FOOD MICROBIOLOGY

crossm
Daqu Fermentation Selects for Heat-Resistant
Enterobacteriaceae and Bacilli
Zhiying Wang,a Pan Li,b,c Lixin Luo,c

David J. Simpson,a

Michael G. Gänzlea

Downloaded from http://aem.asm.org/ on December 14, 2019 by guest

a

University of Alberta, Department of Agricultural, Food and Nutritional Science, Edmonton, AB, Canada

b

South China Agricultural University, College of Food Science, Guangzhou, China

c

South China University of Technology, School of Biology and Biological Engineering, Guangzhou, China

ABSTRACT Daqu is a spontaneous solid-state cereal fermentation used as sacchariﬁcation and starter culture in Chinese vinegar and liquor production. The
evolution of microbiota in this spontaneous fermentation is controlled by the
temperature proﬁle, which reaches temperatures from 50 to 65°C for several days. Despite these high temperatures, mesophilic Enterobacteriaceae (including Cronobacter) and bacilli are present throughout Daqu fermentation. This study aimed
to determine whether Daqu spontaneous solid-state fermentation selects for
heat-resistant variants of these organisms. Heat resistance in Enterobacteriaceae
is mediated by the locus of heat resistance (LHR). One LHR-positive strain of Kosakonia cowanii was identiﬁed in Daqu, and it exhibited higher heat resistance
than the LHR-negative K. cowanii isolated from malted oats. Heat resistance in
Bacillus endospores is mediated by the spoVA2mob operon. Out of 10 Daqu isolates of the species Bacillus licheniformis, Brevibacillus parabrevis, Bacillus subtilis,
Bacillus amyloliquefaciens, and Bacillus velezensis, 5 did not contain spoVA2mob, 3
contained one copy, and 2 contained two copies. The presence and copy number of the spoVA2mob operon increased the resistance of spores to treatment
with 110°C. To conﬁrm the selection of LHR- and spoVA2mob-positive strains during Daqu fermentation, the copy numbers of these genetic elements in Daqu
samples were quantiﬁed by quantitative PCR (qPCR). The abundance of LHR and
the spoVA2mob operon in community DNA relative to that of total bacterial 16S
rRNA genes increased 3-fold and 5-fold, respectively, during processing. In conclusion, culture-dependent and culture-independent analyses suggest that Daqu
fermentation selects for heat-resistant Enterobacteriaceae and bacilli.
IMPORTANCE Daqu fermentations select for mobile genetic elements conferring

heat resistance in Enterobacteriaceae and bacilli. The locus of heat resistance
(LHR), a genomic island conferring heat resistance in Enterobacteriaceae, and the
spoVA2mob operon, conferring heat resistance on bacterial endospores, were enriched 3- to 5-fold during Daqu fermentation and maturation. It is therefore remarkable that the LHR and the spoVA2mob operon are accumulated in the same
food fermentation. The presence of heat-resistant Kosakonia spp. and Bacillus
spp. in Daqu is not of concern for food safety; however, both genomic islands
are mobile and transferable to pathogenic bacteria or toxin-producing bacteria
by horizontal gene transfer. The identiﬁcation of the LHR and the spoVA2mob
operon as indicators of ﬁtness of Enterobacteriaceae and bacilli in Daqu fermentation provides insights into environmental sources of heat-resistant organisms
that may contaminate the food supply.
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hermal processing is widely used to kill unwanted vegetative cells and endospores
in foods (1). The heat resistance of vegetative cells or endospores of the same
species varies substantially (2, 3). Due to the variety of heat resistance in target
organisms, heat-resistant strains may tolerate thermal food preservation processes that
are lethal to a majority of strains of the same species (4, 5). Comparative genomic
analyses have identiﬁed transferable genomic islands that confer heat resistance to
bacterial endospores (6) and Enterobacteriaceae (7). Knowledge regarding the genetic
determinants of bacterial heat resistance not only allows for the rapid identiﬁcation of
heat-resistant strains but also facilitates the identiﬁcation of environmental conditions
that select for heat resistance.
Heat resistance of endospores is enhanced by the spoVA2mob operon (6). The
spoVA2mob operon has previously been identiﬁed in Bacillus subtilis, Bacillus licheniformis, Bacillus amyloliquefaciens, Bacillus cereus, and Bacillus thermoamylovorans; cloning
of the spoVA2mob operon increased spore heat resistance, with the effect increasing
with the copy number of the operon (8, 9). spoVA2mob-mediated heat resistance of
bacterial endospores relates to the uptake of dipicolinic acid during sporulation (10, 11).
Heat resistance of Enterobacteriaceae, including Escherichia coli, Salmonella, Cronobacter, and Enterobacter cloacae, is mediated by a genomic island termed the locus of heat
resistance (LHR) (7, 12). The LHR increases the D60 value (decimal reduction time [i.e.,
the time required to kill 90% of the microorganisms] at 60°C) relative to that of
LHR-negative strains of the same species 10- to 100-fold (13). LHR-encoded proteins
include heat shock proteins that prevent or repair protein misfolding and aggregation
(14, 15). Both the LHR and the spoVA2mob operon are mobile genetic elements and may
transfer to pathogenic bacteria or spoilage organisms; therefore, heat resistance provided by the LHR and the spoVA2mob operon challenges the control of pathogens in
food system by thermal processing (13, 16).
The reservoir and selective pressure for LHR-positive or spoVA2mob-positive microorganisms remain unknown; to date, conclusions on environmental conditions selecting for LHR-positive E. coli were based solely on the frequency of LHR-positive isolates
in speciﬁc ecosystems (12, 17, 18). Ecosystems that maintain a temperature of 60°C for
an extended period may select for heat-resistant bacteria. One example is Daqu, a
traditional starter culture used for production of spirits and vinegar from cereals. Daqu
is produced from cereals by a spontaneous solid-state fermentation which includes
three phases: shaping (fermentation stage), ripening (maturation stage), and drying
(19). Daqu fermentation supports growth of amylolytic fungi and bacilli; amylolytic
enzymes produced in Daqu support starch sacchariﬁcation and ethanol production in
subsequent fermentation stages (20). The temperature is a key process parameter to
control the evolution of microbiota (21). Depending on the type of fermentation, the
temperature increases during the fermentation stages to reach a maximum ranging
from 45 to 65°C and declines to ambient temperature during maturation and drying
stages (22). In traditional Daqu fermentations, temperature control is achieved by
forced ventilation and by manually turning over the Daqu blocks (19). Mesophilic
organisms, including fungi, bacilli, Enterobacteriaceae, E. cloacae, and lactic acid bacteria, are dominant representatives of the Daqu fermentation microbiota (21, 22). Daqu
comprising Enterobacteriaceae and bacilli provides a good model for studying the effect
of temperature on the selection for heat-resistant strains containing the LHR or the
spoVA2mob operon.
Previous studies mainly demonstrated the mechanisms of functional genes mediating heat resistance (6, 7, 14, 23), but the environmental selective pressure for heat
resistance genes in natural and human-made ecosystems remains unclear. Therefore,
this study aimed to investigate the environmental selective pressure for heat-resistant
organisms in food fermentation. LHR-positive and spoVA2mob-positive bacteria were
screened for in the Daqu matrix, followed by veriﬁcation of the heat resistance of each
isolate. The cell counts of Enterobacteriaceae and sporeformers were also assessed
during Daqu production, as well as the copy numbers of the LHR and the spoVA2mob
operon. Moreover, the inﬂuence of temperature on the selection for heat-resistant
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FIG 1 Temperature proﬁle of Daqu piles during the fermentation stage (day 1 to day 17). The temperature remained at ambient temperature throughout the maturation and drying stages (data not shown).
Data represent means ⫾ SDs from four fermentation rooms in triplicate.

