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anomalus, Wa-5) HWR ABG AL E A, @ds)5BNR 0 0@ #HEANE, pH, LA <8 E (Total titratable
acidity, TTA) AEREALS TR, RAFSLELR G E LBEE, FEATEMNGERF T BRE ) F LR R& TRy
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Abstract: This study investigated the synergistic fermentation of whole wheat sourdough using Latilactobacillus curvatus
(Lc-39) and Wickerhamomyces anomalus (Wa-5). The systematic evaluation of fermentation characteristics was conducted
by means of dynamic monitoring of microbial proliferation, pH, total titratable acidity (TTA), and nutritional components.
The optimal freeze-drying protectant was screened based on bacterial survival rates and acid-producing capacity. Results

demonstrated that synergistic fermentation with an initial inoculum ratio of Lc¢-39 to Wa-5 (L:Y=5:1) and Wa-5 at
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107 CFU/g achieved optimal fermentation activity. The matured sourdough exhibited superior physicochemical properties
including a pH of 3.82 and total titratable acidity (TTA) of 13.41 g/kg. Notably, this treatment yielded the lowest
amylose/amylopectin ratio (19.46%) alongside maximized functional properties: total antioxidant activity (0.34 umol/g),
flavonoid content (2.69 mg/g), total phenolic content (3.60 mg/g), amino acid concentration (911.72 pmol/g), and reducing
sugar content (50.60 mg/g). Additionally, it achieved exceptional phytate degradation efficiency (98.37%), indicating
enhanced nutrient bioavailability. The addition of 15% trehalose effectively preserved the viable bacterial count in whole
wheat sourdough during freeze-drying, with survival rates of 83.38% for Lc-39 and 88.29% for Wa-5 strains. Following
90 days of ambient storage, there was no statistically significant decrease in the acid-producing capacity and acidification
rate of the freeze-dried sourdough starter. Whole wheat bread fermented with this freeze-dried sourdough starter culture
achieved the highest overall sensory rating of 7.8 in comparative assessments, demonstrating superior organoleptic
properties. This study provides critical technical fundamentals and microbial strain resources essential for advancing the

development of highly active whole wheat sourdough starters.
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freeze-drying protectants
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1 MREREE
1.1 #MRSEE

SZZEHIE K Bob's Red Mill; 25 i) A ZLAT
B (Latilactobacillus curvatus, Lc-39) . S8 B TE I k)
%+ ( Wickerhamomyces anomalus, Wa-5) HRA
P4 A7 R T AT rh e S s TS DI R C1, 1B 58I
i A C2: W= A4 H SR A& B3R AS IR i 4] ; PDA 5%
FE Ak . MRS A7 B 35 5 L DE B & f A I3 R A
(BCO705) . ELFETEN & Al £ (BC4260) | &
PrEALBE IRINRF & (BC1315) . FEM B (TP) &
AR A (BC1345) . & AR (AA) S AT
£ (BC1575) . if 5l & s Aarii5h) £ (BC0235) | AH
W& B A AT S (BC1330) . FEFR & S
X7 E(BC5845) At R FRHE A B F] s Hofih
TR IR T [ 25 A Ak 23R A BR A .

SW-CJ-1B/1BU TEW#ER  IRIN RS
ARERAF; PYL-125 [EiREEFRAE R B4
T B A5 AT RN W BioTek Synergy H1 Z DIRERE
PAL (BEPRSO  REAB SR A BRI ] .
1.2 KWHE
1.2.1 2EMREBInHRES N E SRR 422 1% 1w 4]
e i DE R BRI A EE W s i A LA R
Le-39(FEBY TS 36.97 U/L, L1 4E XK liliHE 73.68 U/L)
TS H B e DR Wa-5 (JERRENG 76.07 U/L, £
HEFRBFNG 122.75 U/L), #%3% 1 T b G3ERN, UrR &
Bzl A 2 R A . BAREA RN FRie 208y
250 g, TCHZEM/K 250 g IRGJE, R AL =X 806
EWI Le-39( iR N 10° CFU/g B in =
10® CFU/g) il Wa-5W1iaR =y 107 CFU/g), ¥ 1
AR FESTIR A S T 80% BUAIXHEEE . 30 °C AYER
Be N ERFE 24 h )5 RISk A TR B R TR 4 A2 TR 1T A o

