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fi§ E 25(0H)VD,M10a,25(0H),VD,TEIGIR AT 2 N, oA o7 i A 6 ik 5 A M Ak, A4
AH O 256 B2 B A RN F AR N — PR BROAIR SRR s, D IRECE A A PR A gk AR ZK D Th AR I i A= 4, il
It M — TR YA A B o 2y B 45 B — bk B B Ak 4 A2 D, A 25(0OH)VD 1 a,25(0H), VD, fE 1 I H#i#k1-18. 416S
rDNANIF %58, BAR1-18 9 E K2 AT B (Bacillus megaterium) , fir 4 N EK 2 A B H-1. i 8 e 2k Ak & 1%
L, Wi s RIS A AR pHIAT.5, I IN6% (V/V) B H M BhiEEY), K6 hisf 5 NJEY4EE 2D, M2 N2%
(V/V) . AL )G 25(OH)V D, K B 7E 4 1 36 hitf ik )1 433.90 pg/L, 1a,25(0H), VD, K & 1E & %60 hitf ik £)811.05
ug/L. AT FE R ) 57 36 30 H7 1032 3 A 4t A SR D, B iR, 08 IR R B A% A 4 TR B SRR = T R A PR IR
(9 31
KHEIR 4R FK Dy AWML BT R 25(0OH)VD,; 1a,25(0H),VD;,
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Abstract Both 25(0OH)VD; and 1a,25(0OH),VD; are widely used in clinics, and the synthesis methods include
chemical synthesis and biotransformation. Compared to chemical synthesis, biotransformation has the
advantages of mild reaction conditions, strong reaction specificity, and low cost. To obtain microorganisms with
relevant functions, strains 1-18 with the ability to transform vitamin D; were screened from the soil by the sole
carbon source plate method, which can hydroxylate vitamin D; to produce 25(0OH)VD; and 1a,25(0OH),VD,.
Based on 16S rDNA gene sequence homology analysis, strains 1-18 were identified as Bacillus megaterium
and named Bacillus megaterium H-1. By optimizing the fermentation process through a single-factor method,
the optimal fermentation conditions were determined as follows: the initial fermentation medium pH was 7.5,
6% glycerol was added as the substrate co-solvent, 0.25 g/L vitamin D; was added at 6 h, and the inoculation
amount was 2% (V/V). After optimization, the 25(OH)VD; concentration reached 1433.90 pg/L at 36 h, and
the 1a,25(0OH),VD; concentration reached 811.05 pg/L at 60 h. In this study, a new strain with vitamin D,
hydroxylation ability was successfully screened. The fermentation cycle was shortened, and the concentration
of hydroxylated products was increased by optimizing the fermentation conditions.
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VD, F1a,25(0H),V D, [ A= 7= J7 1 A AR 56 il i A AR e A
P A RO DURR [ S FEAR SR AT AR N TR R, il it 25 4k
IR BLIRAF SR B A YE A R Dy, (R R AR AE R NP IR Z
SR, B R0 o s A i FR AR B 2 55 i), ™
[ T 25(0H)VD,Fl1a,25(0H),VD,f) 12 i 0. R4 T
B S, VAR A AR R SR S S e 3
AR, WAL A 5 25(0OH)VD 11 a,25(0H),V D, 3% i i
BTG, E AT, SCRRAROE AT BRI A KD A R
R AR R KR A RS o, Sasakil#IBA
38 B HLE 75 B 72200 LR B SR 416120 h, 37:438.3 mg/L
25(0H)VD,#10.17 mg/L 1a,25(0H),VD, *"". Kang#lB\#£75
LR 1% i v Jm i i 1 I K %168 h3k15356 mg/L 25(0H)
VD,#110.4 mg/L 1a,25(0H),VD, "> ™. Tangl] B\ R 24
fFFHizju 4-25 404k 4 K DA 830 mg/L 25(0H)VD;, & H
B A= 0 7= 25 (OH)V Do [ 5 i 7= i, HLTE R % I A op 75 s
200 g/LEE R -B-F WK (HP-B-CD) BIAEY), A K&
AFTF Tk, 3T25(0H)VD,F11a,25(0H),VD, E 17 i
PR FAAN T i 5, 97 3% 4 AR 22 Dy BUR ML B B, SEILC-1aEk
C-250; bt 0 E.