bacteria was determined by evaluating the copy numbers of the LHR and the
spoVA2mob operon during Daqu processing.
RESULTS
Temperature proﬁle of Daqu piles. To determine the temperature proﬁle of the
Daqu fermentation from which isolates were obtained, the temperature proﬁle in
replicate batches of Daqu was monitored during fermentation and maturation (Fig. 1).
Microbial activity increased the Daqu temperature to more than 45°C after 4 days of
fermentation. The fermentation stage consists of the thermophilic and cooling stages.
At the thermophilic stage, the temperature increased to about 60°C, followed by a
decrease to 45°C at the cooling stage and a 13-day maturation stage at room temperature. A temperature of more than 55°C, which is typically sufﬁcient to kill Enterobacteriaceae within minutes or hours (13, 24), was maintained for more than 4 days.
Identiﬁcation of bacilli and coliform bacteria from Daqu. To characterize isolates
with respect to their heat resistance, two Daqu samples were obtained from the
fermentation and maturation stages. Plate counts were determined on Luria-Bertani
(LB) and violet red bile glucose (VRBG) agars (Table 1), and representative isolates were
identiﬁed at the species level (Tables 2 and 3). Samples were analyzed after several
months of storage at ⫺20°C and using protocols for selective enumeration; therefore,
cell counts may not fully reﬂect the counts at the time of fermentation. Endosporeforming organisms increased after 13 days of maturation. Isolates of endosporeforming organisms belonged to B. licheniformis, Brevibacillus parabrevis, B. subtilis, B.
amyloliquefaciens, and Bacillus velezensis (Table 2). Cell counts of coliforms increased
from 5.48 log CFU/g to 6.64 log CFU/g by the end of maturation. Eleven isolates of
Enterobacteriaceae were identiﬁed as Kosakonia cowanii, Cronobacter sakazakii, Enterobacter hormaechei, and Pantoea calida (Table 3).