F 1 AR Le-39 FISE B D i s ER: Wa-5
PIhIR] S e 422 R T (AT i 7

Table 1 Formula for fermented whole wheat sourdough
with a mixture of L¢-39 and Wa-5

AR A El E2 E3 E4 ES

FERPLL(L:Y) 1:10 1:5 1:1 5:1 10:1

1.2.2 4ZEmR0m Ry BB E RS R Rs
] 5 4 2 1 T AT AR il o 1) PR B, 7E MIRS/PDA
W Fe i s YA RE, 37 °C FR53% 48 h, RIE it
., MRS B5fg F BRI LR B, FH PR A v
TE PDA 153835 et

1.2.3 4FRm Al pH AR E BRI (Total titratable
acidity, TTA)ZEMk &% QB/T 5756-2022H& 1ai A1)
H pH O FLEPR I kM. HERMFRE 10 g KHESE
W42 PR T A1(0.01 g) T+ 250 mL LR, A
100 mL J& CO, Z&1# /K, F 43+t 30 min 5 pH
i 52 H: pH, BEJS FH 0.1 mol/L (1) NaOH ¥ i &

% pHS.2, g ¥ IHAEAY NaOH IF AL (mL) V,, H
Jo CO, 75 18 K & AR | M A 25 ik 56, 9 4B
NaOH HFHRAAFI(mL)V, o AR (DA T, BN
ZPRTEHIN TTA,
_ex(V,~ V)% 90
m x 1000
Ao X—AE SRR (RLELERTH) P& &, BR0L
T yiEET va(g/kg) B ye BT (g/L ) ;s c—F AL ENPRIE
T TS MR R B, PR R R JR BT (mol/L) 5 V| i a2
TRV M AR S S AR MR 2 MR AR, A Sl =2
FH(mL); V,—25 PRSI T FE SR AL AR v e
WHIAARFR, 2AAv; K22 T (mL) ; 90—FLHR AV JEE /R ot i,
AN A TEAEEE R (g/mol) s m—isURE I o B 350H., PR3
HyE(g) .
1.2.4 a4 57 1R 18] A E 35 5 R R e il a2
A AR S 2 A 2 PR T A I VE Ky . BLAEVERY . ST
A AL 7EPE (Total antioxidant activity, T-AOC) . ELH .
ZABEMR | I JENE . ISR Y i DL SOR BRI S AR
R i 238 (O BRI S AL IR 2 B =22 22/ R BT A R &
Hx100) . Hr T-AOC (a2 2 AERRPEIR IR T, 38
TSI Fe*-=NLAE = 1Y & (Fe*-TPTZ) 34 i =2
Wy Fer'-TPTZ & i LU e b 8 fh e T s B
T3 B S e I 2 B2 T, B2 B ES 4R IR i
JE I A i W Ak S5 W AE 760 nm AL Y I G AE T
o BARMKLI J7 kS BE Jr b https://www.
solarbio.com/,
1.2.5 BT E&EFmmA LmERmEE & 1210
422 PR T A1 R e S, 3 S ES N 5% 10%. 15%.
20% MG B . FEE S D H K, IR G155, B
BT, WARIEEE 1.0 cm, —70 °C Wik 2 h )5
BV UR T B, W 0R T 001 i B R BRI i 100 H
T, BEEMUEE ST 4 °C gAY, XT Ee s bt
L RERE . AP E R B RS R 27 R 1 AR TS
H

