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Saccharomyces cerevisiae is exposed to freeze-thaw stress in commercial processes, including frozen dough
baking. Cell viability and fermentation activity after a freeze-thaw cycle were dramatically decreased due to
freeze-thaw injury. Because this type of injury involves complex phenomena, the injury mechanisms are not
fully understood. We examined freeze-thaw injury by indirect gene expression analysis during postthaw
incubation after freeze-thaw treatment using DNA microarray profiling. The results showed that genes involved
in the homeostasis of metal ions were frequently contained in genes that were upregulated, depending on the
freezing period. We assessed the phenotype of deletion mutants of the metal ion homeostasis genes that
exhibited freezing period-dependent upregulation and found that the strains with deletion of the MACI and
CTRI genes involved in copper ion homeostasis exhibited freeze-thaw sensitivity, suggesting that copper ion
homeostasis is required for freeze-thaw tolerance. We found that supplementation with copper ions during
postthaw incubation increased intracellular superoxide dismutase activity and intracellular levels of reactive
oxygen species were decreased. Moreover, cell viability was increased by supplementation with copper ions.
These results suggest that insufficiency of copper ion homeostasis may be one of the causes of freeze-thaw

injury.

Yeast (Saccharomyces cerevisiae) cells are exposed to various
environmental stresses such as freeze-thaw, high-temperature,
osmotic, and air-drying stresses during commercial processes.
Freeze-thaw stress is important in the bread-making process,
because frozen dough baking has become a major technology
(3). Frozen dough baking improves labor conditions for bakers
and enables them to provide fresh baked goods for consumers
(3). Because frozen dough baking involves freeze-thaw treat-
ment, it exposes yeast cells to freeze-thaw stress, which leads to
a significant decrease in the fermentation ability and viability
of yeast cells (called “freeze-thaw injury”) (8). The freeze-thaw
injury of yeast cells depends on many factors, including freez-
ing periods, freezing temperature, and the physiology of yeast
cells (2, 5, 16, 17). Clarification of the changes in the cell
physiology of yeast cells caused by freeze-thaw stress is impor-
tant, because bakers are eager to extend the shelf life of frozen
dough. In this study, we attempted to determine the changes in
yeast cell physiology due to freeze-thaw injury by indirect gene
expression analysis, which is described below.

Freezing subjects yeast cells to low temperature, ice crystal
formation in the cells, and dehydration from the cells. This
causes both physical damage to cellular components, such as
the cell wall, membrane, and proteins, and formation of reac-
tive oxygen species (ROS) (13, 15). Superoxide anions and free
radicals are generated in yeast cells during the freeze-thaw
process (18), and ROS generation during the thawing process
is increased, depending on the freezing period (5, 18). Oxida-
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tive stress generated by freeze-thaw treatment enhances the
damage to cellular components (9, 25). Because modulation of
intracellular levels of ROS after freeze-thaw treatment is re-
quired to protect against toxicity, ROS scavenging systems
such as glutathione, catalase, and superoxide dismutase (SOD)
are believed to be important for freeze-thaw tolerance of yeast
cells (1, 2, 17). In particular, copper/zinc SOD (Cu/Zn SOD),
which plays a role in oxygen radical detoxification, is necessary
to confer full tolerance to freeze-thaw injury (18). Heavy metal
ions, such as iron ions and copper ions, are important transi-
tion metals for the detoxification of oxygen radicals in yeast
cells (6).

Although there have been several studies on the mecha-
nisms of freeze-thaw injury (5, 17, 18, 24), the mechanisms are
complex and have not yet been fully elucidated. We therefore
examined freeze-thaw injury by indirect gene expression anal-
ysis, which was conducted during postthaw incubation after
freeze-thaw treatment using DNA microarray profiling. Indi-
rect gene expression analysis may be advantageous for such an
examination, because changes of gene expression may reflect
the physiology of the freezing-state cell. We hypothesized that
the genes involved in freeze-thaw injury may upregulate during
postthaw incubation. To elucidate the physiological changes
during freeze-thaw injury, we carried out indirect gene expres-
sion analysis using yeast cells after they had been frozen for
different periods. The upregulated genes in the indirect gene
expression analysis were extracted by clustering methods. We
found that the genes involved in metal ion homeostasis were
specifically upregulated. The importance of the genes extracted
by the clustering was confirmed by phenotypic analysis using the
deletion strains of the extracted genes. We also showed, by phys-
iological analysis, that insufficiency of copper ion homeostasis
causes freeze-thaw injury.
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MATERIALS AND METHODS

