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Seasonal Variation in Glutathione Reductase Activity in Coastal and
Montane Populations of Lodgepole Pine (Prnus contorta)

Abstract
lncrcased rctility of antioxidant deiinsc cnzlnes. such .rs glutrthione reductasc (GR). is one mechanism employcd b) pl.rnts ro
pr.v.nl oxidative damrge during lo!r' tcmpcrature slrcss. Lodgepole pine (Pnlrlr ..)rrrt,l Dougl.) \\,as chosen to rcst lhe hlpoth-
eses that l) enhanced GR activit), \!ould .rccompany cold acclimation and 2) montane populations lP contortd \aL ktifdi.t
would hale a higher level of GR aclivity th.rn coa,ital populalions lP cantorta \at. .rrrrrr). Scasonll changes in sfecific
activity of Glt in needlcs ofP rorrtortr were monitored in montanc and coastalpopulations. Crecnhouse and gro\\'rh chamber
experimenls uere pcrlbrmcd to investigate $e effect of tempcralure on GR actrviN and tolal glutathione coDrent. clutarhronc
content and specific actirily oi GR \rere consistently higher in thc mc'ntane site rhan in the coastal sitc during rhe \','inter GR
activity peaked at the onsct ollieezing low tempefatures in lhe montanc popul.rtion but soon decreased again despire the persis
lence offreezing temperatlrres. Sccdlings erposed to lo\\' temperatures in a growlh chamber had higherlerels ofGR acriviiv ihan
did conparable seedlings mainlaincd under hiSher temperatures, hoh_e!cr. ro|al glutaihione \\'as similar tbr borh tlealmenrs.
These drta suggest that GR and gluuthione ma] play a central role in cold acclimation especiall] during carl) phases rnd thar
these factof\ account in part for |he considerable cold tolerance of lodeepole pine.

Introduction

Antioxidant def-ense systems are an important
component of cold acclirnation in plants (Guy
1990; Kuroda et al. l99l). As temperatures de-
crease with the onset of winter, the rate of the
temperature dependent cnzymatic reactions of
metabolism, including the carbon-fixing Calvin
cycle ofphotosynthesis, slows. Howevel the ten-
perature-indepeDdent lighrharvesting Hill reac-
tions continue to supply high-energy electrons t.o
thc metabolic pathways of the cell at a constant
and relatively high rate. The reduced energy de-
mands of the plant's slowcd metabolism can no
longer provide a sufhcient acceptor pool forthese
electrons. which may instead reduce oxygen,lcad-
ing tothe lbrmation ofoxygcn radicals (Scandalios
l990). Thus, colder temperaturcs pronote an abun-
dance of oxyradicals in the tissues of the plant.
and the activily of the antioxidant defense sys-
tem rs necessary to degrade these potentially dam-
agrng 0xygen specles.

The initial oxygen free radical and the source
ofother oxyradical species in plants is the super-
oxide radical (O.'). ln the first step of the ascor-
bate peroxidase-glutathione reductase antioxidant
defense pathway (Dalton 1995). superoxide
disproportionates to hydrogen peroxide in a re-
action catalyzed by superoxide dismutase. Hy-
drogen peroxide is thenreduced to waterby ascor-

bate peroxidase in a reaction couplcd b the oxi-
dation of ascorbate tofbrm monodehydrcascorbate.
Monodehydroascorbate is further oxidized to
dehydroascorbate. \\"hich is then reduced back to
ascurbllc b) . lehldrorscorbate reductrse in a re
action coupled with the oxidation of glutathione
(GSH) to its oxidized lbrm (GSSG). In the linal
step of thc pathway, GSSG is recycled back to
GSH by NADPH-dependent catalysis with glu-
tathione reductase (GR; EC J.6.,1.2). Thus, this
pathway provides a mechanism fbr detoxifica-
tion ofoxygen radicals, including those produced
dudng low-temperature strcss. Those species best
able to neutralize oxyradicals produced during
photooxidative stress associated with cold accli
mation are at a competitive advantage in 1o$-tem-
perature environments.

Photooxidative stress in cold acclimation is of
pafticular impofiance for evergreen coniferous spe-
cies, which retain their photosynthetic apparatus
throughout the winter. Several studies have con
firmed the role of antioxidant def'ense in cold
acclimation in species ol conifers recognized as
cold-tolerant. Anderson et al. (1992) repofied in-
crcases in actiyity and substrates of the enzymes
of the ascorbate glutathione pathway during the
winter months in needles of eastem white pine
(Pinus strobus). wrth the peaks disappearing again
during the summer. A similar response has been
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well-documented in spruce (.Picea rubens and P.
aDics, Hausladen and Alscher 1994; Doulis et al.
1993; Madaminchi et al. 1990). The primary
r , ' l e , ' l  CR i r t  p rer  en t ing  photo , ' \ id r l i \  e  : l rc \ \  rs
indicated by the observation that approxrmately
80 7c of all GR in photosynthetic cells is located
in the chloroplasts (Anderson et al. 1990).