x 1000 = (D

Lr=1RRe 1 PR AL EE SR 520

1.2.6 R T ZZ R A RN Le-39 1 Wa-5 Iy
AR 2 Gul 550 ks RIS . SRR
THECE X R T AT S s 4= 2 R i B P Y Le-39 Fn
Wa-5 5338, TR HAAE R, BAREEE. B 90 mL
0.85% JC i £h /K (w/v) 5 10 g il 24 FR Tl 1 5543018
Ao BU 1 mL BRI 10 [55EEEMBZE 1072,
B 107~107° f% R AN PEME 1 mL TG K FR L,
BIAK ) MRS il PDA 15383%, iGsR A, BEFE S
S35 37 °C F 28 °C FEIEEGFE 72 h, X FLEREE AN
B PRI T

1.2.7 U T&FmmBd LR =R 12l =S
Santos S5 (T IEBSA R B . FEVR T A2 IR 1 A1 &
55 ARG 55 0. 30, 60 F1 90 d 45 HL 1.00 g £
F 100 mL MRS W ARE: 323 (WIhh pH A 6.2) Hhks
&, BRI EE N 37 °C, MxE 0~48 h N MRS A& E;
FEIE pH M2k
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1.2.8 A Zmanghle  MEFMARER 2 Ry ECEHIn
AL, HeA L R B 1%, 1254
22 P v A A I R RTAR T e 22 1 e AT A2 150 1 0
H10%, Syl ey v as 22/ i e ilte e, K4
22 PRTATAT 5 B UIC 7 v 2hy, 422 By o U N B 45
b AL A TR, SeUnTE S
iR FEIe D, AEAEESL, JHTRZ00 .

*2 admncr

Table 2 Formulation of whole wheat bread

%53 (BF)

T
(%) R

R FAE B SR AR 5ROk

) T BERE1% 52 48 4 1 7.2 60
payiized:|
EGRRMA10% 52 3 4 1 72 60

FIedl  AFMRMA10% 42 48 4 1 7.2 60

14:: BF: based on flour, B LA/NAZ K3 AY B AR A 100%S: 18 X RS iy
AP EERE, HE 2R

1.2.9 2L WAEE Y AR R R E o
W IFFEEIE R, SR 9 Sr g Ak A BB VA,
H1 1 43T 9 4351 G AR R e e JERE RE g e
H 32 v Zead BRI I (e S 45 16 1) Xt
A TELER T (S B . IAUBR . TR PIFREE AL AL
FEARYEAZ ) AT BB VAT, A7 ARV E AN R
k3.

*3 EXMUREHNE

Table 3 Sensory evaluation form for whole wheat bread

PEN AR WEArbRifE IHE
TEARASKEIN | R HDRELRE /153 /24 0] 1~3%%

SN FEARGERE, RO /2L 4~65%
TR | FREDCIH TTHLUE 7~94%

SRS T/ B 22 1~34%

% B i AT EDGEEEAS 2 46453

B STERRR R K 430 A SRR 5 7~95%

R WA vk 1~34%

JELS TR/ R R 464

F AR R MR T Bk 7~94%

R R TR Y 1~3%>

(P T RLBE R AT 4232 464
RIS /4 v/ VAT A 7~9%%

LSS/ SLT K 1~34%

REREH LA 46y
W8 I I Y80 5 A e R e 7~9%%

MELIEZ 1~3%%

ek ez itz 464y
SREUELE 7~94%

1.3 HIEIE

% Excel 2016 Fl1 SAS 9.2 X ¥dn 474881143
Mr, iz FH 7 22558 07 (ANOVA) HEAT B 25 M4 A
(P<0.05) . JrA S EE 3 K, s RN T
{HEPRERE

