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ABSTRACT

Thylakoids were isolated from nonhardened and coldWhardened winter
rye (Secale cereale L. cv. Puma), and subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis in the presence and absence of sulfhy-
dryl reagents. Electrophoresis of cold-hardened rye thylakoid proteins
revealed the presence of a 35 kilodalton polypeptide and the absence of a
51 kilodalton polypeptide found in nonhardened rye thylakoid proteins.
The 35 kilodalton band could be induced by adding ,-mercaptoethanol to
nonhardened rye thylakoid proteins, whereas the 51 kilodalton band could
be formed by adding cupric phenanthroline to these same proteins. Sulfhy-
dryl group titration showed that cold-hardened rye thylakoid proteins
contained more free sulfhydryls than nonhardened rye proteins. Although
amino acid analysis of thylakoid proteins revealed quantitative differences
in several amino acid residues, the polarity of thylakoid proteins did not
change during cold acclimation. No significant changes in sodium dodecyl
sulfate-polyacrylamide gels of thylakoid proteins appeared when either
nonhardened or cold-hardened plants were frozen in vivo or in vitro.
However, thylakoid proteins did aggregate when frozen in the presence of
fl-mercaptoethanol. Although thylakoid proteins isolated from cold-
hardened rye contained more reduced thiols, a general state of reduction
did not act as a cryoprotectant. It is hypothesized that conformational
changes of specific proteins may be important for low temperature growth
of rye.

Functional studies have shown that thylakoid membranes are
subject to freezing injury. Heber and Santarius (10, 12) demon-
strated that freezing uncoupled photophosphorylation from elec-
tron transport, inactivated the light-dependent ATPase, and in-
creased proton permeability of washed spinach thylakoids.

Several investigators have searched for a compositional or
structural alteration in frozen thylakoid membranes which could
account for these functional changes. Using negative staining
techniques for the electron microscope, Garber and Steponkus (7)
observed that CFI3 particles were released from spinach thyla-
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koids frozen in vitro. However, Heber (10) found that the addition
of EDTA-solubilized CF 1 to freeze-thawed spinach thylakoids
did not reconstitute photophosphorylation. Volger and coworkers
(34) supported this conclusion when they reported that inactiva-
tion of cyclic photophosphorylation preceded release of CF 1
subunits during freezing of spinach thylakoid suspensions. After
showing that the three high mol wt subunits of CF 1 are released
from pyrophosphate-washed spinach thylakoids by freezing,
Lineberger and Steponkus (21) also encountered difficulties in
reconstituting photophosphorylation and in accounting for in-
creased proton permeability of frozen thylakoids. Apparently,
freezing thylakoids leads to uncoupling of photophosphorylation
through both inactivation of CF 1 and loss of the proton gradient
across these membranes.

Studies of thylakoids isolated from cold-acclimated plants have
shown them to be more resistant to the effects of freezing. Senser
and Beck (29), for example, reported that thylakoid membranes
isolated from winter hardy spruce needles exhibited an increased
capacity for cyclic photophosphorylation. Garber and Steponkus
(8) also observed that thylakoids isolated from cold-hardened
spinach required less sucrose than nonhardened spinach thyla-
koids to recover light-dependent proton uptake after freezing.
Compositional or structural alterations of thylakoid membranes
would seem to be prerequisities for maintenance of photophos-
phorylation at low temperatures. Yet surveys of the protein com-
plement of thylakoid membranes have failed to show gross com-
positional changes during cold acclimation of the plants (6, 13).
Heber (11), though, has isolated two soluble cryoprotective pro-
teins from hardened rye leaves. These proteins have been char-
acterized as hydrophilic, 10 to 20 kd in mol wt, and more effective
than sugars in protecting the photophosphorylating capacity of
thylakoids after freezing (33). Using freeze-fracture techniques for
the electron microscope, Garber and Steponkus (8) observed that
particles on the inner fracture face of spinach thylakoids changed
from a heterogeneous population of two size groups to a uniform
intermediate particle size upon cold acclimation. However, the
role of either the cryoprotective proteins or the freeze-fracture
particles in freezing resistance has not been well defined.