Yeast strains, media, and viable cell counts. The Saccharomyces cerevisiae
wild-type strain BY4741 (MATa his3A1 leu2A0 met15A0 ura3A0) was used in this
study. The Asitl, Afrel, Afre4, Afre7, Actrl, Areel, Amacl, and Aprol deletion
strains derived from BY4741 were obtained from EUROSCAREF (the European
Saccharomyces cerevisiae Archive for Functional Analysis).

YPD medium (1% yeast extract [Difco Laboratory, Detroit, MI], 2% peptone
[Difco Laboratory], and 2% glucose) was used for cultivation of the yeast cells
unless otherwise noted. SD medium without copper (2% glucose, 0.17% yeast
nitrogen base without Cu and Fe [Bio 101, Vista, CA], 0.5% ammonium sulfate,
amino acid, and 1 pwM ferric chloride) supplemented with various concentrations
of copper ions (0 uM, 1 pM or 10 uM CuSO, alone or 10 uM CuSO, plus 100
M copper chelator bathocuproinedisulfonic acid disodium salt [BCS]) was used
for measurement of the intracellular ROS level and SOD activity.

Viable numbers of yeast cells were determined using YPD medium solidified
with 2% agar. Cell suspensions were plated onto the agar plates with appropriate
dilution and grown for 2 days at 30°C to allow colony formation, and viable cell
numbers were expressed as CFU. Viability was represented by the ratio of viable
cell numbers after freeze-thaw treatment to viable cell numbers before freeze-
thaw treatment. The viability of cells before freeze-thaw treatment was taken as
100%.

Freeze-thaw treatment condition. The yeast cells were grown at 30°C with
shaking at 200 rpm until the log growth phase (optical density at 600 nm [ODgq]
of 1) in YPD medium. The cells were harvested by centrifugation, washed in
distilled water, and resuspended in an equal volume of distilled water at room
temperature. An aliquot of 5 ml was then taken from the cell suspensions and
used as a negative control (nonfrozen control). The remaining cell suspensions
were divided into 5-ml aliquots and frozen at —30°C for 24 h, 48 h, 72 h, or 96 h.
The frozen cell suspensions were then thawed at 30°C in a water bath for 10 min.

Measurement of intracellular levels of ROS. The intracellular levels of ROS
were measured using the oxidant-sensitive probe 2',7'-dichlorofluorescein diac-
etate (DCFDA; Molecular Probes, Eugene, OR). After freeze-thaw treatment,
the yeast cells were collected and resuspended in YPD medium, and then the cell
culture was incubated at 30°C for 60 min (postthaw incubation). Thirty minutes
before the end of postthaw incubation, DCFDA (final concentration at 10 pM)
was added to the cell culture. The cells were then washed, resuspended in 200 pl
of distilled water, and disrupted with glass beads in a FastPrep FP100A instru-
ment (Bio 101) for 40 s at the speed setting of 6.5. Cell extracts (50 pl) were
mixed with 450 wl of distilled water, and the fluorescence was measured at
Nemission = 938 M (Aeyeitation = 485 nm) using a SpectraMax Gemini XS mi-
croplate spectrofluorometer (Molecular Devices, Sunnyvale, CA). The values of
Nemission = 538 nm were normalized using the viable cell numbers. The fluores-
cence intensity of the nonfrozen control cells was relatively taken as 100%.