TABLE 1 Culture-dependent analysis of Daqu microbiota at fermentation stage (day 17)
and maturation stage (day 30)
Fermentation stage
Bacteria or medium
Total plate count
Endosporesb
VRBGc agar

Cell count (CFU/g)a
5.48 ⫻ 107
2.24 ⫻ 103
3.02 ⫻ 105

Maturation stage
No. of
isolates
2
5
5

Cell count (CFU/g)a
4.06 ⫻ 107
2.02 ⫻ 105
4.38 ⫻ 106

No. of
isolates
6
5
6

aData

are means from two technical replicates.
were enumerated after heating to 80°C for 30 min.
cVRBG, violet red bile glucose.
bEndospores
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TABLE 2 Identiﬁcation and copy number of the spoVA2mob operon in 10 isolates from Daqu
Closest type strain
Bacillus licheniformis
Brevibacillus parabrevis
Bacillus subtilis
Bacillus amyloliquefaciens
Bacillus subtilis

Strain
FUA2146
FUA2147
FUA2148
FUA2149
FUA2150

Type strain
ATCC 14580
IFO 12334T
DSM 10
DSM 7
DSM 22148

Identity (%) to
type strain
99.7
98.7
99.4
100.0
99.2

spoVA2mob copy no./
genomea,b
—d
—
—
0.71 ⫾ 0.04
0.69 ⫾ 0.08

spoVA2mob copy no./
genomec
0
0
0
1
1

Maturation

Bacillus licheniformis
Brevibacillus parabrevis
Bacillus amyloliquefaciens
Bacillus amyloliquefaciens
Bacillus velezensis

FUA2151
FUA2152
FUA2153
FUA2154
FUA2155

ATCC 14580
IFO 12334T
DSM 7
NBRC 15535
CBMB 205

99.7
100.0
98.6
100.0
99.6

—
—
0.89 ⫾ 0.12
1.42 ⫾ 0.17
1.27 ⫾ 0.31

0
0
1
2
2
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Stage
Fermentation

⫾ standard deviations in triplicate.
copy numbers.
cAdjusted copy numbers.
d—, not detected.
aMeans

bMeasured

The LHR and the spoVA2mob operon screening of isolates. PCR was performed to
identify the presence of the LHR and the spoVA2mob operon in all isolates of Enterobacteriaceae and spore-forming bacteria, respectively. Two and three isolates from the
fermentation stage and the maturation stage, respectively, were spoVA2mob positive
(Table 2). K. cowanii FUA1601 from the fresh Daqu samples was LHR positive (Table 3).
The LHR confers heat resistance on K. cowanii. To determine whether the LHR
confers heat resistance on K. cowanii, the survival of LHR-positive K. cowanii FUA1601
at 60°C was compared to survival of LHR-negative K. cowanii FUA1341, FUA1348, and
FUA1349 (Fig. 2). The survival rate of three LHR-negative K. cowanii isolates was
signiﬁcantly lower than that of LHR-positive K. cowanii FUA1601 (P ⬍ 0.05). To further
conﬁrm the role of LHR in heat resistance, the entire LHR sequence was cloned to
pRK767 to form pLHR (7), and pLHR was transferred into LHR-negative K. cowanii
FUA10121. The heat resistance of the transformant K. cowanii FUA10121(pLHR) was
equivalent to that of the LHR-positive wild-type strain (Fig. 2).
Heat resistance of endospores is dependent on the copy number of the
spoVA2mob operon. To determine heat resistance of vegetative cells and endospores
of bacilli possessing the spoVA2mob operon, survival was assessed at 60°C for vegetative
cells (Fig. 3) and at 110°C for spores (Fig. 4). Vegetative cells of bacilli were heat sensitive
irrespective of the presence of the spoVA2mob operon (Fig. 3). In contrast, the presence
of the spoVA2mob operon increased the heat resistance in spores (Fig. 4). Cell counts of
spoVA2mob-negative strains were reduced by approximately 7 log CFU/ml after 30 s at
110°C, while cell counts of spoVA2mob-positive strains were reduced by less than 1 log
CFU/ml (Fig. 4).

TABLE 3 Identiﬁcation and presence of LHR of 11 isolates from Daqu
Stage
Fermentation

Closest type strain
Kosakonia cowanii
Cronobacter sakazakii
Cronobacter sakazakii
Enterobacter hormaechei
Pantoea calida

Strain
FUA10116
FUA10117
FUA10118
FUA10119
FUA10120

Type strain
CIP 107300
ATCC 29544
ATCC 29544
CIP 103441
1400/07

Identity (%) to
type strain
100.0
99.1
100.0
99.3
99.1

Presence
of LHRa
⫺
⫺
⫺
⫺
⫺

Maturation

Kosakonia cowanii
Kosakonia cowanii
Cronobacter sakazakii
Cronobacter sakazakii
Enterobacter hormaechei
Pantoea calida

FUA1601
FUA10121
FUA10122
FUA10123
FUA10124
FUA10125

CIP 107300
CIP 107300
ATCC 29544
ATCC 29544
CIP 103441
1400/07

100.0
99.9
98.9
98.8
95.3
99.6

⫹
⫺
⫺
⫺
⫺
⫺

a⫺,

negative; ⫹, positive.
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FIG 2 Cell counts after treatment at 60°C for six strains of Kosakonia cowanii. Œ, LHR-positive K. cowanii
FUA1601 isolated from Daqu; o, LHR-negative K. cowanii FUA10121(pLHR) isolated from Daqu; Œ,
LHR-negative K. cowanii FUA10121 isolated from Daqu; , LHR-negative K. cowanii FUA1341 isolated
from malted oats; , LHR-negative K. cowanii FUA1348 isolated from malted oats; }, LHR-negative K.
cowanii FUA1349 isolated from malted oats.