Recently, Huner and co-workers (14, 16) have shown that
ribulose bisphosphate carboxylase undergoes conformational
changes upon cold acclimation in winter rye. These changes in
the tertiary structure of the enzyme lead to a more stable protein
at low temperatures and can be detected by electrophoresing the
enzyme in the presence and absence of reducing agent. The
purpose of the experiments described in this report was to inves-
tigate the possibility that conformational rather than compositonal
changes in thylakoid proteins are important for cold acclimation
of winter rye.
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LOW-TEMPERATURE EFFECTS ON THYLAKOID PROTEINS

MATERIALS AND METHODS

Plant Materials. Winter rye (Secale cereale L. cv. Puma) plants
were grown in coarse vermiculite, watered with modified Hoag-
land solution, and provided with an illumination of 450 ,iE m-2
s ' during a 16-h photoperiod (15). All plants were grown at 25/
20°C D/N temperatures for I week. Control plants then remained
at 25/20°C D/N for 3 week (RNH), whereas plants to be cold
hardened (RH) were transferred to 5/2°C D/N temperatures for
12 weeks (13).
The ability of winter rye leaves to tolerate freezing was deter-

mined by changes in electrical conductivity (5). Wetted leaf sec-
tions (15 mm) were inoculated with ice at 0°C, cooled at 3°C/h,
and allowed to thaw at 2°C overnight. After a 24-h equilibration
period in deionized H20, conductivity of the leaf sections was
measured before and after boiling. Freezing injury was defined as
a loss of 50% of total solutes. Thus, the temperature of freezing
injury was -90C for RNH leaves, and -18°C for RH leaves.

Freezing. For some experiments, pots of nonhardened and cold-
hardened rye plants were frozen in vivo prior to thylakoid isolation.
RNHF plants were frozen to -200C, and RHF plants to -70°C,
by placing pots in an appropriate freezer for 16 h. Plants were
thawed quickly at room temperature. All plants died, as deter-
mined by regrowth. In vitro freezing was accomplished be resus-
pending thylakoid pellets in 0.05 M triethanolamine (pH 8.5), and
placing them in a freezer at -200C for 16 h.

Thylakoid Isolation. Chloroplasts were isolated from fully ex-
panded leaves of RNH and RH plants which had been destarched
by placing them in a darkened cabinet for 25 h. Rye leaves were
chilled, cut, and briefly ground with a mortar and pestle in a
continuous flow of isolation medium (13) containing sorbitol, 2
nim EDTA, 2 mm ascorbic acid, and 25 mm Hepes-NaOH at pH
7.6 (1). The isolation medium contained 0.4 M sorbitol for RNH
leaves, and 0.7 M sorbitol for RH leaves (15). The brei was filtered
through 16 layers of cheesecloth, and the filtrate was centrifuged
at 300g for I min. The pellet was discarded, and the supernatant
was recentrifuged at l,500g for 5 min to obtain intact chloroplasts.
Phase contrast microscopy (30) revealed that preparations from
both RNH and RH contained about 70% class I chloroplasts.

Chloroplasts were resuspended in 5 ml of bursting medium
containing 50 mM Hepes-NaOH (pH 7.6), 25 mm KC1, and 3.5
mM MgCl2, for 0.5 h. Approximately 80% of the chloroplasts now
were judged to be class II. Following the addition of 15 ml 30%
(w/v) sucrose in resuspension buffer (66 mm Hepes-NaOH [pH
7.6], 50 mm KCI, 3.3 mM MgC12), the thylakoids were pelleted by
centrifugation at 8,000g for 15 min. The thylakoid pellet was
resuspended in 23% sucrose in resuspension buffer, layered on a
discontinuous gradient of 60% and 42% sucrose in resuspension
buffer, and centrifuged at 73,000g for 1.5 h. The 42% sucrose band
containing thylakoids was removed from the gradient, diluted
with resuspension buffer, and pelleted at 73,000g for 0.5 h. Washed
thylakoid pellets were used immediately for protein separations.

Protein and Chi Determinations. Protein contents were deter-
mined by the method of Lowry et al. (22). Chl was determined
according to Bruinsma (2).

