Tl PR 18] 9 A RS P A7 1 5 2 o
PEPL, AR SE A Z R EREE th 43 B eSS R I T
K, MR IR AE ) . B A et i
TE 7 R LRk 22 Mol A e s O R
RE VBRI BRI AR LI OA s 2 MR R ARk 45 4
BT 45 B PR AR A AR IR A B A BT

1 AR5

1.1 ##

1.1.1  #&EKiE

R R S K ey A ) P o T e w N
B SR R A AR P DRI R A DAL R
fin A A AR 5% B RR 04 4 B A kL, HLRA(E BT
W 1.
1.1.2 XTI REFRE

PBS 2% i i 4% B 2 28 AU vk e .
FBURRFRHE(NA). MRS 53238, R YL4:
VIR A PR T o 8 PR P2 IR (0 1% 37 S 43 IR
f SE I T g il % 5 ARG 0 B R R i 0 R FH el
R MRS 5 (g/L): HHM 10.0, BEEER 5.0,
WAERE 5.0, 4AE 5.0, AL 0.15, —KE
WilREE 0.1, &AksN 2.5, L-2ERk@EmEhmE: 0.5,
ik 0.5, P47 pH & 7.0, & I E PET %R
FHN 8 g MEAR I R MRS JE g3t DISE
WEFIIR AR B B MRS 3535 Serh (0w 24, oF
FIREAERE R e e . N T B, il
FARERBE 3L, R YR A BR A .
BREIEEFRILWNA), MBI, F5if
A ARFRR AT .
1.2 BREESRERENTESEE
121 E#HMSBE5H

FFRPRE S S g inA 95 mL PBS i,
T 17°C, 220 /min #&3%% 1 h J5, BB R
107%, B 200 pL B 43011 T NA Fil MRS
RigR e, 98 T 40 °CHI 45 °CHi 5% 24-48 h,
FRRR T, R B VR 8 B RO A L A
W) BT V%, K T PR 4l 4k S % AP = MRS A}
TRFE
122 N EEKHELEE

B9 B EIR FH Lysis Buffer for Microorganism
to Direct PCR ijf] & (TaKaRa /A ®))i#£4T DNA #2
B, SRS 27F (5'-AGAGTTTGAT
CMTGGCTCAG-3" ) fil 1492R (5’-GGTTACCTT
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®1 ERIBEERER

Table 1 Information of samples for isolation
Sample Location Latitude and Altitude/m Sample source
longitude

1 Mengya Valley, Menghai Town, Jinghong City, Xishuangbanna Dai 100.50°N, 880 Rotten Artocarpus
Autonomous Prefecture 22.10°E heterophyllus

2 Mengya Valley, Menghai Town, Jinghong City, Xishuangbanna Dai 100.50°N, 755 Rotten
Autonomous Prefecture 22.10°E Mangifera indica

3 Xishuangbanna Tropical Botanical Garden, Chinese Academy of 101.25°N, 570 Soil
Sciences 21.41°E

4 Xianghe Animal Husbandry (Layer Farm), Cancuo Village, Huangchuan 102.48°N, 1787 Chicken manure
Village Committee, Duodian Township, Jinning County, Kunming City, 24.56°E
Yunnan Province

5 Bingxiang Breeding Co., Ltd. (Layer Farm), Guanba Village, Shuijing 102.76°N, 2278 Chicken manure
County, Honghe Hani and Yi Autonomous Prefecture, Yunnan Province 23.42°E

6 Yunda Agricultural Development Co., Ltd. (Layer Farm), Fuda Village, 104.39°N, 1470 Chicken manure
Yanshan County, Wenshan Zhuang and Miao Autonomous Prefecture, 23.47°E
Yunnan Province

7 Xunxing Animal Husbandry (Pig Farm), Xingcun Village, Jifeng Town, 102.70°N, 2032 Mixed pig manure
Xundian Hui and Yi Autonomous County, Kunming City, Yunnan 25.46°E (sow pen, finishing
Province pen, nursery pen)