Because heat resistance of spores was reported to depend on the copy number of
the spoVA2mob operon (6), we also determined the copy number of the spoVA2mob
operon in Daqu isolates (Table 2). The lowest copy number of the spoVA2mob operon in
B. subtilis FUA2150 was calculated as 0.69; however, because the number of copies per
genome must be an integer, the deviation from 1 was assumed to represent experimental error. The copy numbers of the spoVA2mob operon in B. amyloliquefaciens
FUA2149 and FUA2153 were comparable to that of B. subtilis FUA2150 and were
similarly assumed to be 1. The copy numbers of the spoVA2mob operon of B. amyloliquefaciens FUA2154 and B. velezensis FUA2155 were determined experimentally as 1.42
and 1.27, respectively. These numbers are twice as high as the copy number in B. subtilis
FUA2150 and likely represent two spoVA2mob operons per genome.
The survival of bacterial endospores at 110°C clearly related to the copy number of
the spoVA2mob operon (Fig. 4). To determine whether a quantitative relationship exists
between the number of spoVA2mob copies per genome and the heat resistance, survivor
curves at 110°C were ﬁtted to the Weibull model (Fig. 4). The use of the nonlinear
Weibull model was chosen because all thermal death time curves exhibited pronounced tailing. The relationship between the inactivation rate k, the shape parameter
p, and the spoVA2mob copy number is shown in Fig. 5. The inactivation rate of spores

FIG 3 Cell counts of Bacillus and Brevibacillus isolates after treatment of vegetative cells at 60°C. (A) Heat
treatment of vegetative cells of 5 isolates from the fermentation stage. Black circles, B. licheniformis
FUA2146; black triangles, Br. parabrevis FUA2147; black inverted triangles, B. subtilis FUA2148; gray
diamonds, B. amyloliquefaciens FUA2149; gray squares, B. subtilis FUA2150. (B) Heat treatment of vegetative cells of 5 isolates from the maturation stage. Black diamonds, B. licheniformis FUA2151; black squares, Br.
parabrevis FUA2152; gray inverted triangles, B. amyloliquefaciens FUA2153; white circles, B. amyloliquefaciens
FUA2154; white triangles, B. velezensis FUA2155. Black, gray, and white symbols represent strains with 0, 1, and
2 copies of the spoVA2mob operon per genome (Table 3). Data are means ⫾ SDs from three independent
experiments.
November 2018 Volume 84 Issue 21 e01483-18
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FIG 4 Cell counts of Bacillus and Brevibacillus isolates after treatment of spore preparations at 110°C. (A)
Heat treatment of spores of 5 isolates from the fermentation stage. Black circles, B. licheniformis FUA2146;
black triangles, Br. parabrevis FUA2147; black inverted triangles, B. subtilis FUA2148; gray diamonds, B.
amyloliquefaciens FUA2149; gray squares, B. subtilis FUA2150. (B) Heat treatment of spores of 5 isolates
from the maturation stage. Black diamonds, B. licheniformis FUA2151; black squares, Br. parabrevis
FUA2152; gray inverted triangles, B. amyloliquefaciens FUA2153; white circles, B. amyloliquefaciens
FUA2154; white triangles, B. velezensis FUA2155. Black, gray, and white symbols represent strains with 0,
1, and 2 copies of the spoVA2mob operon per genome (Table 3). Lines represent the curve ﬁt obtained by
nonlinear regression to the Weibull model. Data are means ⫾ SDs from three independent experiments.

of the ﬁve strains lacking the spoVA2mob operon was approximately 0.32 min at 110°C.
The average inactivation rates of strains carrying one or two spoVA2mob copies were
0.86 and 4.5 min at 110°C, respectively; plotting the gene copy number versus the
inactivation rate revealed a log-linear relationship with a correlation coefﬁcient (r2) of
0.96 (Fig. 5). Remarkably, the shape factor, which indicates tailing or shoulders, was also
dependent on the copy number of the spoVA2mob operon. The shoulder effect decreased with increasing copy numbers of the spoVA2mob operon (Fig. 4); the shape
factor p was correlated to the operon copy number, with an r2 of 0.96 (Fig. 5).
Increase of copy numbers of the LHR and the spoVA2mob operon during the
Daqu fermentation process. A high frequency of the LHR and the spoVA2mob operon
in isolates indicates selection for heat-resistant strains during fermentation. To provide
further evidence that Daqu fermentation selects for LHR- and spoVA2mob-positive
Enterobacteriaceae and bacilli, respectively, we quantiﬁed the copy numbers of these
two genes relative to total bacterial 16S rRNA throughout the fermentation process.
The copy numbers of the LHR, the spoVA2mob operon, and 16S rRNA genes were
measured at 6 time points of Daqu fermentation (Fig. 6). The abundance relative to 16S
rRNA genes of both the LHR and the spoVA2mob operon increased during Daqu
fermentation. The increase of the LHR and the spoVA2mob operons was signiﬁcant after

