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Abstract The predominant fermentable sugar in lean
dough is maltose. To improve the leavening ability of
baker’s yeast in lean dough, maltose metabolism should be
improved. Maltase (alpha-glucosidase, encoded by
MALG62) and maltose permease (encoded by MAL6I) are
the major factors involved in maltose metabolism. The
major rate-limiting factor in maltose metabolism and
leavening ability of baker’s yeast remains unclear. In this
work, MAL61 and/or MAL62 overexpression strains were
constructed to investigate the decisive factor for maltose
metabolism of industrial baker’s yeast in lean dough. Our
results show that elevated maltose permease activity by
MALG61 overexpression yielded less improvement in mal-
tose fermentation compared to elevated maltase activity by
MALG62 overexpression. Significant increase in maltase
activity by MAL62 overexpression could result in a 44 %
increase in leavening ability of industrial baker’s yeast in
lean dough and a 39 % increase in maltose metabolism in a
medium containing glucose and maltose. Thus, maltase
was the rate-limiting factor in maltose fermentation of in-
dustrial baker’s yeast in lean dough. This study lays a
foundation for breeding of industrial baker’s yeast for
quick dough leavening.
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Introduction

Baker’s yeast (Saccharomyces cerevisiae) is a key leav-
ening and bulking agent that is widely used in food pro-
cessing (Lin et al. 2014). Baker’s yeast serves as the
constituent member of baking ingredients, and is of crucial
importance in lean dough leavening (Bell et al. 2001;
Sasano et al. 2013). A high leavening ability is the most
important characteristic in a baking strain to produce
baker’s yeast production of good quality and to save baking
time (Hirasawa and Yokoigawa 2001). Starch, which is the
main component of lean dough, is hydrolyzed to maltose
through amylases. Given that maltose is the most abundant
fermentable sugar, the maltose metabolism level is the
major factor for the leavening ability in lean dough (Hazell
and Attfield 1999). The ability of a baker’s yeast strain to
ferment maltose depends on the presence of at least one
member of a polygenic family of loci referred to as the
MAL loci (MALI through MAL4 and MALG6) (Needleman
1991; Srdan et al. 2004), and any of these members can
confer the ability of maltose metabolism in yeasts. The
typical locus MAL6 is a complex of three genes that are
essential in metabolizing maltose; this locus consists of
MAL61 (MAL6T) encoding for maltose permease, MAL62
(MALG6S) encoding for maltase, and MAL63 (MAL6R) en-
coding for a positive regulatory protein, which activates the
two enzymes (Cohen et al. 1985; Hu et al. 1999). Maltose
is transported across the cell membrane via maltose per-
mease, and cleaved intracellularly into two units of glucose
by maltase. The synthesis of both enzymes is induced by
maltose and repressed by glucose, and regulation occurs
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predominantly at the level of transcription (Charron et al.
1986; Naumov et al. 1994).

Glucose is the preferred substrate for baker’s yeast in lean
dough, and represses the activities of maltase and maltose
permease to negatively affect the leavening ability (Carlson
1999; Dietvorst et al. 2007; Verstrepen et al. 2004). Previous
studies regarded the transmembrane transport of maltose as
the limiting step for the induction of MAL gene expression
and glucose control, and maltose permease has a major
function in both maltose sensing and transport (Alves-Ara-
gjo et al. 2007; Goldenthal et al. 1987; Klein et al. 1996;
Wang et al. 2002). Both the transcription repression of the
maltose-permease-encoding gene and the inactivation of
maltose permease result in a rapid and irreversible loss of the
ability to transport maltose in the presence of glucose
(Medintz et al. 1996). Moreover, the distinct functions of
maltose permease family members allow the successful
adaptation to various environmental conditions to which the
yeast cells are exposed (Day et al. 2002). Therefore, many
studies intending to boost maltose metabolism have focused
on the modification on maltose permease, while disregarding
maltase. However, in recent years, several studies revealed
that maltase may be more important than maltose permease
in improving maltose fermentation (Jiang et al. 2008; Sun
etal. 2012). For maltose metabolism and leavening ability of
baker’s yeast in lean dough, the major rate-limiting factor
remains unclear.