AR 5T 88 Ik DA 4 A= 3R Doy ME — B U ¥ T AL 36 1 B O ik
SRAFVEAE B RRTERE, I 40 BRI 5640 4t A 2R D, 7= P i3k AT 45

C-1a. C-2547 B AL IhRERI T MR 1E R B AR B Bk, MR 3 B A% H AR 1
R KRB FANT SR R E. B s ki g%
PREETT 5, B T 25(0H)VD, A a,25(0H), VD, B2, T
e S AR AR R A 4 A R D, B BT FE A

1 MREFEE

11 ¥ 8

111 & ™ ERZFFFEH-1, HILR RS R
i 30 3R A3, LR i 2 ] 3 A A 4 B R R e B G (No.
CGMCC20362) .

11.2 1EHHE EHER IR (/L) : HAFE10; (NH,),SO,
0.1; &HME5; MgS0,7H,0 0.2; K,HPO, 0.1; CaSO, 0.05;
FeSO,7H,0 0.002; pH 7.0 ",

kR IR (g/L) « 4E4E KD, 8 x 107 K,HPO, 0.75;
(NH,),S0, 0.8; MgS0O,-7H,0 0.1; 3/l520; pH 7.0 ™.

KRR FREE (g/L) « BEREN}S; B AME10; NaCl 10, H2A
pH.

1.1.3 EERFIMUE Ye A D H il TAHRA
Al 4EE D, 25(0H)VD,Mi1a,25(0H),VD bRk S E -
WU A R AT 2. 2 -, EFRE. N . A=
B CH D« IE T B IEREE. 1B, &P k. LM LHs.
TECURESS N E 25 4 B AR, . 20 B 2 Al )
Tk B JE M AR 3 S ek T BR A | Avance 4004% i
JLYRAC E Brukera & s PCR N 3 W H 5= KBBIZA
7]; HPLCH A (i X I H Agilent/A 7], 4 A Waters
Symmetry C18 (150 mm x 4.6 mm, 5.0 ym) .

1.2 ERE#E (TLO)

KRHIGF 2547 IR 2 2 MR F T TLC/M T, sikenmsfk
JEARAE60 CHFTEILT h, ZBRLER-1ECkE (WV = 22D {ERE
TEF, R B - VAR R VA VA S 7).

1.3 B BE5TFE
FRE2 gt 3 100 mLEEA R, 20 mLTE B /K45 3

FE, T RIS mLT E4ER IR, 7530 C, 220 r/iminfE IR
B9712 h, W50 pLE S8 75 R A T L4E A R Do M — B
R ) [ 44 1 R B e P B, B T30 CREFRAEIRI ELE %36 h.
WL 01 16 “FAR 1 B VR TR T 45 B BR T v 78 97 6 1) LB ] 4k 5%
FREPAR = X Rk, RIZEPARTES0 C 5 7 Fi {8l B K5 7716 h,
AT TE BARE K. 2 BRI TE B bR vk 24T 4 28 D, 541k
RIS (PEWA.4) , R RBEES I 5 BURE SR IR 2 BTk O
WA.2) R, 0 3R AT B A AL 4 AR R DL RE T B AR Ak
1.4 Y4EZDEHIRE

TE BT R 28 (1) AR - BRI V6 T 2510 mL LB iR ES
FEHL50 mLAE IS, 30 °C, 220 r/min FEK 7724 h, 175
PRI2% M B B 4 B2 2 LB M k5 77 23 (50 mL/250 mL) H,
BN YEA 2Dy, BRI E N0.25 g/l KEERT R FEAE
30 'C, 220 r/min FEIR$EFET2 h, RISRAG A0 R R
1.5 B EYNESERERIL (HPLC) ot

WRERA mL ok A — SR e S A I A 20K, &)
BHLZ. BHUEFE T8 XN E T, I mLFEER T, o
0.22 umA HLIE BRI SR AR B RRE . R B URE B 72 Sunfire™
C18t1i 4 (5 mm, 4.6 x 160 mm Agilent) i it 2. f5: /K
B 2 P A B S B AV BEAT A : 0-10 min, 50% £ s 10-15
min, 50%-100%Z.Ji&; 15-25 min, 100%Z Ji&; 25-30 min,
100%-50%Z.fi&: 30-35 min, 50%Z . SRR 20
uL, A 9265 nm, it 91.0 mL/min, #4540 C.
16 BN ESEMETE