FIG 5 Weibull parameters k and p of 10 Bacillus and Brevibacillus isolates from Daqu. The values obtained
for the inactivation rate k () and the shape parameter p (Œ) at 110°C were averaged for all isolates with
0 (5 strains), 1 (three strains), or 2 (two strains) copies of the spoVA2mob operon per genome. Lines
represent log-linear regression (k) and linear regression (p) of copy numbers and the parameters of the
Weibull model.
November 2018 Volume 84 Issue 21 e01483-18
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FIG 6 Relative abundance of gene copies of the LHR and spoVA2mob operon in Daqu community DNA during
fermentation and maturation. (A) Copy numbers of the LHR to relative to the copy number of bacterial 16S rRNA
genes. (B) Copy number of the spoVA2mob operon relative to the copy number of bacterial 16S rRNA genes. Data
represent means ⫾ SDs from four replicate samples. Values in the same panel that do not share a letter are
signiﬁcantly different (P ⬍ 0.05).

only 4 and 6 days of fermentation (Fig. 6), corresponding to increases of fermentation
temperature to 45°C and 52°C (Fig. 1), respectively. In the entire process, the relative
abundance of the LHR increased more than 3-fold; the relative abundance of the
spoVA2mob operon increased more than 5-fold (Fig. 6).
Frequency of spoVA2mob-positive bacilli in genomes deposited in the NCBI
database. To determine whether the frequency of the spoVA2mob operon in bacilli
isolated from Daqu is higher than the frequency of other strains of the same species,
we identiﬁed the frequency of spoVA2mob-positive BLAST results with the spoVA2mob
operon as a query sequence. For the Bacillus spp. of interest, 432 genome sequences
are available; of these, 6 of 74 genome sequences of B. licheniformis, 0 of 1 genome
sequence of Br. parabrevis, 4 of 185 genome sequences of B. subtilis, 4 of 53 genome
sequences of B. amyloliquefaciens, and 2 of 118 genome sequences of B. velezensis were
spoVA2mob positive. In 23 out of the 24 ﬁnished genomes of Bacillus spp. that contained
spoVA2mob, the operon was carried on a chromosome.
DISCUSSION
The LHR and the spoVA2mob operon confer heat resistance on Enterobacteriaceae
and bacilli, respectively (6, 7). This study quantiﬁed the LHR and the spoVA2mob operon
in a Daqu fermentation, demonstrating that the temperature proﬁle of Daqu fermentation can provide selective pressure for these genomic islands and related heatresistant strains.
Samples used in this study were dried and stored frozen to isolate community DNA
for culture-independent analysis of the presence of genes coding for heat resistance. In
addition, a total of 29 microbial strains were isolated to verify that LHR- or spoVA2mobpositive Enterobacteriaceae and bacilli, respectively, have a higher resistance to heat
than negative isolates of the same species and origin. Plant-associated Enterobacteriaceae, including C. sakazakii, K. cowanii, and Enterobacter hormaechei, were frequently
isolated. K. cowanii was classiﬁed as Enterobacter until 2013 (25, 26). The diversity of
isolates thus conforms to prior reports that plant-associated Enterobacteriaceae are
abundant representatives of Daqu microbiota, comparable to other Daqu fermentations from different locations under same temperature proﬁle (20, 27, 28). Of note,
plant-associated Enterobacteriaceae and particularly C. sakazakii are also opportunistic
pathogens. C. sakazakii and K. cowanii persist for extended periods in low-moisture
foods, including infant formula, and can cause nosocomial infections in preterm
neonates (29, 30).
This study additionally demonstrated that Daqu fermentation selects for heatresistant and LHR-positive K. cowanii. The heat resistance of LHR-positive Kosakonia
from Daqu is comparable to previously published heat resistance of LHR-positive
Enterobacter spp. (12) and conﬁrms that the LHR is a reliable marker for heat resistance
November 2018 Volume 84 Issue 21 e01483-18
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(7, 12). The relative abundance of Enterobacteriaceae in Daqu, about 25% of total
isolates (27), matches the relative abundance of the LHR copies (this study), indicating
that a substantial proportion of Enterobacteriaceae carry the LHR. Even when considering that multiple copies of the LHR may be present in one strain, this study
demonstrates that an increase of the fermentation temperature exerts a strong selective pressure for LHR-positive Enterobacteriaceae. A high frequency of LHR-positive
Escherichia coli organisms has been previously found for meat (13), cheese (31), and
wastewater (17); however, the LHR has not been identiﬁed in spontaneous solid-state
fermentation or in K. cowanii. The temperature of Daqu ranged from 55 to 60°C for 6
days; at this temperature range, even LHR-positive Kosakonia and Enterobacter spp. are