DNA microarray analysis of indirect gene expression. We performed DNA
microarray analysis of indirect gene expression as follows. The yeast cells were
exposed to freeze-thaw treatment for 0, 24, or 48 h, and then the cells were
subjected to postthaw incubation for 60 min at 30°C in YPD medium. The RNA
samples used for DNA microarray analysis were extracted from the cells after
postthaw incubation by a method described previously (23). Affymetrix Yeast
Genome 2.0 arrays (Affymetrix, Santa Clara, CA) were used as the DNA mi-
croarrays. Poly(A)* RNA was enriched from total RNA using an Oligotex dT30
Super mRNA purification kit (Takara Bio, Ohtsu, Japan). The quality of the
poly(A)* RNA was confirmed using a Bioanalyzer 2100 (Agilent Technologies,
Palo Alto, CA). For cDNA synthesis and cRNA synthesis and labeling, One-
cycle target labeling and control reagents (Affymetrix) were used according to
the manufacturer’s instructions. Biotinylated cRNA was fragmented and used as
a probe. The probe was hybridized to a DNA microarray at 45°C for 18 h. The
arrays were washed and stained using a GeneChip fluidics station 400 (Affy-
metrix), and scanning was carried out using a GeneChip scanner (Affymetrix).
All experiments were performed in triplicate with independently grown cells.

Statistical analysis after data acquisition and normalization of expression data
was performed using GeneSpring version 7.3.1 (Agilent Technologies) based on
the gene expression data from triplicate independent experiments. After data
transformation to GeneSpring, per-chip normalization to the 50th percentile was
performed, and per-gene normalization to the control samples (nonfrozen sam-
ples) was applied to the per-chip normalized data.

We performed K-means clustering analysis on genes that had upregulated
expression when their freezing periods were extended (21). The number of
iterations was 100, and a similarity measurement was performed using the Pear-
son correlation coefficients. The genes whose expressions were upregulated de-
pending on freezing periods and that showed upregulation of twofold or more in
a 48-h sample compared with the nonfrozen control sample were extracted. To
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clarify the functions of the extracted genes, we classified the genes by function
using FunSpec (19) based on the data in the Munich Information Center for
Protein Sequences (MIPS; http://mips.gsf.de/). A probability of the intersection
between a given gene list and any given functional category occurring by chance
was calculated by FunSpec. The probability is represented by P values, and the
P value is a good statistical indicator of overrepresentation of genes in a given
functional category (19).

Evaluation of the freeze-thaw sensitivity of gene deletion strains. We evalu-
ated the freeze-thaw sensitivities of BY4741 and its Asitl, Afrel, Afre4, Afre7,
Actrl, Areel, Amacl, and Aprol derivative deletion strains. BY4741 was used as
a positive control, and the Aprol deletion mutant, which is known to be highly
sensitive to freeze-thaw stress (2, 14), was used as a negative control. These
strains were grown at 30°C with shaking at 200 rpm until they reached the log
growth phase (ODgq of 1) in YPD medium. The yeast cells were exposed to
freeze-thaw treatment for 24 or 48 h by the method described above. After the
freeze-thaw treatment, the numbers of viable cells in the suspension were de-
termined. Four parameters were used in the data analysis of the freeze-thaw
sensitivity of the deletion mutants: AM, defined as the viable cell numbers of
deletion strains after freeze-thaw treatment; AW, defined as the viable cell
numbers of the wild-type strain after freeze-thaw treatment; BM, defined as the
viable cell numbers of deletion strains before freeze-thaw treatment; and BW,
defined as the viable cell numbers of the wild-type strain before freeze-thaw
treatment. The freeze-thaw sensitivity was evaluated using the value of (AM/
AW)/(BM/BW). Mutants that exhibited an (AM/AW)/(BM/BW) of =0.5 were
defined as hypersensitive to freeze-thaw treatment.

Assessment of the copper supplementation effect on intracellular SOD activity
and ROS level after freeze-thaw treatment. We assessed the effects of supple-
mentation with copper ions on the SOD activity and ROS level as follows. After
freeze-thaw treatment, the cells were collected and resuspended in SD medium
containing various concentrations of copper ions (0 nM, 1 uM, or 10 uM CuSO,
alone or 10 pM CuSO, plus 100 uM copper chelator BCS), and the cell culture
was then incubated at 30°C for 60 min. SD medium was used in this assay because
the copper ion concentration in the culture medium can be controlled during
postthaw incubation. After incubation, intracellular SOD activity and the intra-
cellular levels of ROS were measured.