In this study, MAL61 and/or MALG62 overexpression
strains were constructed to investigate the decisive factor
for maltose metabolism of industrial baker’s yeast in lean
dough. To evaluate the effects of MAL6]/ and MALG62
overexpression on maltose metabolism and dough leaven-
ing of industrial baker’s yeast, the transformants were
characterized in terms of mRNA levels, maltase and mal-
tose permease activities, maltose utilization, growth and
fermentation characteristics.

Materials and methods
Strains and plasmids

The industrial baker’s yeast strain BY14 and the strain
Escherichia coli DH50. (D80 lacZAM15 AlacUl69 recAl
endAl hsdR17 supE44 thi-1 gyrA relAl) were obtained
from the Yeast Collection Center of the Tianjin Key
Laboratory of Industrial Microbiology.

The plasmid pPGK1 was gifted from the professor
Bauer F (Stellenbosch University, South Africa) (Lilly
et al. 2000). The plasmids Yep352 and pUG6 used in
this study were purchased from Invitrogen (Carlsbad,
CA, USA).
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Growth, cultivation, and fermentation conditions

Recombinant DNA was amplified in E. coli DH5a, which
was grown at 37 °C in Luria-Bertani medium (10 g/L
tryptone, 5 g/L yeast extract, and 10 g/LL NaCl) supple-
mented with 100 pg/mL ampicillin. The plasmid was ob-
tained using a Plasmid Mini Kit IT (D6945, Omega, USA).

Yeast cells were statically cultured in yeast extract
peptone dextrose (YEPD) medium (10 g/L yeast extract,
20 g/L. peptone, and 20 g/L. glucose) to the stationary
phase. 20 mL of the cell culture was inoculated into
200 mL of cane molasses medium at the initial
ODgyp = 0.4 and cultivated for 24 h at 30 °C with
180 rpm rotary shaking to the final ODggy = 1.8. Cells
were harvested through centrifugation (4 °C, 1500xg,
5 min) and were washed twice with sterile water at 4 °C
for the succeeding fermentation experiments. To investi-
gate the relationship between maltase and maltose perme-
ase, we used the low sugar model liquid dough (LSMLD)
medium, which was modified according to Panadero et al.
(2005), contains 2.5 g/ (NHy4), SOy, 5 g/L urea, 16 g/L
KH,PO4, 5 g/ Na,HPO,, 0.6 g/L MgSO,, 0.0225 g/L
nicotinic acid, 0.005 g/L Ca-pantothenate, 0.0025 g/L thi-
amine, 0.00125 g/L pyridoxine, 0.001 g/L riboflavin, and
0.0005 g/L folic acid and one of the two specified carbon
sources (38 g/L maltose and 33.25 g/L. maltose mixed with
5 g/L glucose).

Construction of plasmid and yeast transformants

Yeast genomic DNA was prepared from industrial baker’s
yeast strain BY14 using a yeast DNA kit (D3370-01,
Omega, USA). The PCR primers used in this study are
listed in Table 1. A BamHI KanMX fragment, the dominant
selection marker during yeast conversion, was amplified by
PCR using pUG6 as template and the primers Kan-F and
Kan-R. The KanMX fragment was cloned to vector Yep352
after being digested, thereby generating Yep-K. A Bgl/Il/
Xhol fragment of MAL61, which was amplified with pri-
mers MAL61-F and MAL61-R from genomes of the par-
ental strain BY 14 was cloned to vector pPGK1 and resulted
in plasmid pPGKMI1. The same method was applied to
construct pPGKM2. The Sphl fragment PM1/PM2 from
pPGKM1/pPGKM?2 containing the integrated PGKI and
the entire MAL61/MAL62 was cloned to Yep-K and re-
sulted in Yep-KPM1/Yep-KPM2. Yep-KPM1-KPM2 was
constructed by inserting PM2 into the preceding plasmid
Yep-KPMI.