2 HBRESHh
2.1 thEIABEEEE R REFIE
2.1.1 BEIESEC FER AT A EE R R DT
FEA AR S LTS R E RS | e P
VEFIAE TS BAHICNS ARSI 5 11 4 22 R i A1,
Wa-5 WIHHRP R4S 107 CFU/g, Le-39 PRI G 42R
HoM 10° CFU/g i 10* CFU/g. &Rk E,
AN [F) 4= 22 g v A R Bzt #2 T, Le-39 A1 Wa-5 #5t
I, S HIFE A 36 h Fl 24 h ZEAG W), BRI 7 A 8L
IR BN Bl & BRI T, 422 1 1wl A v 8 3=
JRASWIHETEFE, T AR B IR YR ASe S 7=
Az HLAA FEPE A Fam il FH 45, Le-39 1 Wa-5
B T BB R A TR, Ja T AR IR, IR A b
T W) R RS A R E AT B T B HAR AR T . Fil
L7 R T A2 T R AN (24 48 h), [W)— TR T A1 PN BT
T Le-39 F1 Wa-5 $eE 1 Eb{E 25 028 46 /N, L]
AERFLE 100:1 PRI, 5 E NS M HGE AR
T A AP L T -5 P R B ) B3 — 3, iF g R, TE
TH LA b R T A v, LR PRI B PR AN [R] & T ik
Jo M AR S F RGBT k5 HLBR O s M o

&l la~e AT JN, 2 MR A] E1. E2 A1 E3, Lc-
39 MWIEGEFN R BEAR B, (R E & BE 24, 12 F1
12 h &, & b5 98 22 S5 Ay IR A K B R e BE, T
Wa-5 AR ZBR; &2 R HE A B4 F1 ES, Le-39 #Ihh
HRh AR i, IR R P IR BRI R R A
SRR A Le-39 BIRILGIER B 5 e 22 & lifid 2
H OSGEAHT) Le-39 MU BATE BB IE LY, 5 Wa-5 BB
TERBONIT . HIEAT I, Le-39 WIURIERM R 4w Y
BRG] B4, ES ZE RIS R P RE T n] S 4Ry Le-39
PR AR, R Y PR Y XU, B R S B R L IR B A
PR B AP, 3 2800 9 T A iR e RS, R s A
R [RIEF A E T 2LAR B = T r s A, T KL
BRI . B = S0 BRH &, 255 75 IR R T
fa] ., e A, &2 iR F E4 0, thyMin]
FRYE ™ ST 2L, P R S BRSNS FE VAT FLR
PR RE PR A A R, DASE G 422 W i A P i
EaLiEdiOp L
2.1.2 pH 1 TTA T F BRI & 15 & B
PETHE R | SERTRA] | fRRAE R P E IR E
T R E e S S T RRAe P R JERECO Y, 58 4
2 R A R A B A FE 2

FH & 2 ATH, 2R AR A NERT pH 2924 6.6, TTA
A1 3.2 g/kg; TEA=ZZ R T A & BEMIET 12 h, BR T H
pH B R, TTA PRSI, X & H T Le-39
Wa-5 WXEEEFUHIARARIEIEER (B D=4 T RE R EL
FRFN FRAFTR M) 0T R IE 12~24 h, pH | (5385 Fl
TTA 3% h138 3 98 5%, Le-39 Fl Wa-5 2 K 3 3R 08
(B 1) & EERFE] ZE K 2 48 h 25 45 I, B2 T A i
pH F1 TTA WIEARIREEANAS, FAHN HL, Le-39 F Wa-5
PO B 7 B ECER TR a2, 422 R AT AT 3R 21 IR 2 .
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Fig.1 Changes in total bacterial count of whole wheat sourdough with fermentation time
TE: a~e SMHIFRIR Le-39 Fl Wa-5 WIHERI L 1:10(E1) | 1:5(E2) ., 1:1(E3). 5:1(E4) F1 10:1(ES) {942 BRI A5 [ — o, 4 7]
TEPRIEI AR NG TR R AT 22 57 (P<0.05) .

a 68r =1 b 6L = El
L —e-F2 | —e-E2

6.6 |- —a—E3 14+ ——E3
- -v-E4 r v E4

6.4= —o—E5 1217 —+-E5
0

4.4
42

pH
TTA (g/kg)