8 Qiancun Animal Husbandry (Pig Farm), Xiguan Community, Yuezhou  100.80°N, 1 820 Mixed pig manure
Town, Qilin District, Qujing City, Yunnan Province 25.43°E (sow pen, finishing

pen, nursery pen)

9 Hong’an Animal Husbandry Paper Mill Pig Breeding Base, Zhudian 100.80°N, 1960 Mixed pig manure

Town, Xiangyun County, Dali Bai Autonomous Prefecture, Yunnan 25.43°E (sow pen, finishing

Province

pen, nursery pen)

GTTACGACTT-3" )17 FFE 16S rRNA K AYH™
#4 . PCR [ W #& & (25 pL): 2xTag PCR Mix
12.5uL, . RS 14(20 umol/LY$% 0.5 uL, DNA
Btk 0.5 uL, ddH,O0 M2 25 pL, PCR I 5%
. 94 °CHIALYE 5 min; 94 °CZAEPE 1 min, 55°C
B 1min, 72 °CHEfH 2 min, 330 /ME#; 72 °C
ZAEAH 10 min, PCR F=#ik 24 TAY TR
MR A PR BTN . K5 I4519 16S rRNA
SR 7314252 & EzBioCloud #E4T LX), 1845
PEBUHALFES], FIH MEGA 11 8, RH4R%
(neighbor-joining) L HE R G L B, i Ak
(],
1.3 BEEEERERIAREEN
1.3.1 A48 BERERFEREE RN

A HLR & 2 ¥ H Y B ok ) AR R
TS, PR WR AE A7 S B4k v R G B A 0 2%
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PR AN R MRS AR FREL, 37 °CRfr i 1%
75 24 h JFIE pH, HEFT P IRIGE AN W] A
el (TP A PLER I E ) (GB 5009.157—
2016)!" e 4 i AR €% vk (HPLO) X = BR B
o TR AR A AILER A R UEA T 52, IR A >
QY a0 AT g (0 KO A MEE . R 1.2.2
I LT 16S IRNA KL M 8- Bk )
SRR RGE R B
1.3.2 RE5EEREN SN
W 1.3.1 719 R e SR AR (14 7= R RE 1 55 11 P
WA NI X G IR SR e S PR v S .
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o AR 1 mL ¥R 1x10° CFU/mL By £
T T B A B EFR T pH 3.0 I AN T B WA S &
IR AR EE 2 h, FREOZALEEE 1 mL iIlA pH
6.8 MY N T 1 W Fl e 2 B W A0 3 2 h, LUK
DU GRTR: 1 5 P T 52 68 5 R R[] v B A A T 7
R R T IR AR R SRS, 37 °CREE IR
2 h DA AR R ER T 52 68 f o B, #F bk
2 T b BEOBCRE BE 1 000 %55 R A T2 B MRS K
FEHEE, 40 °CHEFE 24 h ]G AT RGO, THEE

PREGAFIG
133 BEBEERE~FxEAEMERRE

oml]

FTH S VR BTG B BT T M
b BAT RAEFRYFUAAERT . nl LA 5 3 9 FLJBE
TR TR B . i 5 i 07 1 T AR W i, AR 5
SR HE i P ke ARG T 3 125 ) S 4 T SR PR T 7
TG PEZR AYRE ST, BIFEIM O A 10 pL FRF
BRI, 0 R R ) DR/, R LB
W= FRITE T R AE S M
134 B8 EEREINEEER

SR FH A= ARV AGL I 3 B TR AR R B0 1 K
F & (enterotoxigenic Escherichia coli, ETEC)
83922, IA b 1) IR W A (Salmonella enterica
subsp. enterica) ATCC 14028, A H =/ JEEA A
(Clostridium perfringens type A) CVCC 1142, 4
T {0 ) % BR W (Staphylococcus aureus) ATCC
6538P (ARG M. A AR I 200 pL, %
Ji£ 3 1x10° CFU/mL (5 0 T4 bk R . o K
FFE . BP9 BRI R AT T NA
B3k, 37 °CH;S% 24 he A RIS EBR EIR
i T BAR R 7R3, 30 CCIRA;F 24 h,
FEGE TR Rl A
135 REEERERENEOREEEN