HI500 mLA M H — SR e AU R 22K, &
FE M. YL LS TR 25 R OGR4, WRAEFER10 mL
HEEE R, 150.22 pm A HLEEME, & H. F &L % AHLC-
20AM B g ZI v, @2 E T (TLS (FENL.2)
R 4 405 . 40405 B2 4 @ L LC-MS, "H-NMR#E4T
Iy T4 A .

K A 03 - R e B (LC-MS) X & BERE i M 4 2E
Z DRI bR AL BT 2. 4 WKk FH Agilent 1260 Infinity
LC# 4 flAgilent 652047 51 = Q-TOF (PUMAF ®AT IS ] i
T, KRBT S (ESD J5. K Agilent Zorbax SB-
C18f1ik: (2.1 x 150 mm, 3.5 umol/L) , ¥i# #0.5 mL/
min. G460 7= 9 A7 i L B DS 3 TE A B 5 ER Sk A0 AT, SR
FrRUE B FE 7, ¥ AR, TMSH AR,
1.7 BMHIEE
171 BESEEFE W 552 W R 7 LB [ 4k 5% 77 i % 0 ik
Bt R AR AS, I FBREU B v E BT M 4% T ik
T2,
1.7.2 16S rDNAW 8 FIF 5 54 KH bl T
UNIQ-104E 2 41 B 5% 4 20 DN AR 71 & 3k 47 56 D4 40 ) 42 1
Plprimer A (5-CAGAGTTTGATCCTGGCT-3") . primer B
(5AGGAGGTGATCCAGCCCA-3") Jy E R g4 ¥ 18 & vk
#J16S rDNA. PCRJZ M 4414495 ‘C 5 min; 95 'C 30 s; 55
‘C 30 s; 72 °C 1 min; 72 °C 5 min, 34ME. ¥ 8 KB bk
16S rDNA | i 4= T A7 PR =) BEAT 0 .
1.8 REABFEDH

HAR B #116S rDNAF 4138 1t 5 NCBIZ i 2 55 B,
i 1 HH 14 v 2% G M ) R R I A B HR P T L 140 TR PR T
16S rDNAJFFIH T 241K & 550 #r. 16S rDNAJFFIFHHMEGA
(11.0) BAEXFF. HeF, K HNeighbor-Joiningidi 4 # & 4¢ it
LB, 1+ A5 518 (Bootstrap, 1 000/ E &) ¥l &% Kk 4=
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W1 A
1.9 25(0H)VD,F11a,25(0H), VD= 40K E it E
I3 RS B PR YE A K D, 25(0OH)VD,#11a,25(0H),VD,
v i, SR R A S 7 700 G B O 7281 mg/Ls 5 mg/
L. 10 mg/L. 50 mg/L. 100 mg/L{J¥E30, 4 e R mo (i
(HPLC) 73 M2k 1t (W IA.5) 22 i g i B -k b i 28, AR
P br e i 2 T H e

2 BRSWIE

21 HEETFIE
3 3o M — B PR I 0 318 34 T E B bR AR, 3
— 3BV E F bR B MR AT A 4 A KDL R R . v
JZEMTE (TLC il & AN B bR 10 4 A2 DB L. HTLC
K45 5 (D A5, B RE1-18 R 105 4t 28 2D, 10 Ky 1 Fh
T #E Y Product 1#1Product 2 (fii#kP1#IP2) . PARMIP2#E
TLCHR |43 5 F125(OH)VD,F11a,25(0H),V D ik & f7 B 41
5], #1125 HI = P19 25(0OH)VD,, P2J91a,25(0H),VD,.
22 HUFNEREE