usually killed within minutes of exposure (Fig. 3) (12). A reduction of the water activity
induces accumulation of compatible solutes and enhances the heat resistance of
LHR-positive Enterobacteriaceae (32–34). The low moisture content of Daqu may thus
enhance the selective advantage of LHR-mediated heat resistance of Kosakonia during
fermentation.
Bacillus spp. constitute a signiﬁcant portion of the microbial population in Daqu (19,
21, 22); their endospores survive under low-moisture conditions and at high temperatures (35). This study demonstrated that the count of spores increased during fermentation; the taxonomic identiﬁcation of spore-forming bacteria matched prior reports on Daqu microbiota (Tables 1 and 2) (22, 36). More surprisingly, 50% of the
isolates of sporeformers were spoVA2mob positive. The frequency of spoVA2mob-operon
positive bacilli isolated from Daqu is more than 10-fold higher than the proportion of
spoVA2mob-positive isolates for which genome sequence data have been accessible in
the GenBank genome database. Moreover, most spoVA2mob-positive bacilli and all
isolates with two spoVA2mob copies per genome were obtained from the maturation
stage. Heat-resistant and spoVA2mob-positive bacilli were identiﬁed as B. subtilis, B.
amyloliquefaciens, and B. velezensis.
The high proportion of spoVA2mob-positive isolates (Tables 1 and 2) together with
the strong increase of the relative abundance of the spoVA2mob operon in community
DNA (Fig. 6) indicates a strong selective pressure for the operon during fermentation.
This selective pressure is likely exerted on spore survival. The spoVA2mob operon is
controlled by a sporulation-speciﬁc promoter, and the genes in this operon are
speciﬁcally expressed during sporulation (37); accordingly, the operon impacts heat
resistance of spores but not of vegetative cells (Fig. 3 and 4). The Daqu fermentation
temperature is substantially below the temperature range that allows rapid inactivation
of spoVA2mob-negative endospores (Fig. 3) (6, 38, 39). The 4- to 5-fold increase of the
proportion of spoVA2mob-positive bacterial endospores during Daqu fermentation suggests that the operon also improves long-term survival of Bacillus endospores at the
temperature range of 50 to 60°C, which is not well documented in the experimental
literature.
The heat resistance of Bacillus endospores depended not only on the presence but
also on the copy number of the spoVA2mob operon, consistent with a prior report (8).
Kinetic modeling of spore inactivation in combination with quantiﬁcation of the
spoVA2mob copy numbers allowed establishment of quantitative relationships. The
inactivation rate was strongly inﬂuenced by the spoVA2mob copy numbers, as indicated
by the log-linear relationship (Fig. 5). Remarkably, the shape parameter p was also
dependent on the presence and copy number of the spoVA2mob operon. For log-linear
thermal death time curves, the shape parameter is 1; tailing is represented by a shape
parameter below 1, and values for p that are higher than 1 indicate a shoulder (40, 41).
Physiological mechanisms that relate to shouldering and tailing phenomena are poorly
investigated (42). The spoVA2mob operon strongly impacted the shoulder effect in
thermal death time curves (Fig. 4 and 5); this phenomenon warrants further investigation.
In conclusion, the Daqu fermentation analyzed in this study appears to have
selected for mobile genetic elements conferring heat resistance in Enterobacteriaceae
and bacilli. Both the LHR and the spoVA2mob operon were enriched by the end of Daqu
aem.asm.org 8
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processing, and the relative abundance of the two increased approximately 3 and 5
times, respectively. Bacillus endospores exhibit a much higher resistance to heat than
Enterobacteriaceae; it is therefore remarkable that the LHR and the spoVA2mob operon,
which confer resistance on Enterobacteriaceae and Bacillus spores, respectively, are
enriched in the same food fermentation. Current knowledge allows identiﬁcation of
ecosystems which select for LHR-positive Escherichia coli; however, the selective pressure for other Enterobacteriaceae is unknown. All current isolates of spoVA2mob-positive
bacilli were obtained from commercial food products (39); data on natural habitats that
provide selective pressure for this operon are unavailable. This study extends prior
knowledge by indicating that heat resistance may contribute to ecological ﬁtness for K.
cowanii and Bacillus spp. in food fermentations and may account for their abundance
in fermentation microbiota. Daqu is one of only a few food fermentations for which
fermentation temperatures reach or exceed 60°C; moreover, it is also one of only a few
fermentations dominated by bacilli and Enterobacteriaceae (43). The selective pressure
for heat-resistant Enterobacteriaceae and bacilli in food fermentations is therefore