Measurement of intracellular SOD activity. The intracellular SOD activity was
assayed using the SOD assay kit-WST (Dojindo Molecular Technologies, Gaith-
ersburg, MD) according to the manufacturer’s instructions. One unit of SOD
activity was defined as the amount of enzyme required to inhibit water-soluble
tetrazolium salt reduction by 50%. The unit of intracellular SOD activity was
normalized as the viable cell numbers. The unit of intracellular SOD activity
before the cells were frozen was taken as 100%.

Assessment of the copper supplementation effect on cell viability after freeze-
thaw treatment. We assessed the effects of supplementation with copper ions on
viability by measuring the viable cell numbers after freeze-thaw treatment. The
cell suspensions with appropriate dilution after freeze-thaw treatment were
spread onto YPD or SD agar medium supplemented with various concentrations
of copper ions (0 uM, 1 pM or 10 uM CuSO, alone or 10 uM CuSO, plus 100
M BCS). Viable cell numbers were measured as described above, except that
the SD agar plate was incubated for 3 days at 30°C to allow colony formation.

Statistical analysis in the assessment of the copper supplementation effect.
We evaluated the statistical significance of differences in ROS level, SOD activ-
ity, and viabilities in the assessment of copper-supplementation effect by Stu-
dent’s ¢ test with two-tailed distributions using Microsoft Office Excel 2007.

Microarray data accession number. Microarray data from the present study
have been deposited in the Gene Expression Omnibus (GEO) repository at the
National Center for Biotechnology Information (NCBI) under series accession
no. GSE15461.

RESULTS

Design of the experimental conditions for indirect gene ex-
pression analysis. To design the experimental conditions for
indirect gene expression analysis, which is an analysis during
postthaw incubation, we monitored the viable cell numbers
(Fig. 1A) and intracellular levels of ROS (Fig. 1B), because
viable cell numbers and ROS levels are considered to be suit-
able markers for the degree of freeze-thaw injury. The yeast
cell suspensions were frozen for 0, 24, 48, 72, or 96 h, and
viable cell numbers in the cell suspensions after thawing were
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FIG. 1. Changes in viable cell numbers (A) and intracellular levels
of ROS (B) of strain BY4741 after freeze-thaw treatment. In panel A,
viable cell numbers were measured after freeze-thaw treatment for 24
to 96 h. In panel B, the intracellular levels of ROS were measured after
postthaw incubation preceded by freeze-thaw treatment for 24 to 96 h.
The fluorescence intensity of the cells before freeze-thaw treatment
was relatively set as 100%. The values are the means and standard

deviations of results from three independent experiments.

monitored (Fig. 1A). The viable cells decreased linearly during
the first 48 h of freeze-thaw treatment and remained relatively
constant thereafter. These data suggest that drastic changes in

cell physiology occurred during these 48 h.

After freezing, the cells were thawed, and postthaw incuba-
tion was then conducted for 60 min. We then measured the
intracellular ROS levels after postthaw incubation (Fig. 1B)
and found that the levels had increased depending on exten-
sion of the freezing periods. In particular, the ROS levels were
drastically increased during the first 48 h of freezing, which
correlated well with changes in the viable cell numbers. Based
on the results of viable cell numbers and intracellular ROS
levels, we estimated that drastic changes in cell physiology
occurred within 48 h of when the cells were frozen. Therefore,
we decided to analyze the gene expression of cells that were

treated with freezing for either 24 or 48 h.