R iEiEHPLC . LC-MSHS JIHIESEP1FIP24F 1,
H Hy W i 1] 43 51 5 25(OH)VD Al 1a,25(0H),V Do b v i 4
SERE CEI2A) . TR -1856F 2 25 2% D e A0 T 57 0% A i 45 1
WE2BAT K. M AT B4 5 P1TEm/z 401[M+H] 4b
FE—DN T 8T, #£383[M-H,0]" #365[M-2H,0] 4t 7%
W BT, 525(0H)VD,; (CyyH,,0,) MIMSE i —3. P2
Em/z 417[M+H]" A E— A7 F B F, 7E399[M-H,0]"
M383[M-2H, 01" b EME & F, 510a,25(0H),VD;,
(CprH4sO5) HIMSIE T — S, HE W 13 45 1-18 KA 45 7 1 F 4k
4k 4= Z D, HIC-1af1C-2517 I RE

R R B PRI B AL 5 B3R P1AIP2
[ B8 — R4y, 43 A EEAT TH-NMRES 420 H1, "H-NMRE 8 7L &
2C. #P1(¥1"H-NMR (400 MHz, CDCl,) : 56.05-6.57 (d,
J=11.3 Hz, 2H), 55.04 (s, 3H) , 54.82 (d, J = 2.0 Hz,
1H) , 62.84 (m, 1H), 52.23 (m, 1H) , 50.93 (d, J = 6.1
Hz, 3H), 50.88 (d, J = 6.6 Hz, 6H) , 50.54 (s, 3H) , 5

Product 1
Product 2

E1 EHR1-18 L EEA I TLCH M. 1. 4E/E £ Db b 2: 25(0H)VD, b5
WEdh: 3: 10,25(0H), VD briE s 4: BAR1-185 4k 45 2 DK B L.
Fig. 1 TLC detection of strain 1-18 fermentation products. 1:
Vitamin D; standard; 2: 25(0OH)VD; standard; 3: 1a,25(0OH),VD,
standard; 4: Fermentation broth sample of strain 1-18 transformed
vitamin D,.

BR[15-16]F R E—5, HUbHIWP1A25(0H)VD,. F=4P21]
'H-NMR (400 MHz, CDCL,) : 56.44-6.23 (d, J = 11.3 Hz,
2H), 55.33 (s, 1H) , 65.00 (s, 1H), 64.43 (m, 1H) , 54.23
(m, 1H) , 52.83 (d, J = 12.5 Hz, 1H), 62.60 (d, J = 9.9
Hz, 1H) , 62.30 (m, 1H) , 51.21 (m, 6H) , 50.92 (d, J =
6.2 Hz, 3H), 60.54 (s, 3H) . 5 CHR7]h#kiE—%, dit
Wi P2y 1a,25(0H),VDs.
2.3 BHREE
2.31 EAEESEEHE B RR1-18° 4R 21128 530 °C {3 & 1
7716 h, WEEAOE, LEESF (EBA) . Hk1-187ELBH
PREE IR 2 R R, R RREE . 3B R
SEHFHR1-18 AR, K[, K4.0-10.0 pm, BBl FER
HEF, NHE LGP (EI3B) .
2.3.2 RGHLH JE I SRS R 1-1811116S rDNA
BB FER, AR 393 L. k15 msE S PEHE AR 16S
rDNALS B #£1-1811)16S rDNAJF 5 LL X, H 44 2 R Gk tb B
(E4) . SRR, HR1-185 H K 28 /AT 5 1 7] 5 1 54 51
99%LA I, BPk1-18¢r & N B R ZE AT B H-1, ff 2 [ 3
A B R R bt (CGMCC No. 20362) . I THE
KIEFMAEREEE WA, 5T E N mE s, Iz
T4 KB12, BRI TIRE: (PHB) 2524 5B AEM &
BT, H T AR 32 A 4 2R R Do THI R BIF T A L3RG

P1 A
P2
Strain 1-18
A
A/itamin D

25(0H)VD,

1a,25(0H),VD,

2033000
0 o
P1 265.3008. P2

uuuuuuuuuuuu

saaig | s l
e alfmn
»

25(0H)VD; o 10250HVDs T

" 1 " 1 " 1
0 5 10 15 20 25
{5841 i) Retention time (t/min)

30

El2 EHk1-18 % B MM E. A: WHR1-18K B W0 (0 i BT I s B TAFR1-18 K B~ M MS i : C: BFR1-18K B 110 'H-NMRE 5.
Fig. 2 Structural identification of strain 1-18 fermentation products. A: HPLC results of strain 1-18 fermentation products; B: LC-MS results
of strain 1-18 fermentation products; C: 'H-NMR results of strain 1-18 fermentation products.
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B3 EHR1-18MIASHHE. A: HEIEA: B: AUHE.
Fig. 3 Morphological characteristics of strain 1-18. A: Colony
morphology; B: Microscopic features.