The respective transformation plasmids Yep-K, Yep-
KPM1, Yep-KPM2 and Yep-KPMI1-KPM2 were trans-
formed using the lithium acetate/PEG procedure (Gietz and
Woods 2002). The YEPD plates were supplemented with
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Table 1 Primers used in the

. . Primer
present study (restriction sites

Sequence (5" — 3')

are underlined)

MALG61-F
MALG61-R
MALG62-F
MALG62-R
PGK-F
PGK-R
Kan-F
Kan-R

For real-time PCR
MALG61-F
MALG61-R
MALG62-F
MALG62-R
ACTI1-F
ACTI1-R

For plasmid construction and verification

GGAAGATCTATGAAGGGATTATCCTCATT
CCGCTCGAGTCATTTGTTCACAACAGATG
CCGCTCGAGATGACTATTTCTGATCATCC
CCGCTCGAGTTATTTGACGAGGTAGATT
ACATGCATGCTCTAACTGATCTATCCAAAACTGA
ACATGCATGCTAACGAACGCAGAATTTTC
CGCGGATCCCAGCTGAAGCTTCGTACGC
CGCGGATCCGCATAGGCCACTAGTGGATCTG

AGTTTCCTGGCAAATCGG
GTCCCACGGCAATCATAC
TACCTCCGTTTGTTTGCG
AGGACCATTGTGAGACCC
ATTGATAACGGTTCTGGT
AATTGGGTAACGTAAAGTC

800 mg/L G418 to select the geneticin (G418)-resistant
overexpression strains BY14+K (BYK), BY14+MALG61
(BYKPM1), BY14+MALG2 (BYKPM2) and
BY14+MAL61+MAL62 (BYKPM1+M2) after transfor-
mation. The transformants were then verified by PCR using
the primers PGK-F/PGK-R listed in Table 1.

Determination of specific growth rate and biomass
yield

After incubating for 24 h, the mixtures of cell culture
and medium were mixed in a deep well plate in ap-
propriate proportions, and the growth curve was detected
using bioscreen automated growth curves (Type Bio-
screen C, Finland). Nitrocellulose filters with a pore size
of 0.45 mm (Gelman Sciences, Ann Arbor, MI, USA)
were pre-dried in a microwave oven at 150 W for
10 min and were subsequently weighed. To measure the
cell dry weight, 10 mL of cell culture in the exponential
phase was filtered, washed two times with 10 mL of
distilled water, and dried at 105 °C for 24 h. The
specific growth rate was determined with the change in
the cell dry weight logarithm versus the time during
exponential growth. Yeast biomass yield was obtained
from cane molasses medium using a YEPD inoculum
supplemented with 800 mg/L. G418. The biomass yield
was determined from the slopes of the plots of biomass
dry weight versus the amount of consumed sugar during
exponential growth. Results were expressed in gram (dry
weight) of yeast cells per litre molasses. Experiments
were conducted thrice.

Determination of leavening ability

The leavening ability of yeast cells in lean dough was
based on the Chinese National Standards for yeast used in
food processing. Results were expressed in milliliter of
increased volume per hour per gram (dry weight) of yeast
cells. Lean dough was composed of 280 g of flour, 150 mL
of water, 4 g of salt, and 8 g of fresh yeast. The dough was
evenly stirred for 5 min at 30 & 0.2 °C, and placed inside
a fermentograph box (Type JM451, Sweden). CO, pro-
duction was recorded for 80 min at 30 °C. Experiments
were conducted thrice.

Test of exogenous addition of alpha-glucosidase
to dough before leavening

Different levels (0.000, 0.006, 0.010, 0.030, 0.100 g) of
exogenous alpha-glucosidase (G8820, Solarbio, China)
were added to lean dough before leavening. The dough was
evenly stirred for 5 min at 30 &= 0.2 °C, and placed inside
a fermentograph box (Type JM451, Sweden). CO, pro-
duction was recorded for 80 min at 30 °C. Leavening
ability was expressed in milliliter of increased volume per
hour per gram (dry weight) of yeast cells. Experiments
were conducted thrice.

Analysis of sugar consumption
For extracellular sugar measurements, high-performance

liquid chromatography (HPLC) with a refractive index
detector and Aminex® HPX-87H column (Bio-Rad,
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Hercules, CA, USA) was utilized at 65 °C with 5 mM
H,SO, as the mobile phase at a flow rate of 0.6 mL/min
(Hauf et al. 2000) to analyze the sugars filtered through
0.45 pm pore size cellulose acetate filters (Millipore Corp,
Danvers, MA, USA). The maltose utilization efficiency in
maltose LSMLD medium was determined by the ratio of
the consumed maltose in 240 min with the total maltose.
The maltose utilization efficiency in glucose-maltose
LSMLD medium was determined by the ratio of consumed
maltose when glucose was exhausted with the total mal-
tose. Experiments were conducted thrice.

