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Abstract The lemon processing industry generates large amounts of peel waste annually, which is
rich in flavonoids, phenolic acids, and pectin. However, the insoluble structure of these compounds
limits their utilization. In this study, lemon peel waste was fermented using five lactic acid bacteria
strains, Lactobacillus paracasei (LPc), Lactiplantibacillus plantarum (LP), Leuconostoc mesenteroides
(LM), Lactobacillus pentosus (LPt), and Lactobacillus delbrueckii subsp. bulgaricus (LB), at 37°C for 24
hours to evaluate changes in functional components and antioxidant activities. The results showed
that the LP group exhibited the highest total flavonoid content (5.94 + 0.20 pg QE/mL), a 136% in-
crease com-pared to the unfermented control. LPc presented the highest total phenolic content (281.56
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+17.72ug GAE/mL), representing a 63% increase compared to the original powder. The LM group
had the highest pectin content, reaching 199.57 + 12.83 mg AGA/g, 14 times higher than the original
peel powder. In antioxidant assays, LPc significantly improved free radical scavenging capacity, with
ICs values of DPPH and ABTS dropping to 1.10+0.02 and 5.79+ 0.05 mg/mL, respectively, compared
to the original powder (2.82 and 9.25 mg/mL). Pearson correlation analysis revealed a high positive
correlation between DPPH and ABTS assays (r=0.76, p=0.048). This study highlights the potential of
microbial fermentation for significantly enhancing the functionality of lemon by-products. LPc notably
improved phenolic content and antioxidant activity, while LM effectively increased soluble pectin re-
lease, suggesting their promising use as high-value food or feed additives.
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Table 1. Growth Characteristics and Culture Conditions of Fermentation Strains

(12)

AR EslERiTi G ESES gl R
L . paracaseixtiag BCRC 17484 30°C2 K HPEERE MRS
L . plantarum BCRC 10357 30°C2 K FeERRE MRS
L . mesenteroides BCRC 12580 30°C2 K FVEERE MRS
L . pentosus BCRC 12944 30°C 1K FeltER & MRS
L . bulgaricus BCRC 10696 37°C3 Kk FMEERE MRS
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(—) 7% 4% (Moisture Content)
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fPeE (IHEE) - {ERZERE - HUBAh 3.00 + 0.01 g
BRI - 5L 105°C HERErEZ 24 /N - HUH
QAR - FEREREEGCE - KOS ERtE A
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SGEUT :
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9.93 ng GAE/mL) fHRZRAEE (p>0.05) - {H
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FHAERRT M & & A mnRIA R - fl & miiE
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(Polygalacturonase ) - ;5 SLfEREREEEREE Al (g
SRR AR RN - MBI AR S &
0 BUARFE S — -

= nEEE

(—) DPPH

FHH 1Cs fEA A 1.10—-2.82 mg/mL » ANOVA £
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Bty o LPt 02 (1.97+0.01 mg/mL) - ffseRs i
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Table 2. Proximate Composition of Lemon Peel and Its Fermentation Products.

(%) Koy K5y HEH FAE R

TEEAEE 7 [ K 5.47 £0.06° 5.37 £ 0.06° 6.83 +0.23¢ 1.03 +£ 0.06° 10.68 £ 0.47
F it 5.93+0.03" 5.35+£0.06° 7.04 £ 0.06" 1.19 +£0.28% 9.11 £ 0.47¢
L . paracasei 5.72 +£0.03% 5.890+0.07° 7.51+0.11° 1.95+0.25° 11.67 £ 0.20*
L . plantarum 5.33 £0.10%" 5.70 + 0.09° 721 £0.10® 1.82 +£0.26™ 12.92 +£0.26*
L . mesenteroides 7.65 £0.04* 5.67 +£0.04° 7.35+£0.16® 1.57 £0.38* 9.93 £ 0.63%
L . pentosus 5.14 +0.20f 5.94 +0.07° 7.23 +£0.09% 0.94+0.18° 12.76 £ 0.47%
L . bulgaricus 5.93 +£0.03 5.98 +0.02° 7.07 £0.12% 1.19£0.13% 12.40 £ 0.48%