Freezing periods (h)

Indirect gene expression analysis using a DNA microarray
after postthaw incubation. To examine the changes in cell
physiology during freezing, we carried out indirect gene ex-
pression analysis using yeast cells after 24 or 48 h of freeze-
thaw treatment followed by postthaw incubation at 30°C for 60
min. RNAs were extracted from the cells obtained from the
postthaw incubation, and DNA microarray analysis was per-
formed. It is conceivable that genes upregulated by freeze-
thaw stress were involved in recovery from the freeze-thaw-
injured state in this analysis. To extract genes that were
upregulated by freeze-thaw stress, we performed K-means
clustering analysis. We found that 65 genes were upregulated
in a manner that depended on the freezing period, and these
genes showed upregulation of twofold or more in the 48-h
sample compared with the nonfrozen control samples.

To characterize the extracted genes, we performed func-
tional classification of the genes using FunSpec based on the
data from MIPS (Table 1). We found that the category “ho-
meostasis of metal ions” had the lowest P value, strongly sug-
gesting the physiological relevance of this category of function
to recovery from the freeze-thaw-injured state. This category
contained genes involved in copper ion transport (CTRI,
FREI, FRE7, and REE]) and iron ion transport (SIT1, FREI,
FREA4, and FRE?7). Other than “homeostasis of metal ions,” the
category “cellular import” was extracted with relatively low P
values. Genes involved in copper ion transport and iron ion
transport were included in the “cellular import” category, over-
lapping with the genes included in the “homeostasis of metal
ions” category. These results indicated that the transport
mechanisms of heavy metal ions, such as copper ions and iron
ions, may be specifically activated during postthaw incubation
after freeze-thaw treatment. The transport mechanisms of
metal ions may be involved in the recovery process from the
freeze-thaw-injured state.

In the “homeostasis of metal ions” category, we found that
the genes whose transcription was regulated by Macl were

72 96

TABLE 1. Functional classification of genes whose expressions were upregulated depending on the freezing period in indirect

gene expression analysis

MIPS functional category® P value® Gene(s)
Homeostasis of metal ions 3.73E—04 SITI, FREI, FRE4, FRE7, CTRI, REE1
Cellular import 1.83E—03 SIT1, FREI, CTRI1, HXTS5, HXTI11
Oxidative stress response 2.00E—-03 GPX2, HSP12, CTTI, GRE2
Protein folding and stabilization 211E—03 SSAI, SSA4, HSP26, HSP42, HSPS2
Oxidation of fatty acids 329E-03 POTI, SPS19
Unfolded protein response 4.58E—03 SSAI, SSA4, HSP26, HSP42
Stress response 4.97E—03 HSP30, HSP82, MRK1, UBI4, DDR2, YJL144W
Siderophore-iron transport 591E-03 SIT1, FRE4
Alcohol fermentation 6.94E—03 NDE2, ADH2
Heavy metal ion transport 744E—03 FREI, FRE7, CTRI
Nonvesicular endoplasmic reticulum transport 9.23E—03 SSA7, SSA4
Glycolysis methylglyoxal bypass 9.84E—-03 GRE2
Sodium-driven symporter 9.84E—03 PHOS89

Others

ADRI, ADY2, AGP2, ATO2, BAG7, DSF1, ECM4, FMP16, FMP40, GLC3, GPH1,
INOI,JENI1, MOHI, NCA3, NOM1, OTUI1, PRM5, PUT1, PYK2, RNR3, RTC2,
SHCI, SOL4, SPG1, UGX2, YPS6, YDR034W-B, YER053C-A, YGR110W,
YLR149C, YML131W, YMRO85W, YNL092W, YNL134C, YNL194C,
YNL195C, YOR376W-A

“ Genes were classified by gene function using FunSpec based on the categories defined by the MIPS database.

® Functional categories with P values of <0.01 are listed.
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FIG. 2. The viabilities of strain BY4741 (as a positive control) and
the Amacl, Actrl, and Aprol (as a negative control) deletion strains
were measured after freeze-thaw treatment for 24 or 48 h. The values
are means and standard deviations of results from three independent
experiments.

contained at high frequency. Macl activates the expression of
six genes (CTR1, CTR3, FREI, FRE7, IRC7, and REET) under
a copper deficiency condition (7, 10), which, taken together
with our results, suggests that the import of copper ions may be
activated during postthaw incubation and that a deficiency in
utilizing copper ions may occur in freeze-thaw-injured cells.
We therefore decided to analyze the gene functions with re-
gard to tolerance to freeze-thaw stress of the genes contained
in the category “homeostasis of metal ions” and MACI.