qRT-PCR

Total cellular RNA was extracted using a yeast RNA kit
(Omega, Madison, United States). Using mRNA as a tem-
plate, cDNA was constructed using a Reverse Transcription
System Kit (Takara, China). The abundance of mRNAs
coding for MAL genes was measured by amplifying the
genes using the corresponding cDNAs as PCR templates.
The primers used for amplification are listed in Table 1. The
expression levels of MAL6] and MALG62 were assessed by
real-time quantitative PCR (qRT-PCR) using an Ultra
SYBR Two-Step qRT-PCR kit with ROX (reference dye for
real-time PCR; TIANGEN, China) in two LSMLD media.
The expression level of Actinl (ACTI) was used as a
loading control. The primers used for amplifying target
genes and reference gene ACTI are listed in Table 1. The
expression level of the targets gene in glucose-maltose
LSMLD medium was normalized with respect to the ex-
pression level of ACTI. Experiments were conducted thrice.

Enzyme activity assays

Maltose permease was determined by measuring uptake of
maltose as described by Houghton-Larsen and Brandt
(2006).

Crude extracts were prepared according to the Salema-
Oom procedure to determine enzyme activities (Salema-
Oom et al. 2011). The cells were broken by pulp refiner
(Type Precellys 24, Bertin, France) with sterile glass beads
(0.5 mm, 1.5 g/mL) at 5500 oscillations min~! for 16 s.
Disrupted samples was centrifuged at 2500x g for 10 min
at 4 °C and the supernatants were used as cell extract.
Maltase activity was measured using p-nitrophenyl-alpha-
D-glucopyranoside as substrate in a spectrophotometric
assay. For every strain, three independent biological
replicates and technical duplicates were assayed.

Analysis of genetic stability

After 5, 10, 15 and 20 times of passage in YEPD medium,
the leavening ability of the transformants was measured in
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lean dough. Three
performed.

independent experiments were

Statistical analysis

Data were expressed as mean £+ SD and were accompanied
by the number of experiments independently performed.
The differences of the transformants compared with the
parental strain were confirmed by Student’s ¢ test. Differ-
ences at P < 0.05 were considered significant differences
in statistics.

Results
MALG61 and MALG62 expression levels

To confirm the genes overexpression, the mRNA was
quantified. The qRT-PCR results showed that the mRNA
levels of MAL61 and MAL62 in the MAL61 and MAL62
overexpression strains, respectively, were higher than the
parental strain. The expression levels of the target genes
were evidently increased under maltose induction. The
MALG61 expression level of BYKPMI increased by 21 and
15 % in maltose and glucose-maltose LSMLD media, re-
spectively, compared with the parental strain (Fig. la).
Simultaneously, the MAL62 expression level of BYKPM2
was 29 and 16 % higher than the parental strain in maltose
and glucose-maltose LSMLD media, respectively
(Fig. 1b). The MAL61 expression level of BYKPM1+M?2
was a slight higher than the strain BYKPMI, but the
MALG2 expression level of that slightly decreased com-
pared with the strain BYKPM2 in maltose and glucose-
maltose LSMLD media (Fig. 1). BYK was used as a blank
control to demonstrate any possible effects of an empty
vector and displayed no significant differences from the
parental strain BY 14. These results suggest that the mRNA
expression levels of MAL6I and MALG62 were corre-
spondingly enhanced by the control of the promoter PGK1.

Enzyme activities

Based on the results regarding gene expression levels, the
maltase and maltose permease activities were determined
in two LSMLD media. The strain BYK exhibited similar
maltase and maltose permease activities to the parental
strain BY14. The maltose permease activity of BYKPM1
increased by the maximum of 21 and 32 % in maltose and
glucose-maltose LSMLD media, respectively, and no ob-
vious variation in its maltase activity was detected com-
pared with the parental strain (Fig. 2). The similar
increasing trend with more notable effect (maximum of 98
and 100 % increases in maltose and glucose-maltose