unprecedented. The identiﬁcation of the LHR and the spoVA2mob operon as likely
indicators of ﬁtness of Enterobacteriaceae and bacilli in Daqu fermentation may provide
insight into environmental sources of heat-resistant spoilage organisms. The presence
of heat-resistant Kosakonia spp. and Bacillus spp. in Daqu is not a food safety concern;
however, both genomic islands are mobile and transferable to pathogenic bacteria or
toxin-producing bacteria by horizontal gene transfer. Our study may contribute to the
identiﬁcation of the source of heat-resistant spoilage organisms and pathogens that
may contaminate the food supply.
MATERIALS AND METHODS
Sample collection. Daqu samples were obtained by Li et al. (20) from two independent industryscale fermentations. The stacked layers of Daqu blocks were manually turned every 2 days during the
fermentation stage to allow adequate aeration and to control the pile temperature. During the 17-day
fermentation, the temperature of the blocks was strictly controlled (20) according to traditional solidstate fermentation techniques such as stacking and opening windows and doors, with a small variation
in the Daqu core temperature (pile temperature) between the different fermentation rooms; afterwards,
for the 13-day maturation, samples were dried and cooled to room temperature. In enumeration and
isolation, samples were collected on day 17 (the end of fermentation stage) and day 30 (the end of
maturation stage) and were analyzed. For quantitative PCR (qPCR) analysis, samples were collected
separately at day 0 (40°C to ⬃45°C) and days 4 (42°C to ⬃47°C), 6 (46°C to ⬃51°C), 11 (53°C to ⬃58°C),
15 (45°C to ⬃50°C), and 30 (⬍25°C) based on the temperature control during the fermentation process
(Fig. 1). Samples were collected from two replicate fermentation rooms at each time point, and two
samples per fermentation room were obtained. Two technical replicates were analyzed by qPCR. Daqu
samples were ground to powder in a sterile grinder and then transferred into a sterile stomacher bag
(Stomacher Lab System, London, UK) to obtain about 500 g of sample. All samples were dried and frozen
at ⫺20°C immediately for further analysis.
Enumeration and isolation. Dry samples (10 g) were mixed with 90 ml of buffered peptone water
(Oxoid), soaked at 4°C for 30 min, and homogenized (Stomacher Lab Blender 400; Seward Medical,
London, UK) for 2 min. Duplicate counting plates were prepared using appropriate dilutions. For plating,
50 l of the dilution was spread on the surface of a dried plate with a spiral plater (Don Whitley Scientiﬁc,
Shipley, UK). The total bacterial count was determined on Luria-Bertani (LB) (Difco) plates after incubation
at 37°C for 24 h. For the estimation of bacterial spores, a 10% (wt/vol) sample suspension was heated at
80°C for 30 min and enumerated as described above. Serial dilutions of homogenate were surface plated
on violet red bile glucose (VRBG) agar (Oxoid) and incubated at 44°C for 18 h, separately. After
incubation, the colonies appearing on the selected plates were counted and calculated as CFU per gram
of dry Daqu sample. Three representative colonies of each morphology were isolated and stored in
glycerol at ⫺80°C.
Identiﬁcation of isolates. For sequencing analysis, genomic DNA of bacteria was extracted from
pure cultures of isolates using a DNeasy blood and tissue kit (Qiagen, Hilden, Germany) according to the
manufacturer’s instructions. The genomic DNA was then used as a template for PCR to amplify the
bacterial 16S rRNA using the primers 27F/1492R (44) and Phusion high-ﬁdelity DNA polymerase (Fisher
Scientiﬁc). Ampliﬁed 16S rRNA fragments were analyzed on 1% (wt/vol) agarose gels stained with
SYBRsafe (Invitrogen, Burlington, Ontario, Canada). After puriﬁcation with a GeneJET Gel Extraction and
DNA Cleanup Micro kit (Thermo Fisher Scientiﬁc, Waltham, MA), the 16S rRNAs were sequenced with
Sanger sequencing by the Molecular Biology Service Unit of the University of Alberta (Canada). The 16S
rRNA sequences were compared with sequences of type strains using the sequence match tool of the
Ribosomal Database Project (https://rdp.cme.msu.edu/seqmatch/seqmatch_intro.jsp).
PCR screening of Daqu isolates for the spoVA2mob operon and LHR. All isolates were screened for
heat resistance with primers targeting the last gene of the spoVA2mob operon and three fragments of the
November 2018 Volume 84 Issue 21 e01483-18
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TABLE 4 Sequences of primers for PCR
Sequence (5=¡3=)
AGAGTTTGATCCTGGCTCAG
GGCTACCTTGTTACGACTT
GTGCCTGAATGGTTAGATATAGC
TTATCCTTTTAAAATAGGGGTCACTTTATC
TACAAGATTGCCCTGGAAGT
CTTGATCGAATCCTGGTTGG
TTAGGTACCGCTGTCCATTGCCTGA
AGACCAATCAGGAAATGCTCTGGACC
GAGGTACCTGTCTTGCCTGACAACGTTG
TATCTAGAATGTCATTTCTATGGAGGCATGAATCG
GCAATCCTTTGCCGCAGCTATT
GTCAAGCTTCTAGGGCTCGTAGTTCG