Sulfhydryl Reagents. Where noted, fi-mercaptoethanol was
added to thylakoid preparations in a final concentration of 5% (v/
v). Cupric phenanthroline was prepared by mixing equal volumes
of 13.6 mm O-phenanthroline and 6.8 mm cupric sulfate. Thyla-
koids suspended in triethanolamine buffer were incubated with
CuP for 0.5 h at 22°C. The reaction was stopped by adding 10
mM EDTA (27).
SDS-PAGE. Samples were prepared for electrophoresis by

resuspending thylakoids in 0.05 M triethanolamine buffer (pH 8.5)
(27). SDS (4%, w/v) was added just before electrophoresis. Slab
gels (0.75 mm) were prepared in duplicate according to Studier
(31), using the SDS buffer system described by Laemmli (19).
Separating gels contained 15% (w/v) polyacrylamide (30:0.8 ratio

of acrylamide:N,N'-methylenebisacrylamide) and 1% (w/v) SDS.
Electrophoresis was performed at 16 mamp at 22°C for 4.5 h.
Proteins were fixed in 10% (w/v) TCA for 30 min, stained with
0.1% (w/v) Coomassie Brilliant Blue R for 15 min at 60°C, and
destained in 10% (v/v) acetic acid for 1 to 2 h at 60°C. Molecular
masses were estimated by comparing mobilities of thylakoid pro-
teins with those of proteins of known molecular mass according to
the method of Weber and Osborn (35). Marker proteins included
albumin (66 kd), ovalbumin (45 kd), pepsin (34.7 kd), trypsinogen
(24 kd), fl-lactoglobulin (18.4 kd), and lysozyme (14.3 kd). The
entire procedure from isolation of thylakoids to electrophoresis of
polypeptides was repeated three times for each of the treatments
(RNH, RH, RNHF, RHF).

Isolation and SDS-PAGE of CF1. CF1 was extracted from
RNH thylakoids using the chloroform method followed by puri-
fication on a sucrose gradient as described by Moase and Green
(26). CF 1, RNH thylakoids, and markers were subjected to SDS-
PAGE as described above, except that 1.5-mm slab gels containing
10% polyacrylamide were used.
Amino Acid Analyses. Thylakoid pellets were extracted twice

with 80% (v/v) acetone, followed by two extractions with chloro-
form:methanol (1:2). The remaining proteins were dried, then
hydrolyzed with boiling HCI at 110°C for 25 h in sealed, evacuated
ampoules. After removing HCI under vacuum, residues were
resuspended in 0.2 M citrate buffer (pH 2.2), and analyzed for
amino acid compositions using a Beckman 119 Automatic Amino
Acid Analyzer.

Determination of Sulfhydryls and Disulfide Bonds with DTNB.
Thylakoid pellets were extracted three times with chloro-
form:methanol (1:2) and once with chloroform. The remaining
proteins were dried and stored at -20°C until use. These proteins
were resuspended in 0.1 M sodium phosphate buffer (pH 8.0) with
2% (w/v) SDS and 0.5 mg/ml EDTA, and heated in a boiling
water bath for 5 min. To determine protein sulfhydryl content,
0.95 ml protein solution and 0.05 ml 10 mm DTNB in 0.1 M
sodium phosphate buffer (pH 8.0) were mixed. The color was
allowed to develop for 30 min before being read at 410 nm against
a protein solution blank. Sulfhydryl content was calculated using
a molar absorptivity value of 13,600 M-1 cm-' (9). To determine
protein disulfide bonds, 1.5 ml protein solution, 1 ml 2.5% NaBH4,
and 0.5 ml H20 were mixed, incubated at 38°C for 30 min, and
then mixed with 0.5 ml 1 M KH2PO4 containing 0.2 N HC1. After
5 min, 2 ml acetone were added, then the mixture was flushed
with N2 for 5 min. Following the addition of 0.5 ml 0.01 M DTNB
and 0.5 ml H20, the mixture was again flushed with N2 for 2 min,
allowed to stand for 15 min, and read at 412 nm in a spectropho-
tometer. A molar absorptivity of 12,000 M-1 cm-' was used for
calculating the number of -SH groups after reduction (9).

RESULTS

Thylakoid Membranes. Thylakoids from both hardened and
nonhardened rye were characterized by protein:Chl ratios and by
Chl a: b ratios. No significant change in either the protein:Chl
ratios (RNH, 6.8 + 2.9; RH, 7.1 ± 1.2) or the Chl a:b ratios
(RNH, 3.3 + 0. 1; RH, 3.3 ± 0.3) occurred upon cold acclimation
of winter rye.