World J Microbiol Biotechnol (2015) 31:1241-1249

a 1.6
BY14
v BYK
~ BYKPMI1
S 4l * ——BYKPM2
= * BYKPMI1-+M2
o
»
<
= *
o -
é 1.2 * T
@ T
2 T 1
g N — T
2 10t — =
- — 1
[
2 —
M — 1
0.8 —
Maltose Glucose-maltose
LSMLD medium
b 15,
BY14
Q BYK
% 1.6 BYKPMI1
s -or E= BYkpm2
5 BYKPM1+M2
o
Z 14}
=
.g —=—__ T
\
= 1.2 - *
5
]
2
= 101 i
& N
0.8

Maltose Glucose-maltose
LSMLD medium

Fig. 1 Determination of MAL6] and MALG2 expression levels by
real-time PCR in LSMLD medium. Fresh yeast cells were inoculated
into LSMLD medium and sampled at 1 h. Total RNA was isolated
and the expression of a MAL61 and b MALG62 were examined by qRT-
PCR. ACTI was used as a loading control. Data are averages from
three independent experiments, and error bars represent £=SD.
Significant difference of the transformants (BYKPMI1 and
BYKPM1+M2 for MAL6] mRNA; BYKPM2 and BYKPMI1+M2
for MAL62 mRNA) from the parental strain BY 14 was confirmed by
Student’s ¢ test (**P < 0.01; *P < 0.05, n = 3)

LSMLD media, respectively, compared with the parental
strain) of maltase activity was found in BYKPM2 carrying
overexpression of MAL62 alone (Fig. 2). Specifically, the
maltase activity in BYKPM?2 was the highest, whereas its
maltose permease activity was similar to that of the par-
ental strain during the whole course. Whether maltase or
maltose permease was used, the strain BYKPMI1+4+M2
showed moderate increases of both activities, compared
with BYKPM1 and BYKPM2, which demonstrated vig-
orous maltose permease and maltase activities, respec-
tively. These results reflect that MAL6] and MALG62
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Fig. 2 Maltose permease and maltase activity for these five strains
during cultivation in LSMLD medium. Cells were inoculated into
a maltose LSMLD medium, and b glucose-maltose LSMLD medium.
Cells were sampled at selected time intervals until a constant
trendline was obtained. Data are averages from three independent
experiments, and error bars represent £SD

overexpression could elevate maltose permease and mal-
tase activities, respectively. However, the enhancement in
maltose permease activity was lower than that in maltase
activity.

Sugar consumption in LSMLD medium
The effects of MAL61 and MALG62 overexpression on
maltose metabolism were tested by measuring the trend of

sugars consumption in two LSMLD media. Compared with
the parental strain BY14, the three transformants
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(BYKPM1, BYKPM2 and BYKPM1+M2) exhibited rapid
maltose utilization. The maltose utilization efficiency of
the strain BYKPM1 was 10 and 7 % higher than the par-
ental strain in maltose and glucose-maltose LSMLD media,
respectively, while lower than the strain BYKPM?2, which
carried MAL62 overexpression alone with 16 and 39 %
increases compared with the parental strain (Fig. 3). The
reduction in maltose level in BYKPM2 was the greatest
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Fig. 3 Concentration of residual sugar in these five yeast strains
during fermentation in LSMLD medium. Fresh yeast cells were
inoculated into a maltose LSMLD medium and b glucose-maltose
LSMLD medium, and sampled at selected time intervals for 4 h. Data
are averages of three independent experiments and error bars
represent =SD
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among all sampling stages (Fig. 3). The maltose utilization
in the strain BYKPMI1+M2 was slower than the strain
BYKPM?2, possibly because the decreased maltase and
maltose permease activity. Similar results to the parental
strain BY 14 was found in the strain BYK. These findings
demonstrate that both MAL61 and MAL62 overexpression
resulted in positive effects in maltose utilization. However,
single overexpression of MAL61 and co-overexpression of
MALG61 and MAL62 were not as efficient as single over-
expression of MAL62 in improving maltose metabolism.