Bacillus halodenitrificans (ATCC 49067)
Bacillus halophilus (DSM 4771)
Bacillus naganoensis (ATCC 53909)
Bacillus halodurans (ATCC 27557)

Bacillus mojavensis (IFO 15718)

Bacillus vallismortis (DSM 11031)

Bacillus lentus (NCIM 8773)

Bacillus psychrosaccharolyticus (ATCC 23296)

Bacillus niacini (IFO 15566)

Bacillus chitinolyticus (IFO 15660)
Bacillus marinus (ATCC 29841)

Bacillus weihenstephanensis (DSM 11821)

Bacillus flexus (IFO 15715)

Stain 1-18

95%! Bacillus megaterium DK2

0.02
El4 BEHR1-1889 LI 3477

Fig. 4 Evolutionary tree analysis of strain 1-18.

24 EXFAMFEHAZRKCESEZD NI ML

241 EFEMBpHME XFHEMHEH- 152 EERDNE
i 15 F7 FEW UG pHM T B AR 1 AR b L B, R AR
IR E FE SRR, R5 TR IE A 4k pH— )y 1D i 2 AR B A
SRR N SRNG5S = L/ i ey - AL R )
RO IR 53— T, AR S 8 A SE g v Mt B —
FERE M, g KDL B T ML A, [H % 22 pH Ot
O SE AT 1 % At 4 A= R D, 52 M0 e i NaOHFIHCIHA 15 1%
FEAMEpHIE, HEAFEVIMEpHE T, 3R E R
2RO B H-1I A B B R A 4k 22 D, R2 . 2551 (F5)
FW], B IR A 4E pHAET.0-8.05E [ P R T B K 2 AT 1E H-1
AR, #4672 hisf P2 9125(0H)VD,#1a,25(0H), VD, ik J& &

800

(o]

== 10,25(0H),VD,
== 25(0H)VD,
-

T T T
w S (]

o
AR E Wet cell weight (Wig L")

& Concentration (o/ug L)

T
-

I
o

6.0 6.5 7.0 75 8.0
pH

E5 #iR%kLpHIE X SFMATFEH-1%% L4 % ZD,M N
Fig. 5 Effect of initial transformation pH on the transformation of
vitamin D, by Bacillus megaterium H-1.

i Hh R K @M pHNT.5. R EVIMhpHE T T E
KT EH-1E AL R 72 hikk 7= 9K % B, 25(0H)VDsik
J£4670.19 pg/L, 1a,25(0H), VD, 5310.25 pg/L. & Wf
UM, ELK S AT 1 R U5 P50 AL Bl BM3 ) % if pHFE 7.0-
8.0 Bl P °%, il B0 2 £t AT B SR U5 5 AL i CY P109BA ) #% i pH
FET.57 47120, %45 B 5 SCHR AR IE 2 TR RF 18 P9 5 A B 1) 00
pH{E—%X.
242 [RYMBAFINERFRATRERH-135 0 HEEZDMFEM
T 44 R DL T HRIE TR Y, HAT ACH bl i £ W 3%
HCHE N G A A 9 B AT BR UYL DRIk, 7R B AR AR R I B
5 770 AR JE 5 A A o R R R IR 2R A WLV AR A
TR A RS 2 JEORE L AW S L R R A AT R
I3z, inPanaya®e A IR N T BEVE A B, PEm kL 2
T EGRSW1-B1 (B. subtilis GRSW1-B1) 4= % 22 &7
PRI T LA AL 75T TS 0 P T A DA S ) T A ) 7
PE AR, RO AL, BB OBE. & .
VA B 5 SR 1 i IR ) 24 A 3R Do TE i B2 55 37 5 v 3k 52 T 43
FE. AT BB 77056 B K2R FRAT 1 H-1 % A0 4k A2 2 D5t 52 i n
BEI6AFT R, £ Fs 50 5 B AT S it s k.l ol i 4 2
FAT R RN, BARGRING ZEES H e R R
B )25(OH)V DS I B, (H 2RI 2 Z BEAE MR W B ¥ 77
ARG, A Ah, 75 bRR w1 E B A
Fls TR HERCEPI R A K, BT B BRI M T4
BEPERCSR 00 T WL, BRIE G WLV 77 A0 R I i A ]