4.0

3.8

24 36 48 0 12 2 36 48
JZENTE] (h) TSI ()

K2 AR pH Al TTA Fifi B ] 284k
Fig.2 Changes in pH and TTA of whole wheat sourdough with different time

5211 FEE S — 2 P PR AT L RAFA AL 2 KT ] pH Y EZLF N, 5 Fang
BAITHY pH /0T 4.0, TTA KT 11.79 g/ke, f5G3 P G —2. FLER AT RIS BTHAL R, LR
FEA T AR UE SRR 1T AT ) (QB/T 5756-2022) HhX i T 4] FNTRIE S T H HEZS I TA], DRI, 1R AT A e T A 2%
pH(=<4.5) FILEIREE (=3 g/kg) BERM, AL, 4254 PRSI0 MBS RS . 25 1, Le-39 WIhikfiat m
PR TAT AT Le-39 FYRT AR HE R B iy, iGN B pHOBE AYPRTATAT E4 F1 ES TR 4222 AL L BERT AT iE<x3R
%, TTA B, B AR R Le-39 7 AEIELIR . B AP IR AR A D RE s

(= S e e
T

3.6
12
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2.1.3 EMBREA R BTER SR A EH L mBy

T3 T A A PR ) — - S8 T, LR e AN B R 7

R PRI T A o AR vh 2 R DB h R K ARG L FR

BT AR AN B R 3R 4, L oM Ll AR fh 2

SN B 7S i BO SR R R, FR IR 3 BT, RAAS
6] Lb il 4R Le-39 F Wa-5 B [E] & 19 1Y) 4= 22 12 1 4]
HRATER SR 2SS U N, &R AT E2. B4 Fil ES
B A GERY S A R 81.7%. 79.5% A1 80.1%, B3
=T E1 F1 E3(P<0.05), 1iii E4 Fl1 ES B9 EL48%E/ 45 TE
B LB 5> 50N 19.46% 1 19.45%, WK T E1~E3
(P<0.05). FIRERR a2 MR HE] E4 F1 ES Hhidfh
PERFD Le-39 Feas T K LT A SR BT E Ay i, B A]

IR A2 A5 T R R FITE RS, BT s PR a4

STEEVERS ISR, VRS Le-39 5 Wa-5 X4yl
WEBORAL G PITE AR . MRS AR HGE, wTE

Ao B EUAT DAL TETATHE SR B v i dse K D IR I R, el

T il A S I GHE A 54, (E ey o Y BB TE R

SO =L A L i) A B A = L S W L AT SN L N AN

N, GERE B2 DRI, B S AR A T A 3 v R B

= R B AR T sh P o BRI AAIK. P2 s

AR EIAERY ) BRI A B4 STER SR E, Ho g
IS, FIFHETF 422 K et B i AR b T

- TER
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Fig.3 Content of total starch and amylose/amylopectin ratio
of different whole-wheat sourdough

LE: /NG R R AR A 8] 19 B 22 57 3% (P<0.05),
REFRFIRARE S ] S TERD & R 22 57 .35 (P<0.05)

2.1.4 BIFENSTMEELFEFRAASAE Le-39 1 Wa-5
AT [R] A T et 4 22 168 T I 455 3 o S A= i ) o
TR ERE] T REWAE . SERAIRERIFAGE 4),

SRR RSP TEAIETE | R . IR R DS
) Iy e 44 (i S R T (P<0.05), 3R R R 4257
BB mE R 2,13, 5.15. 4.19, 1.26. 1 1.57
1%, FEPRIER 3B =N 98.37%.