Thylakoid Polypeptides during Cold Acclimation. SDS-PAGE
resolved 15 polypeptide bands (Fig. 1) from winter rye thylakoids.
Although these polypeptides were only partially denatured, as
evidenced by the presence of three Chl-protein complexes, the
banding patterns were reproducible in all six gels associated with
each treatment.

Cold acclimation of winter rye resulted in several qualitative
changes in the banding patterns of SDS-polyacrylamide gels. A
5 1-kd band apparent in RNH thylakoid proteins was not visible
in RH thylakoid proteins (Fig. 1 and 2). Furthermore, a 35-kd
band apparent in RH thylakoid proteins could not be discerned
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FIG. 1. Effects of sulfhydryl reagents on thylakoid proteins isolated from nonhardened winter rye. Proteins were subjected to electrophoresis on 15%

polyacrylamide slab gels containing 1% SDS and stained with Coomassie Brilliant Blue. Bands are labeled by apparent molecular mass. A, RNH
thylakoids; B, RNH thylakoids + ,-mercaptoethanol; C, RNH thylakoids + P-mercaptoethanol + cupric phenanthroline.

FIG. 2. Effects of sulfhydryl reagents on thylakoid proteins isolated from cold-hardened winter rye. Proteins were subjected to electrophoresis on
15% polyacrylamide slab gels containing 1% SDS and stained with Coomassie Brilliant Blue. A, RH thylakoids; B, RH thylakoids + /?-mercaptoethanol;
C, RH thylakoids + I?-mercaptoethanol + cupric phenanthroline.

in gels ofRNH thylakoid proteins.
Sulfhydryl effects were observed in both RNH and RH thyla-

koid proteins. Addition of 8i-mercaptoethanol to both RNH and
RH thylakoids prior to electrophoresis resulted in an increase in
free Chl and resolution of the 26- and 25-kd bands. Two new
bands were observed after electrophoresis in the presence of 8-
mercaptoethanol; the 35-kd band in RNH thylakoid proteins and
the 36-kd band in RH thylakoid proteins.

Effects caused by,-mercaptoethanol could be reversed using
CuP. When CuP was added in excess of 4-mercaptoethanol, the
26- and 25-kd bands merged into one large band in both RNH
and RH thylakoid proteins. The 35-kd band in RNH and RH
thylakoid proteins and the 36-kd band in RH thylakoid proteins
disappeared upon addition of CuP. An increase in staining inten-
sity of the 5 l-kd band from RNH thylakoid proteins was observed
after addition of,8-mercaptoethanol and an excess of CuP.

Thylakold PoWpeptides after Freezing. When RNH and RH
thylakoids were frozen and thawed in vivo, thylakoid proteins
separated by SDS-PAGE exhibited no differences other than
those associated with cold acclimation (data not presented). Ad-
dition of fi-mercaptoethanol to preparations of RH and RNH
thylakoids after in vivo freezing resulted in a decrease in the
amount of 34-kd polypeptide with a corresponding increase in the
amount of 35-kd polypeptide. This effect is similar to that de-
scribed for unfrozen RNH and RH thylakoids in the presence of
reducing agent.

In contrast, when RNH and RH thylakoids were frozen and

thawed in vitro, there was an increase in the 35-kd polypeptide in
the absence of fB-mercaptoethanol (Fig. 3). In addition, a new,
minor protein band which migrated with an apparent mol wt of
36 kd appeared in RH thylakoid preparations, but not in RNH
preparations (data not presented). Upon addition of 8l-mercapto-
ethanol to these frozen and thawed thylakoid samples, SDS-
PAGE showed similar results to those obtained for unfrozen RNH
and RH thylakoids in the presence of reducing agent.