PL1L12 5 A B MRS 15 352 58k SE Al 1
IRk, WHE 3 AR, RIArLL 8 g BEEEH .
8 g A MH+5 g MM . 8 g MEAHIT+10 g BRI
BAURSR MRS B3RPy 10 g k. Kok
B AR LS4 M T Bk 3 R |, pH

7.0, A3l FIRAMEFE AT 37 °CH55% 72 he
i W AR (D) M 75 H AR (D), 1A D/id fH,
i 0 H T 7 W PR R U R AR A 1Y
T 95 P e R ) R 3 S A T pHL BB EE R
50, 5.5, 6.0, 65, 70, 7.5, 80, 85 —%
BV AR S U B R kb, 37 °CA R Al
BIRASIA 2 PG, R T2 h 5 &
ol E 4L Did He Al , IR AR AN pH
SN TR AR 11 Tl T P ) S )
1.3.6 £455 REKEX S LPEME R RER
B9 F A BE 346

PLSE AR SOMRAC 1.1.2 F ek B MRS &
PRI FRIE AN, R R Pl T2 A 1 77
e, ool TIRA MU E AT 37 °CH5 9% 24 h,
58 B F2 WY ODgooo LABR . MRS 15 38 L FIAS
TINAEZ A M R MRS 55 35 348 Ay B A A
X HR oK A A IR g Y TR R 43 i HE A T LA AR R
SEWE . ORERKE. B-HIRME . KIRE. MR &F
YR EWESE, DASARRG . BEtRRT . SEAERT . 3
K R KSR R A A Y ol R
MRS R FEEH, W46 pH 7.0, 37°C. 180 t/min
SR FE 24 h JE AR RE SR A pH, I RE TR AR
X A RN A UL R P R O . AR F
FERTAKENEE R R 3 A TS50 s

2 BERE5AM

21 BN BEESRAELZEND
e

ARSI B ARG 133 bR, RBREEE
e 27 A D, e T 307 11 R 15
J& o MRS B AR A B 0 Ak —— B4 i R
QTR 23 Fh, o DA W gt 85 s AR g e o= SR v 43
HIARAT 8 HRAN 6 R, AT 6 bk, XSGR
FG ARy HIARAS 1 RRAN 2 BR(FE 2). 133 BRE,
Heyndrickxia J& JJT 75 (%) 25 f0 4T 1 ] (Bacillota) i)
ERECE R Z, N 117 ¥k Heyndrickxia J& FAE
A A3 Bk, S EE R EEY 32.33%,
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Figure 1 Phylogenetic tree and number of isolated bacterial strains. The outer circle represents the number of
strains at the phylum level, the middle circle represents the number of strains at the family level, and the inner
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R2 23RESE G EIEICERI16S rRNAEEEMM & 5 iR
Table 2 16S rRNA gene similarity and source of 23 Heyndrickxia coagulans strains

Strain 16S rRNA gene Source Strain 16S rRNA gene Source
No. similarity/% No. similarity/%
N1 98.93 Rotten Artocarpus heterophyllus | N13 98.95 Pig manure
N2 99.08 Rotten Artocarpus heterophyllus N14 98.99 Rotten Artocarpus heterophyllus
N3 99.05 Rotten Mangifera indica N15 99.49 Soil
N4 99.59 Rotten Artocarpus heterophyllus N16 99.38 Rotten Mangifera indica
NS 99.66 Soil N17 99.80 Pig manure
N6 98.95 Soil N18 98.72 Rotten Artocarpus heterophyllus
N7 99.11 Rotten Mangifera indica N19 98.67 Soil
N8 99.53 Chicken manure N20 99.34 Rotten Artocarpus heterophyllus
N9 99.36 Rotten Artocarpus heterophyllus N21 99.29 Soil
N10 99.07 Soil N22 99.08 Rotten Mangifera indica
N11 99.27 Rotten Mangifera indica N23 99.16 Rotten Artocarpus heterophyllus
N12 99.40 Rotten Mangifera indica
A B 210 &