Growth and fermentation characteristics

To investigate the more crucial effect of MAL62 and MAL61
overexpression on maltose metabolism, we tested the growth
and fermentation properties of the five strains. As illustrated
in Table 2, the transformants exhibited a decreased specific
growth rate compared with the parental strain, but the effects
of MAL61 and MALG62 overexpression on the final biomass
yield were not significant. For leavening ability, two strains
(BYKPM2 and BYKPM1+M2) carrying MAL62 overex-
pression performed well. Compared with the parental strain
BY 14, the leavening ability of the strain BYKPM1 only in-
creased from 3354 mL/h g dw to 360.7 mL/h g dw,
whereas 481.3 mL/h g dw and 418.4 mL/h g dw were ob-
served in BYKPM2 and BYKPMI1+M2, respectively
(Table 2). Moreover, fresh yeast was compounded into lean
dough, in which variations in the released CO, production of
the parental strain and transformants were identified. Com-
pared with the parental strain BY 14, the amounts of released
CO; of BYKPM2, BYKPM1+M2, and BYKPMI1 within
50 min increased by 31, 20, and 13 %, respectively (Fig. 4).
Furthermore, compared with the parental strain, the fer-
mentation times of BYKPM?2 and BYKPM1+M2 decreased
by 18 %, but that for BYKPMI1 only slightly changed
(Fig. 4). Importantly, the leavening ability of the transfor-
mants remained stable after 20 times of passages (data not
shown). Similar results of BYK to BY14 eliminated any
possible effects of the transformed empty vector. These re-
sults were consistent with the results of maltose metabolism
and indicate that MAL61 overexpression was less effective
than MALG62 overexpression for enhancing the leavening
ability of baker’s yeast in lean dough.

Effect of exogenous addition of alpha-glucosidase
to dough before leavening

Exogenous addition of alpha-glucosidase to the dough was
used before leavening. As shown in Table 3, the leavening
ability of the parental strain was changed by the exogenous
addition of alpha-glucosidase at different levels. Addition
of 0.006 g of alpha-glucosidase produced better gassing
ability. Within 50 min, the amounts of released CO, by
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Table 2 Fermentation

properties of the parental strain Strains Specific growth rate (™ Biomass yield (g/L) Leavening ability (mL/h g dw)
and transformants BY14 0.222 + 0.003 8.74 £0.11 335.4 £ 5.26
BYK 0.218 £+ 0.002 8.70 £ 0.12 3329 £ 425
BYKPM1 0.207 £ 0.001 8.41 £ 0.14 360.7 £ 3.66*
BYKPM2 0.215 £ 0.002 8.53 £ 0.10 481.3 £ 6.45%*
BYKPM1+M2 0.191 £ 0.002* 8.52 + 0.06 418.4 £+ 4.89*

Significant difference of the transformants from the parental strain BY 14 was confirmed by Student’s # test
(** P <0.01; * P <0.05;n = 3)
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Fig. 4 CO, productions by the parental strain and transformants in
lean dough. Data are averages of three independent experiments, and
error bars represent £SD

addition of 0.006 g of alpha-glucosidase increased by 13 %
compared with no alpha-glucosidase addition (Fig. 5), and
the leavening ability increased from 335.4 mL/h g dw to
366.7 mL/h g dw (Table 3). With the increased amount of
exogenous addition of alpha-glucosidase, the CO, pro-
duction in lean dough decreased. The CO, production
evidently decreased with 0.100 g of alpha-glucosidase
added. These results show that appropriate addition of al-
pha-glucosidase to dough before leavening was an effec-
tive method to improve leavening ability of baker’s yeast in
lean dough.

Discussion

Based on the approach of plasmid introduction carrying a
multi-copy of the regulatory or structural genes to test gene
regulation models at the molecular levels, a similar process
was performed in our work to investigate the differences
between the effects of MAL61 and MAL62 overexpression
on yeast maltose metabolism. This study demonstrated that
maltase encoded by MAL62 was the rate-limiting factor in
maltose fermentation of industrial baker’s yeast in lean
dough.

In this study, the single overexpression of MAL61, sin-
gle overexpression of MAL62 and co-overexpression of
two genes were established in industrial baker’s yeast cells,
which resulted in positive effects to maltose utilization
with stable growth characteristics. Compared with the
parental strain, the leavening abilities of all three overex-
pression strains increased. These results demonstrate that
rapid maltose metabolism was significantly correlated with
strong leavening ability caused by altered MALS and/or
MALT genes dosage, which supported the conclusion that
some modification on the MAL genes enhanced maltose
utilization (Bell et al. 2001; Goldenthal et al. 1987).
However, overexpression of both MAL61 and MALG62 led
to different effects including changes in sugar content, gas
escape and leavening ability (Figs. 3, 4; Table 2). It is
probably because that the regulation of MAL61 and MAL62
mature transcripts was affected by the control of the pro-
moter PGK . The results were verified by the identification
of MAL mRNA (Fig. 1). Regardless of sugar content, gas
escape, or leavening ability, MAL62 overexpression was
more effective than MAL6] overexpression. MAL62 over-
expression enabled yeast cells to convert more maltose to