However, when RNH and RH thylakoids were frozen and
thawed in vitro in the presence of f8-mercaptoethanol, drastic
changes were noticed in the polypeptide patterns. Chl was lost
from the 70- and 41-kd polypeptides, which resulted in the pres-
ence of their apoproteins migrating as 56 and 141 kd, respectively,
in both RNH and RH thylakoid preparations. In addition, large
mol wt aggregates were apparent, the amount of the 34-kd poly-
peptide decreased with a corresponding increase in the 35-kd
polypeptide, the amount of the 47-kd band was reduced, -and the
25- and 26-kd protein bands were resolved in both RNH and RH
preparations.
Amino Acid Composition. The amino acid composition ofwinter

rye thylakoid proteins (Table I) was similar to those of thylakoid
proteins isolated from Vicia (25) and spinach (17). During the cold
acclimation, however, the amino acid composition ofrye thylakoid
proteins changed; leucine, alanine, and glutamate residues all
increased, while methionine and proline decreased.
The polarity of thylakoid proteins was calculated using the

method of Capaldi and Venderkooi (3). Thylakoid proteins iso-
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FIG. 3. Effects of freezing in vitro on thylakoid proteins isolated from
nonhardened winter rye. Proteins were subjected to electrophoresis on
15% polyacrylamide slab gels containing 1% SDS and stained with Coo-
massie Brilliant Blue. A, RNH thylakoids frozen in vitro; B, RNH thyla-
koids frozen in vitro, then ,8-mercaptoethanol was added; C, RNH thyla-
koids frozen in vitro in the presence of /3-mercaptoethanol.

Table I. Amino Acid Composition of Thylakoid Proteins Isolatedfrom
Nonhardened and Cold-Hardened Winter Rye

Relative molar ratios of phenylalanine.

RNH RH
Amino Acid

Mean' SD Mean SD

Meth 0.26 0.02 0.21 0.00
Leuh 1.68 0.05 1.84 0.05
Ala" 1.59 0.06 1.76 0.06
Glub 1.49 0.05 1.62 0.03
Pro' 0.99 0.06 0.64 0.03
Gly 1.62 0.02 1.63 0.05
Ilu 0.79 0.04 0.77 0.02
Val 0.61 0.02 0.70 0.05
Asp 1.30 0.05 1.33 0.03
Thr 0.69 0.04 0.66 0.06
Ser 0.60 0.01 0.58 0.02
Tyr 0.48 0.01 0.48 0.01
Phe 1.00 1.00
Lys 0.59 0.01 0.62 0.03
His 0.20 0.03 0.26 0.03
Arg 0.60 0.02 0.64 0.02

an = 3.
"Significantly different at p = 0.05.
Significantly different at p = 0.01.

FIG. 4. Identification of CF I subunits. Proteins were electrophoresed
on 10%o polyacrylamide slab gels containing 1% SDS and stained with
Coomassie Brilliant Blue. A, RNH thylakoids + f8-mercaptoethanol; B,
CF 1 + /8-mercaptoethanol.

lated from RNH were calculated to contain 37.7 ± 0.3% polar
amino acid residues. Hardened rye thylakoid proteins exhibited a
polarity value of 38.8 ± 0.6%.

Sulfhydryl Content. DTNB titration revealed an increase in
sufhydryl content of thylakoid proteins as winter rye acclimated
to colder temperatures (Table II). The sulfhydryl content ofRNH
and RH thylakoid proteins was not significantly different follow-
ing reduction of disulfide bonds by NaBH4.

DISCUSSION

Fifteen polypeptides were resolved from rye thylakoid proteins
by SDS-PAGE and characterized by apparent molecular mass.
Three Chl-protein bands, detected at 70, 41, and 25 kd, were cut
out and scanned using a Unicam Sp 1750 spectrophotometer (data
not presented). The 70-kd band was a polypeptide complexed with
Chl a and associated with PSI, while the 56-kd band represented
its apoprotein (23). A polypeptide binding both Chl a and b
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constituted the 41-kd band. Two of the polypeptides comprising
the light harvesting Chi a/b-protein complex were thought to
correspond to bands at 26 and 25 kd (32).
By electrophoresing purified CFI and RNH thylakoids on

adjoining lanes, the 52- and 5 l-kd polypeptides were identified as
the a and b subunits of CF1 (Fig. 4). The 5 l-kd polypeptide was
never resolved as a separate band in RH thylakoid preparations.
However, the 5 1-kd band became more prominent in RNH thy-
lakoids subjected to oxidation by CuP. This suggests that an
additional disulfide bond can be formed in the ft subunit of CFI
from RNH thylakoids, resulting in a more compact polypeptide
that migrates with a lower apparent molecular mass of 51 kd. It
may be significant, then, that the formation of a disulfide bond in
the ,B subunit has been observed during heat activation of CFI
isolated from spinach (28).
RNH thylakoids also exhibited a 34-kd polypeptide which

decreased in staining intensity upon addition of ,BSH, with a
concomitant increase in the 35-kd band. Since the effect of ,BSH
could be reversed by CuP oxidation, we hypothesize that the 34-
kd polypeptide has an internal disulfide bond which can be
reduced with fiSH, thus yielding a polypeptide with a higher
apparent molecular mass of 35kd. Similar changes in apparent
molecular mass in the presence of reducing agent have been
reported for the y subunit of wheat CFl (26), for a 33-kd poly-
peptide associated with spinach PSII (18), and for LHC polypep-
tides isolated from barley (24), and the 34-kd polypeptide may be
one of these.