7.05

7.00

6.95

6.90

4.40 b

4.35

4.30

425 i T

4.20 ed o ed & ¢ cd

&g T o Me

e e € ¢ e e

3.95

3.90

3.85

0.10

0.05

0.00

S SRR R
Strain

E2 23RBS BEREEF24 VR BRIBEARERNINEZREBLER

Figure 2 Acid production of 23 Heyndrickxia coagulans strains after 24 h of culture and Gram staining result of

strain N9. A: Growth of 23 strains on qualitative acid-producing chromogenic medium; B: Quantitative
determination of acid production (Different lowercase letters indicate significant differences among treatments at
P<0.05); C: Gram staining of H. coagulans N9.
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KES, Hrp o RER pH FEE 395 IT,
IR HGX 9 BREEE R J5 22 SE B i bk . Horh TR B
N9 1) pH ik, F&EZE 3.89+0.05, F£WHiZEMK™
fRfie ) 1. X RARIE T RIS A,
B N9 AI774:(3 370.00+87.36) pg/mL AUFLER,
AHLR 94.82%; 1AL, BA(158.00+6.31) ug/mL
MR, (22.00+1.85) ug/mL FUFITR, AR
PNFR(3.0040.23) pg/mL FI T FR(1.00+£0.14) pg/mL.

HE— X = TR RE ) de i 1 R AR NO R4 T T 4
LRGN, SRR, BRR N9 2B MR
F14) TR 445 T SR UG TR AR TR 288 B4 22 G PR M 1A 1
20, (K 2C), 16S rRNA RN ARG L F i it
N, B FE N9 5 Heyndrickxia coagulans ATCC
7050" 2RI, — Sz S (K 3), H
16S rRNA FE P 721 AL B2 155 (99.42%), D I
RGRE K ZR I SRR NO S5 R4 i 1R
15 (G TR (H. coagulans).
23 BRESREERENB BN ZEN
&R

T 2 S 25 SR R (] 4), 9 RRERSS
REGE T N21, N9 (195 sz ae 1B, &

97

99

44

—

0.0050

&3

TE 300 9155 (78.3042.64)% . (73.50+1.54)% ; H
W N4, B 7%} (69.40£2.59)%; N8, N13
PR PR 09 B8 A 3 ik T A5 KSF L 43 512 (55.60+
3.44)% . (55.30£3.24)% ; 1fif N17. N10, N7,
N6 ) B AF AN A, YR T 50.00%. £5 1 fir
R, N21. N9 7ERLE I Ak 28 5% F 1 B A7
R E S THMEK, B&E050EmITRE
Tt 32 e

2 0.3% MHERALTE 2 h J5, 9 RRBESS G 15
[CH 0 BB AR5 B I Z R o h—8, Hrp,
N21. N9 BRI IR 52 68 ) ik, B3 A7 R 5%
W3k (89.20+1.71)% . (83.20+1.66)% ; H: ¥k &
N14, BAEZHE N (77.10£3.55)%; N8. NI3 [tk
(1) B8 AE 5 Ab T rh 87K F, T N17. N10, N7 (1)
B A RAT A, N6 B AR B AR ER I 37 P e 22 .
Zg ERIAN, N21, NO 7E 0.3% JHIR A B4 R 1K
BRI T A R, AL S i IR

M SR

24 NHREGSEERREN~REENE
e

HIPE SA R, 9 BREESS I RELDE R TR 1 fiE ™

7 L’jHeyndrickxia sp. N9 (PX699798)
98 Hey

Heyndrickxia faecalis Marseille-P8953T (GCA_018101145.1 2)

ndrickxia coagulans ATCC 7050T (CP009709)

Weizmannia acidilactici PP-18" (LC424429)
Heyndrickxia acidiproducens S1.213" (EF379274)
Heyndrickxia oleronia DSM 9356" (X82492)
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Figure 3 Phylogenetic tree of strain N9 based on 16S rRNA gene.
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