Evaluation of the freeze-thaw sensitivity of deletion mutants
of genes involved in homeostasis of metal ions. To examine the
correlation between freeze-thaw tolerance and the function of
metal ion homeostasis genes, we evaluated the freeze-thaw
sensitivity of deletion strains of the genes contained in the
category “homeostasis of metal ions” and the gene encoding
transcriptional factor Macl. BY4741 (positive control), the
Aprol negative control strain, and the deletion strains were
frozen for 24 or 48 h, and freeze-thaw sensitivity was evaluated
as residual cell viability. As shown in Fig. 2, the Actrl and
Amacl strains showed hypersensitivity to freeze-thaw stress.
The Actrl strain in particular showed a higher level of freeze-
thaw sensitivity than did the Aprol strain, a representative
strain hypersensitive to freeze-thaw stress (2, 14). Other strains
with FREI, FRE4, FRE7, REE1, and SITI deletions showed
sensitivity equivalent to that of BY4741 (data not shown).
These data indicated that CTRI and MACI play a critical role
in tolerance to freeze-thaw stress in S. cerevisiae. Because
CTRI and MACI were involved in copper ion transport, the
maintenance of copper ion homeostasis may be important for
freeze-thaw tolerance.

Effects of supplementation with copper ions on intracellular
SOD activity and ROS levels. Based on the results described
above, we speculated that insufficiency of copper ion ho-
meostasis was a cause of freeze-thaw injury. We therefore
investigated the effects of supplementation with copper ions on
intracellular SOD activity and ROS levels, because Cu/Zn
SOD, which plays a role in oxygen radical detoxification, re-
quires copper ions for its activity. Intracellular SOD activity
and intracellular levels of ROS after postthaw incubation were
measured under various copper ion-containing conditions. Fig-
ure 3A shows the effects of supplementation with copper ions
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FIG. 3. Changes in intracellular SOD activity (A) and intracellular
levels of ROS (B) in BY4741 by supplementation with copper ions
during postthaw incubation. In panel A, the intracellular SOD activi-
ties were measured after postthaw incubation preceded by freeze-thaw
treatment for 24 or 48 h using SD medium containing various copper
ion concentrations. The unit of SOD activity of the cells before freeze-
thaw treatment was relatively set as 100%. In panel B, the intracellular
levels of ROS were measured after postthaw incubation preceded by
freeze-thaw treatment for 24 or 48 h using SD medium containing
various copper ion concentrations. The fluorescence intensity of the
cells before freeze-thaw treatment was relatively set as 100%. The
values are the means and standard deviations of results from three
independent experiments. Asterisks and double asterisks indicate that
there are significant differences between the values from samples sup-
plemented with no copper and the values from respective samples with
P values of <0.05 and <0.01, respectively.

during postthaw incubation on intracellular SOD activity. The
total SOD activities were significantly increased if copper ions
were supplemented at the concentration of 1 uM or 10 uM to
the medium used for postthaw incubation. Inversely correlated
with SOD activity, intracellular ROS levels were decreased by
supplementation with copper ions (Fig. 3B). Supplementation
with BCS, which is a specific copper chelator, inhibited the
effects of copper ions (Fig. 3A and B). These results suggested
that copper ions functioned to decrease the degree of freeze-
thaw injury by SOD activation and to decrease the ROS level.
It is possible that one of the causes of freeze-thaw injury is
insufficiency of copper ion homeostasis.

Effects of supplementation with copper ions on the cell vi-
ability of freeze-thaw-injured cells. To evaluate the effects of
supplementation with copper ions on cell viability after freeze-
thaw treatment, we assessed cell viability using YPD and SD
medium supplemented with copper. Figure 4 shows the corre-
lation between cell viability and supplementation of the copper
ion concentration in YPD (Fig. 4A) and SD (Fig. 4B) media.
Supplementation of CuSO, in either medium significantly in-
creased the viability of cells frozen for 48 h. These results
suggest that supplementation with copper ions was effective in
increasing the cell viability of freeze-thaw-injured cells.