Table 3 Leavening ability of the parental strain BY 14 with exogenous addition of alpha-glucosidase to the dough before leavening

-+0.000
3354 £5.90

Exogenous addition of alpha-glucosidase (g)
Leavening ability (mL/h g dw)

+0.006
366.7 £ 5.59*

+0.010
357.7 £ 3.51%

+0.030
345.6 £ 4.49

+0.100
304.1 £ 4.27*

Significant difference of the exogenous addition of alpha-glucosidase from no addition of alpha-glucosidase by the parental strain BY 14 was

confirmed by Student’s ¢ test (* P < 0.05; n = 3)
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Fig. 5 CO, productions by exogenous addition of alpha-glucosidase
to dough before leavening in the parental strain. Data are averages of
three independent experiments, and error bars represent £SD

glucose to CO, (Table 2). Their differences were probably
due to the tremendously different enzyme activities of
maltase and maltose permease. This finding corresponded
with the conclusion described by Goldenthal et al. (1987),
who reported that the regulation of the MALS and MALT
genes still exhibit some important distinctions despite the
coordinated induction by maltose.

In the present study, the enhancement in maltase activity
was stronger than that in maltose permease activity
(Fig. 2). The significant increase in maltase activity re-
sulted in a great increase of 44 % for the leavening ability.
In the MAL62 overexpression strain, maltose permease was
sufficient in transporting an adequate amount of maltose to
increase maltase, and the sugar was metabolized to in-
crease the leavening ability. However, the increase of
maltose permease activity in the MAL6I overexpression
strain was lower than that of maltase activity in MAL62
overexpression. Moreover, the leavening ability in the
MALG61 overexpression strain only increased by 8 %
compared with the parental strain. Although the increase in
maltose permease facilitated maltose uptake, maltase could
not immediately convert maltose to glucose to CO,, which
resulted in a smaller increase in the leavening ability. Thus,
maltase may be an important rate-limiting factor in maltose
metabolism and leavening ability of the industrial baker’s
yeast strain used in this work. This finding was consistent
with that of Jiang et al. (2008) and Sun et al. (2012), who
insisted that maltase is an essential enzyme in maltose
metabolism for high extracellular maltose concentrations.
In addition, maltase activity is inhibited by glucose (Gorts
1969). With the increase of intracellular maltose and rapid
conversion to glucose, the maltase activity could be
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inhibited by redundant glucose. The decreased maltase
activity was negative to maltose utilization. Hence, co-
overexpression of MAL61 and MALG62 cannot achieve the
maximum of maltose metabolism and leavening ability.
Overexpression of MAL62 alone was more effective than
co-overexpression of MAL61 and MAL62 in maltose fer-
mentation, which adequately suggests that increasing
maltase activity is sufficient to improve maltose fermen-
tation of industrial baker’s yeast in lean dough.

Considering the scruple for genetically engineered
strains in food processing, the leavening ability by ex-
ogenous addition of alpha-glucosidase to the dough before
leavening was tested in the parental strain. The appropriate
addition of alpha-glucosidase to dough before leavening
improved the leavening ability of baker’s yeast to some
extent (Fig. 5; Table 3), which further showed the impor-
tance of maltase in dough leavening and provided a tech-
nological guidance for baking industry. However, such
approach was not as effective as overexpression of MAL62
in improving the leavening ability of industrial baker’s
yeast in lean dough.

As a whole, overexpression of MAL62 alone was more
effective than overexpression of MAL6I alone and co-
overexpression of two genes in yeast maltose fermentation.
Thus, maltase was the most crucial factor as well as the
rate-limiting factor in maltose fermentation of industrial
baker’s yeast in lean dough. In addition, overexpression of
MALG62 was better than direct exogenous addition of alpha-
glucosidase to the dough before leavening in improving the
leavening ability of baker’s yeast in lean dough. This study
provides guidance for breeding of industrial baker’s yeast
for quick leavening.
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