# oA (One-way ANOVA) o Tukey 4% IWEGEAT ST 24T « FRVNE FH R TaMH
LR —moaed bABRFAERE (p<0.05) o ERMMOIAFAL BB » KB H A BREAE T R A M AR BEZ R 28 4

L. paracasei (LPc) -~ L. plantarum (LP) - L. mesenteroides (LM ) ~ L. pentosus (LPt) #2 L. bulgaricus (LB) -

Data are presented as mean + standard deviation. Statistical analysis was performed by one-way ANOVA followed by Tukey’s post hoc test.
Within each row, different lowercase letters indicate significant differences among groups at p <0.05. Treatment groups include: unfermented
lemon peel powder (raw material), unfermented control, and lemon peel fermented with L. paracasei (LPc), L. plantarum (LP), L. mesenter-
oides (LM), L. pentosus (LPt), and L. bulgaricus (LB)

PHEAFHM LR £ AT BRA TR

¥y 30% (p <0.01) -LM - LP Bl LB 41/}
2.28-2.50 mg/mL - BARHE @fﬁﬁﬁ%ﬂﬁ&ﬁ%?%‘s (p
>0.05) > @i’i}{%ﬁ/iﬁffﬁz (p<0.05) - nJREELSH]
Rl Z L. paracasei R EHRTEAL BB TTSEALIERY
BERUAHRR (17 o {38 LPe fEARTEROMEB SR -

(=) ABTS

ABTS ICs, (B2 5.79—9.25 mg/mL f{§#8&jj - LPc
AR RE (5.79 + 0.05 mg/mL) - BLHEAMfT
ARl EE R (p <0.01) - RFEFEEHH -
LP + LM K LPt #.2 ICs F 7.24—7.94 mg/mL i -

<
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Figure 1. Total Flavonoid Content in Lemon Peel and Its Fermentation Products.
Data are presented as mean + standard deviation. Statistical analysis was performed by one-way ANOVA followed by Tukey’s post hoc test.
Different lowercase letters indicate significant differences among groups atp < 0.05. Treatment groups include: unfermented lemon peel powder
(raw material), unfermented control, and lemon peel fermented with L. paracasei (LPc), L. plantarum (LP), L. mesenteroides (LM), L. pentosus
(LPt), and L. buigaricus (LB). Total flavonoid content is expressed as quercetin equivalents (QE), in units of ug QE/mL.
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Figure 2. Total Phenolic Content in Lemon Peel and Its Fermentation Products.
Data are presented as mean + standard deviation. Statistical analysis was performed by one-way ANOVA followed by Tukey’s post hoc test.
Different lowercase letters indicate significant differences among groups at p < 0.05. Treatment groups include: unfermented lemon peel pow-
der(raw material), unfermented control, and lemon peel fermented with L. paracasei(LPc), L. plantarum(LP), L. mesenteroides(LM), L. pento-
sus(LPt), and L. bulgaricus(LB). Total phenolic content is expressed as gallic acid equivalents(GAE), in units of ug GAE/mL.
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Figure 3. Pectin Content in Lemon Peel and Its Fermentation Products.

Data are presented as mean + standard deviation. Statistical analysis was performed by one-way ANOVA followed by Tukey’s post hoc test.
Different lowercase letters indicate significant differences among groups at p < 0.05. Treatment groups include: unfermented lemon peel pow-
der (raw material), unfermented control, and lemon peel fermented with L. paracasei (LPc), L. plantarum (LP), L. mesenteroides (LM), L. pen-
tosus (LPt), and L. bulgaricus (LB). Pectin content is expressed as arabinogalacturonic acid (AGA) equivalents, in units of mg AGA/g.