Lc-39 Fl Wa-5 Pr[F] K& B i i iR 4 5 -0
T AR PR AR AT TR, DR 8 R B
SRR FERR . PRI, 4232 i 1 AT v (1 205 R o 1 i
EE T AN (P<0.05); B A TR T, FLIR B P~ A1
Jit P /47 R B0 E — 250 R OK it Sk 2 iz, i 1 B B 53
WA R FARA S5 KRR, BrLk, B Le-39 32
Fh B AR in, 422 1 T rh S SR 1Y B it 1Y
in, BERPEE S 501 BE R EER A ZRR I A B4 IR &
Gk, (H3ERD b4k Set in = 10:1 B, 422 g i 4]
E5 MEFI%R &S B4 A RRE B8 2557(P>0.05),
4 2 1 T AT v S DO 4 A5 Tt 26 B FH TR] 1) ik 35,
E4 340 JEHE & 10l 25 s T R 4540 (P<0.05) , IR i
Wl LR N I AT A xS 5 IR S SERIAE RN, X
A R T B A P LA BRI ok

A, Le-39 F1 Wa-5 143 R & 94 RE S W 35 42
TR Ay . SRR A5 P TE AL S P KT LB AR
TLBES1 . BH Le-39 322 Fh Lo 1) 64 34 m, 4= 22 R 1 A1
E4 Fl1 ES 14 80l & & 2 = T I &4 (P<0.05),
Tl RES= R S B4 Fil BS RS, Le-39 HiEE S
A, FLER A AT LAV 4 22 0y P A W TR S il . P3P
i SRR T R A T TS, S5 i v 1A w2
KR, MR m A E4 1 E3 0 T-AOC 52 35
FHAASLH (P<0.05), FHR Hb, H & p BA Préafe
o A IS B R AT A B B A TR K. SRR
B, ZLIR P RefE & s BAT IR MU AL E PR Z IR, 78
1 T A b R PR R A SR . eI E AL, 12k
SER I, IX SRS T R ik ki | 25 A
A B, AR AR S AR TH BB LR R = 1 Ts P 7K
SEOL TSI B 42 2 P T B ) B SR (B A 7 o

FITAT TR 1T ] AR PR R SR B0 AE 97% LA I, JZH
T AR N AR PR A T S5 A S Bas, fie 1
HT 8 A P S LR, R T A IR PO IR, H
4 22 R T A B4 (094 T B e R e =, oA 98.37%+
1.52%, {H 5 H & 4= 22 1% 1l A 19 22 59+ A i 3 (P>
0.05), I HEJE i T B 422 4 Y N IR AR TR B AT, Le-
39 Fll Wa-5 FFARBEAT AL IR

K4 RERIIAE SR MR 1L

Table 4 Changes in nnutritional ccomponents and physical and chemical indicators of whole wheat sourdough

R T-AOC(pmol/g) ZE T (mg/g) B (mg/g) IR (umol/g) W HE (mg/g) TR R (%)
w2l 0.16+0.01° 2.1340.04° 2.30+0.10° 177.14+48.68¢ 12.08+0.52° -
El 0.27+0.01°¢ 2.47+0.14° 3.41£0.05b° 740.28+16.31¢ 16.34+0.24¢ 97.96+1.2*
E2 0.24+0.02¢ 2.45+0.13° 3.18+0.05¢ 765.35+10.78° 22.75+0.87° 97.71+2.03°
E3 0.340.02° 2.63+0.04™ 3.34+0.03¢ 857.28+8.77° 47.25+2.56° 98.03+1.8°
E4 0.34+0.01° 2.69+0.14° 3.60+0.13* 911.72+12.16° 50.60+1.56 98.37+1.52°
ES 0.31£0.01° 2.59+0.15% 3.51£0.05" 897.5+20.02" 47.73+1.87° 97.16£1.6*

TE: Bl FOR AR BRI . [J—FFORIE NG TR R 25 R ] 22 52 1835 (P<0.05)
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Fig.4 Effect of freeze-drying protectants on the survival rate
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Fig.5 Effect of trehalose on the acid production capacity of freeze-dried whole wheat sourdough
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