1200 6 1200 6
7 = 10,25(0H),VD, A 5 = 1@,25(0H),VD, B _
21000 =25(0H)VD, F5 T, 21000 = 25(0H)VD, Ls T,
é - Y K E - K
= 800 L4 = T 8004 L4 =
] e S g
® BS5 B B5
£ 6004 L3 o S 600+ L3 5O
c 0 ¢ ®0
Q m; 8 m;
£ 400 r27 % € 4007 L2 =
S S 3 S
@ 200- 12 i 2001 12
0- -0 0- -0
B> EO O EO NGO &S 0o 2 4 6 8 10
YOSINEN NSNS 5O RS o S
e é“(b /lé.“(b ’l)é@* ’%ﬁ,&@é@ ’é\*&,&@&@ ’@t&(b ’&/2}"@ Hih#kE Glycerol concentration (¢/%)
N\ S-S R O CLe
& W <
<& O

El6 HHLENAFINE XFEITEH-E LS ZD R0, A: AL FIRN S0 B R AT B H-1 8 (2 A2 K DS 820 B H Il iRk 2 X8 ER 2 A 3

H-157 A6 2 1 3 DA SR

Fig. 6 Effects of organic co-solvents on the conversion of vitamin D; by Bacillus megaterium H-1. A: Effects of organic solvents on the
conversion of vitamin D5 by B. megaterium H-1; B: Effect of the concentration of glycerol on the conversion of vitamin D, by B. megaterium H-1. * P

<0.05; ** P<0.01; *** P <0.001.
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DR 31 —24 215 R0 R, TR b A B 70 0 52 DLH 1 D i 4 4
AR D, BIE .

PE Lk TE , Tang% A LLEIR 27 f0 AT B zju 4-2 (Bacillus
cereus zju 4-2) JRALE PR, HIL IR IN200 g/LFR N3 -BIA R
& (HP-B-CD) BIATRY, 1#25(0OH)VD, 11k FE iA $1830 mg/
L™, jh 4k Kutzneria albidatt & 1% (m/V) W3- BRI K

(M-B-CD> At i: 37 2 mr 72 4:70.4 mg/L¥125(0OH)VD,
H12.0 mg/Li11a,25(0H),VD, *. 5 WsFLL, H A 5
FREL H A B, A CAASHIE 58K B 90 & AR RS 16 v Bh i
TR 4 g At 4 A 232 DR W G A0k R AL ER 32 (1 T 4R S
(g3

TERR LW 5 Ak i VA v I A 1 R v, S NS A MLV 7B
% P2 AR, (R IERE Ak, (E i E A LV R 2 0 il
AR A R R AP DR TR R B A H o K 2
TAF R H-156 A 4 2 R D, 2. Bl EI6 BRI, s A [\ i
B H T (R HE B R A K, B R S Rk I B A — e T
P, 7= 25(OH)V D19 JE2 It 7 ALV 77k 52 10 38 o i 41 v
2 W IR BE 6% (V/V) I, P24 25(0H)V D,k B #% .
B H I VR 4k 818 1, 25(OH)V DRk B 2 T B 3.
I, JEBE6% (V/V) H AR N B 0l SR A Bh I 7RI R AT 4 42 3R D,
Bk
2.4.3 JRERIAENE X FRTEH-1% L HEERD M
M 4 KD NIRIE MRS A R, S AE Y A i B w E AE
FH 32 T G M1 448 A 2% D 2 300 1) A0 26 400 400 i g A K 2027,
Uk, 55T AR IR BRI 1) % R 2F F AT 1 H-1 54 4k 4E A=
KD M. 45T, KL FEF, 0.25 g/LKR BkHK
JFEREE R ZF AR B H-17= 25 R A0 08 CETAD , MR A
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