DISCUSSION

Yeast cells suffer freeze-thaw injury during the freeze-thaw
process, and the viability and fermentation ability of yeast cells
after thawing are dramatically decreased. Extension of the
freezing period is especially damaging to yeast cells (13, 15).
Elucidation of the physiological changes during freezing may
contribute to the improvement of commercial processes such
as frozen dough baking technology.
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FIG. 4. Effects of supplementation with copper ions on cell viability
of BY4741 after freeze-thaw treatment. The cell viabilities after freeze-
thaw treatment were measured using YPD (A) and SD (B) agar media
containing various copper ion concentrations. The viability of cells
before freeze-thaw treatment was relatively set as 100%. The data
shown are means of more than triplicate measurements from a repre-
sentative experiment. Error bars represent the standard deviations of
the means. Asterisks and double asterisks indicate that there are sig-
nificant differences between the viabilities of samples supplemented
with no copper and the viabilities of respective samples with P values
of <0.05 and <0.01, respectively.

In this study, we attempted to clarify the physiological
changes of yeast cells caused by freeze-thaw injury by indirect
gene expression analysis conducted during postthaw incubation
after freeze-thaw treatment. We suspected that the changes of
gene expression observed in indirect gene expression analysis
might reflect the physiology of the freeze-thaw-injured state of
yeast cells. The genes involved in causing freeze-thaw injury
may be upregulated during postthaw incubation.

We found that the genes involved in the homeostasis of
metal ions, such as copper ions and iron ions, were upregulated
in indirect gene expression analysis following freeze-thaw
treatment, and this is the first report of such a finding. It has
been reported that various environmental stresses, such as
air-drying, alkaline pH, and acid stresses, are closely associated
with metal ion homeostasis in yeast cells (11, 20, 22). Our
results suggest the involvement of metal ion homeostasis in
freeze-thaw injury.

MACI and CTRI gene deletion strains showed hypersensi-
tivity to freeze-thaw stress. MACI and CTRI genes are in-
volved in copper ion uptake to a cell under a copper-deficient
condition (4, 7, 10, 12). Copper ions are an essential trace
element for almost all organisms because of their ability to act
as a cofactor in a variety of important enzymes for optimal
antioxidant defense, including Cu/Zn SOD and cytochrome ¢
oxidase (6, 26). Deficiency of copper ions decreases the viabil-
ity of cells subjected to oxidative stress (6, 26). However, the
deletion strains of metal ion homeostasis genes other than
MACI and CTRI included in the “homeostasis of metal ions”
category (Table 1) did not show freeze-thaw sensitivity. We
speculate that these deletion strains may be insensitive to
freeze-thaw stress because of the redundant function of other
genes. We confirmed the positive effects of copper ion supple-
mentation on the metabolism of freeze-thaw-injured cells,
which requires copper ions. Our results showed that intracel-
lular SOD activity was increased and the intracellular level of
ROS was decreased by supplementation with copper ions dur-
ing postthaw incubation. Furthermore, cell viability after
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freeze-thaw treatment was increased by copper supplementa-
tion. Freeze-thaw injury is closely related to oxidative stress by
ROS formation during the freeze-thaw process, and protection
from ROS improves cell viability (2, 5, 17, 18). The results
described in the present study suggest that an insufficiency of
copper ion homeostasis in yeast cells may correlate with suf-
fering a freeze-thaw injury, because copper ions play a role in
the intracellular detoxification of the level of ROS.

To the best of our knowledge, the present study is the first
report to show the correlation between freeze-thaw injury and
copper ion homeostasis. However, we have obtained no evi-
dence that copper ions play a molecular role in freeze-thaw
tolerance. Further study is needed to determine the role cop-
per ions play in increasing tolerance to freeze-thaw stress.
Our data may accelerate clarification of the mechanisms of
freeze-thaw injury and contribute to the commercial appli-
cation of freeze-thaw processes, including frozen dough
baking technology.
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