In the case of RH thylakoids, the 35-kd polypeptide was in the
reduced form, even without exogenous reducing agent. In addi-
tion, the 52-kd polypeptide remained in the reduced form even in
the presence of oxidizing agents. DTNB titration then confirmed
that RH thylakoid proteins contained fewer disulfide bonds than
RNH proteins, even though the total number of SH did not
change during cold acclimation (Table II). Apparently, RH thy-
lakoid proteins were less susceptible to disulfide bond formation
than RNH thylakoid proteins. On the basis of these sulfhydryl
effects, we hypothesize that cold acclimation of winter rye results
in conformational changes in several thylakoid proteins.
At the level of resolution of our SDS-PAGE technique, we

observed several changes in polypeptide patterns upon cold accli-
mation of rye. However, these changes were interpreted as struc-
tural variations of the original polypeptides, and not as new
polypeptides. To see if there were undetected changes in the
polypeptides, we analyzed the amino acid compositions of rye
thylakoid proteins. Increases in leucine, alanine, and glutamate
residues, along with decreases in methionine and proline, were
observed in RH thylakoid proteins. Although it was difficult to
interpret this data in terms of individual polypeptides, we could
calculate protein polarity. No significant differences appeared
between RNH and RH thylakoid proteins. Apparently the in-
crease in glutamate, a polar residue, was equivalent to increases in
the nonpolar residues leucine and alanine. These results agree
with Chou and Levitt (4), who found no change in hydrophobicity
of either soluble and membrane proteins upon cold acclimation.
We examined the effect of thiol reagents on the polypeptides of

RNH and RH thylakoids during freezing. Levitt (20) had hypoth-
esized that freezing injury resulted from intermolecular disulfide
bonding of cellular proteins. At low temperatures, proteins would
unfold reversibly, exposing free SH groups. As extracellular freez-
ing concentrated the protoplasm, proteins would undergo SH
oxidation or SH w± SS or SS ;± SS interchange. When the cell
thawed, its proteins would be irreversibly aggregated, thus killing
the cell.

This hypothesis was tested by freezing thylakoids in vivo in the
presence of stromal proteins, or in vitro in the absence of soluble
proteins (Fig. 3). When RNH and RH thylakoids were frozen in
vivo, SDS-PAGE revealed the same complement of thylakoid

polypeptides found in unfrozen thylakoids. The only difference
attributable to freezing in vitro was an increase in the amount of
35-kd polypeptide. Bands corresponding to polypeptides of larger
apparent molecular mass formed by intermolecular disulfide
bonding involving thylakoid proteins do not occur during freezing.

If the SH hypothesis were true, then some degree of cryopro-
tection should result from freezing in the presence of sulfhydryl
reagents. However, large protein aggregates appeared upon SDS-
PAGE of isolated thylakoids frozen in the presence of reducing
agent. Freezing thylakoids in the presence of sulfhydryl reagent
denatured more proteins than either freezing or adding reducing
agent alone. These results support the conclusions of Heber and
Santarius (12), who reported that neither cysteine nor GSH could
maintain photophosphorylation in spinach thylakoids subjected
to a freeze-thaw cycle.

In conclusion, our results from SDS-PAGE and from DTNB
titration show that thylakoid proteins isolated from cold-hardened
rye contain more free SH groups than nonhardened rye. We
interpret these results to be indications of conformational changes
in several thylakoid proteins at low temperatures. However, we
found that adding reducing agent before freezing is not cryopro-
tective. It appears, therefore, that cold acclimation does not result
in a general state of protein reduction. Rather, the reduction of
several specific disulfide bonds resulting in conformational
changes of specific proteins may be required by cold acclimated
winter rye.
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