B R ZE V) SR RETE R ) KT LRe T 52 o

5
3 [ ]
£ —h b b b b
i 5 - -
= z —1-— 1.
S : =
£ 2 E=
U —]
ol d ' =
E . =
= i—
03 —
0 : —
s EE REEMNEN L LP LI M LA

Blvg 454 R LAEEE R M DPPH g diakif a1 (ICx) 24T &R - BIFAFHM AR EZ LT @B A T % Z 547 (One-
way ANOVA) 2 Tukey F7% b 47483t 047 « FRVNE FHATAMER — a4 2 LHBEEZR (p<005) - &%
PP CLAEAEAE Ry R R AL B AE T R A A AR 2 R B e ¢ L paracasel (LPc) - L.plantarum (LP) -
L. mesenteroides (LM) ~ L. pentosus (LPt) ¥z L. bulgaricus (LB) - ICs {4X &5 50%DPPH & d i Ar EHc B g » B2
2 mg/mL o
Figure 4. DPPH Radical Scavenging Activity (ICs;) of Lemon Peel and Its Fermentation Products.
Data are presented as mean + standard deviation. Statistical analysis was performed by one-way ANOVA followed by Tukey’s post hoc test.
Different lowercase letters indicate significant differences among groups at p < 0.05. Treatment groups include: unfermented lemon peel pow-
der(raw material), unfermented control, and lemon peel fermented with L. paracasei (LPc), L. plantarum (LP), L. mesenteroides (LM), L. pen-
tosus (LPt), and L. bulgaricus (LB). The ICs,value represents the sample concentration required to scavenge 50% of DPPH radicals, expressed

in mg/mL.
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Figure 5. ABTS Radical Scavenging Activity (ICs) of Lemon Peel and Its Fermentation Products
Data are presented as mean + standard deviation. Statistical analysis was performed by one-way ANOVA followed by Tukey’s post hoc test.
Different lowercase letters indicate significant differences among groups at p < 0.05. Treatment groups include: unfermented lemon peel powder
(raw material), unfermented control, and lemon peel fermented with L. paracasei (LPc), L. plantarum (LP), L. mesenteroides (LM), L. pentosus
(LPt), and L. buigaricus (LB). The ICxvalue represents the sample concentration required to scavenge 50% of ABTS radicals, expressed in mg/
mL.
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Figure 6. Pearson Correlation Heatmap of Functional Indicators in Lemon Peel and Its Fermentation Products. Correlation coefficients (r values)
are color-coded(red indicates positive correlation; green indicates negative correlation). The diagonal from top-left to bottom-right repres-
ents self-correlation (r = 1). Abbreviations: DPPH and ABTS represent radical scavenging activities ( ICs values) ; GalA represents pectin
content (mg AGA/g) ; TPC represents total phenolic content (ug GAE/mL) ; TFC represents total flavonoid content (ug QE/mL).
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A Lactobacillus paracasei (LPc) ~ Lactiplantibacillus plantarum (LP) ~ Leuconostoc mesenteroi-
des (LM) ~ Lactobacillus pentosus (LPt) EA Lactobacillus delbrueckii subsp. Bulgaricus (LB) 5
37 C BEEEIREZE 24 h - FUSHHEEMMRDRENREE 2B o IEREET  LP RSS2
SE 5.94+0.20 g QE/mL » k352 LTBRABIZFT 136% @ LPc {RiBFS 8RS ' & 281.56+17.72
ng GAE/mL - BRRAHIEN0 63% » MREBLL LM BRE - FINEEEIES S 199.57 +12.83 mg AGA/
9 REMZ 14 13 MAEAFGSE * LPc #8 DPPH K ABTS 2 IC, DRIREZE 1.10+0.02 £
579+ 0.05 mg/mL - AHER/R) (2.82 £1 9.256 mg/mlL ) FEEIRSAEIF - REBLWARIBEIREHE
7 DPPH £ ABTS ESEEAEES (r = 0.76, p = 0.048) o KIFITERET 3 AN RERRZIL BIEIR
BIEMMEEIE ZRIEM - Ho LPc REDEIBARMNAILIE - LM BIERENZHRE - 2
BRESEICERIEIRNRNIDES

FASEE | MARAZUE - R - REER - 1BED C R AL

*OEEEE © 2tE  MRgHE
SEFNMAL ¢ 333324 » Mkl LI Sb— 1% 261 5%
FEEG © +886-3-2118999#5473
FEFEE © mylee @mail.cgust.edu.tw.

cilin@mail.cgust.edu.tw
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