Product
Tm (°C) size (kb) Reference
44
58
1.5
68

0.86

This study

60

0.20

14

62

1.8

7

64

2.8

7

64

2.8

7
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Primer
27F
1492R
Det-hyp-2mob-F
Det-hyp-2mob-R
Lhr2-F
Lhr2-R
HR-F1
HS-R1
HR-F2.2
HR-R2
HS-F1
HR-R3

LHR in Escherichia coli AW1.7. Primers used in this study are shown in Table 4. To detect the presence of
the spoVA2mob operon, primers were designed to selectively amplify the last gene of the spoVA2mob
operon of B. amyloliquefaciens DSM7 (GenBank accession no. FN597644.1).
Preparation of vegetative cells and spores of bacilli. Vegetative cells of Bacillus and Brevibacillus
were prepared for heat testing at 60°C. All strains were grown in LB broth at 37°C with agitation at 200
rpm for 12 h. After being subcultured at a 1% dilution three times, cultures were examined by
microscopic observation under bright ﬁeld to verify that more than 99.9% of the cells had not sporulated.
Spore suspensions of 10 isolates from Daqu in water were prepared as described previously (5).
Determination of heat resistance of bacilli and K. cowanii. Vegetative cells of bacilli were treated
at 60°C for 1, 3, 5, or 7 min as previously described (4). After heating, appropriate dilutions were plated
on LB agar and incubated at 37°C for 24 h. After incubation, CFU were calculated.
Spore suspensions were transferred to 25 l of Dade Accupette pipettes (P4518-25). The glass
capillaries were heat sealed, placed in an oil bath at 110°C for 0, 5, 10, 20, 30, 60, 180, or 300 s, and rapidly
cooled in water. The cell counts of heat-treated spore suspensions were determined as described above.
To conﬁrm the contribution of the LHR in the heat resistance of K cowanii, pLHR was transformed into
LHR-negative FUA10121 by electroporation. Transformants were plated on LB agar containing 15
mg/liter of tetracycline hydrochloride. The construction of pLHR was described previously (7). Four strains
of K. cowanii (FUA1601, FUA1341, FUA1348, and FUA1349) were treated at 60°C for 1, 3, 5, or 7 min. The
cell counts of heat-treated culture were determined as described above.
Nonlinear model of spores for thermal inactivation. A modiﬁed model originating from the
Weibull frequency distribution was proposed to describe nonlinear survival curves of spores (45):
log

N
⫽ k ⫻ tp
N0

where N presents the number of surviving cells after a duration of heat treatment time t, while N0 is the
initial population. For a given temperature (110°C), parameter distributions are k and p, and these two
values were determined by nonlinear curve ﬁt procedure in Sigma Plot 12.5. Initial parameters of k and
p are 1 and ⫺0.01, respectively.
Quantiﬁcation of copy number of the LHR and the spoVA2mob operons. qPCR was used for
determining the copy number of the spoVA2mob operon, LHR, and 16S rRNA in Daqu community DNA.
Community DNA was isolated from 1 g of Daqu powder using the E.Z.N.A. soil DNA kit (Omega Bio-Tek,
Doraville, GA). The 7500 fast real-time PCR instrument and 7500 software v 2.0.5 (Applied Biosystems)
were used for qPCR ampliﬁcation and detection. qPCR samples were prepared in duplicates of 25 l of
reaction mixture in MicroAmp optical 96-well reaction plates and sealed with optical adhesive ﬁlm
(Applied Biosystems). Each reaction well contained 50 ng of template DNA, 12.5 l of 2 ⫻ SYBR green
PCR master mix (Qiagen, Hilden, Germany), and 0.5 mmol each of forward and reverse primers.
Nuclease-free water was used as the negative control. The thermal cycling protocol was as follows: initial
denaturation for 10 min at 95°C, followed by 40 cycles of 30 s at 95°C, 30 s at melting temperature (Tm),
and speciﬁc extension time at 72°C. The ﬂuorescence signal was measured at the end of each extension
step at 72°C. After the ampliﬁcation, a melting-curve analysis with a temperature gradient of 0.1°C/s from
70 to 95°C was performed to conﬁrm that only the speciﬁc products were ampliﬁed. Finally, the samples
were cooled down to 4°C. Table 4 shows the sizes of the ampliﬁed products and their melting
temperatures, for determination of speciﬁc PCR product ampliﬁcation. The standard curves for the
spoVA2mob operon, LHR, and 16S rRNA ranged from 1 ⫻ 103 to 1 ⫻ 109 copies/l. All curves were linear
in the range tested (r2 ⬎ 0.999) by the duplicate reactions. A high ampliﬁcation efﬁciency (0.98) was
determined for all three target genes.
Determination of copy number of the spoVA2mob operon per genome. DNA was isolated from
each strain using a Qiagen DNeasy blood and tissue kit (Qiagen). The qPCR assay for determination of
spoVA2mob operons is described above. The genome copies can be calculated as follows:
genome copies ⫽
November 2018 Volume 84 Issue 21 e01483-18
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where n is genome size (in base pairs) and m is amount of genomic DNA in one PCR (in nanograms). The
average genome sizes of B. amyloliquefaciens, B. velezensis, and B. subtilis were determined with
completed genomes of these species that were available in the National Center for Biotechnology
Information (NCBI) database in November 2017. The average genome sizes (numbers of genomes) were
as follows: B. amyloliquefaciens, 3.97 ⫾ 0.10 Mb (53); B. subtilis, 4.11 ⫾ 0.28 Mb (166); and B. velezensis,
4.00 ⫾ 0.11 Mb (97).
Frequency of the spoVA2mob operon in genome-sequenced bacilli. The sequence of the
spoVA2mob operon (6) was BLAST searched against all completed genomes of species matching
spoVA2mob-positive isolates obtained in the present study. The BLAST search was performed on 4 May
2018 using the NCBI nucleotide BLAST against 74 genomes of B. licheniforms, 1 genome of Br. parabrevis,
185 genomes of B. subtilis, 54 genomes of B. amyloliquefaciens, and 118 genomes of B. velezensis (total
of 432 genomes).
Statistical analysis. Data were subjected to analysis of variance (ANOVA) using SPSS 21.0 (SPSS Inc.,
Chicago, IL) software. The least signiﬁcant difference (LSD) was used to test the difference between
means. Differences between means were evaluated as signiﬁcant at a P value of ⬍0.05.
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