Lodgepole pine (Pfuirs .onlo/'/4) is an inter-
esting study species fi)r thc investigation of the
role of antioxidant defense in cold acclimation.
This species is one of the most diverse both in
terms of geographical distribution (northern
Canada to Baja Calitbrnia, Pacific coast to South
Dakota) and environmental tolerance (Critchfield
1980). Variously chamcterized as droughl-toler
ant (Sorenson 1992). f lood-tolcrant (Youngberg
and Dyrness 1959). and cold-tolerant (Sorenson
and Miles 1911), P. contorta thrives in a variety
of harsh cnvironments. Four varieties (or sub-
species) have been recognized on the basis of
morphology. and nlore recent molecular studies
have supported this taxonomic arrangcment
(Wheeler and Gudes 1982). Of these varieties,
var. conkrrln (shorc pine) occupies the coastal a-reas
(Alaska to California) of the species range. Vari-
ely fiurra\ana predominates in the Cascadc
Mountains ofOregon (Wheelcr and Guries 1982),
but var. /a//irll{i extcnds into the northern Oregon
Cascades and sone authodties (Hitchcock and
Cronquist 197,1) place all non-coastal P .orllorlc
withil this latter varicty. This article uses the
laliy'tli7 nonenclature. The varieties of P ..rrt rrt J
display rnarked morphologicaldiffercnces, which
arc accompanied by ph)siological distinctions in
lignilication (Hagner 1970), nonoteryene com-
position (Forrest 1980), and photosynthetic rate
(Lopushinsky l975). Since the marit ime habitat
ol vaL contorta expericnces milder winter tem-
peratures than the higher-elevation rangc of var.
lrrtif d and tew tree spccies can match this range
of environmental tolerance, P. corttorta is tdeal
for the study ol the etlect of temperature on the
ant io \ i JJn l ,Je fenrc  .5s lem.  o l  c \e r ! reen r . 'n i -
lers.

This study examined the role of GR, as the
terminal enzyme in thc ascorbate glutathione
antioxidant defense pathway. in the f'reczing tol
erance of P conlortri. Seasonal activit)' of GR
was compared in geographically distinct popula
tions of var. contofia l.coa.stal provenance) and
lutifoLi(r (.montanc provenance) to test the hypoth-
esis that the latter. being exposed to coldcr win-
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tcr temperatures, would exhibit consistently higher
activity ol GR and higher levels of glutathione.
The hypothesis that lower temperatures result in
increased levels of antioxidant activity was tested
both by regression analysis of the relationship
between temperature and CR activity in field
experiments and by lemperature controlled ex-
periments on seedlings of var co,?lotd maintained
in a gro['th chamber.

Materials and Methods

q t ,  r l \ /  a  t 6 a  . n d  f i o . l  ^ ^ l l a . t  ^ n

Coast site. The study population of shore pine
(.Pit1us contortd \T.. orl.rrld) was located on the
Oregon coast at the Sand Lake recreational arca
of the Hebo Rangcr Distdct in the nofihem por-
tion of the Siuslaw National Forest (45' l6' 30"
N 123" 57' 00" W). The site was located within
10 m of sea level approximately 800 m inland
from the shore zone. Two samples wele taken
liom each of 3 trees within a 25 m radius ofeach
other. Each tree had a beight of 6-7 m and a dbh
of 70- 100 cm .

Montane site. The study population oflodgc-
pole pine (Pizrs ontorta vaL letifolia) was lo-
cated in the White River drainage on the south-
em side of Mount Hood (45' 22' 00" N 121' ,12'

30" W), at an elevation of approximately 1070
m. The site was approximately 200 m south of
the junction of U. S. Highway 26 and Oregon
State Route 35. Two samples were taken tr-om
each of 3 trees within a 25-m radius ofeach other
Each tree had a height of 10-11 m and a dbh of
70-100 cm .

Sample collection. Each site was visited ev-
ery two weeks in the fall, beginning in the sec-
ond week of October 1995. No needles wele
collected between the second week of Deccmber
1995 and the third u'eek of January 1996. Bc-
ginning in the third week of January 1996. col-
Iections were made at monthly intervals. Needles
were collected from each of the three study trccs
on each visit. Collection was consistently canied
out dudng the noon hour. Needlcs were removed
from the distal branch ends at breast height in a
circuit around the entire tlee, frozen in l iquid ni-
trogen. and stored on dry ice for transport back
to  lhe  lab .  Spec i f i c  l c t i t i t y  o f  CR uas  tnon i
tored throughout the seasoninthe field study. while
glutathione content was determined only fof the
final collection date in each site.



Nleteorological data. Values for daily high
and low tenperatues were obtained from the USFS
"Cedai' weather station on the south side ofMount
Hebo for the coast site and liom the Govemment
Camp weather station tbr the Cascade site. Tem-
perature values used in regression analyses wcre
mcans of daily high or low temperatures for the
two weeks preceding the collection date.

Glutathione reductase assay. One-gram sam-
ples ol needles rvere weighed. cut into I 2 mm seg
ments with a razor blade, and tiozen in liquid ni-
trogen. Frozcn nccdles werc crushed with nonar
and pestle and then macerated in 5 n. extraction
bufler (50 mM Pipes. 6 mM L-cysteine, J0 mM
D-isoascorbate, I mM EDTA.0.3?: Triton X-100,
lole PVP-10 and 1% Polycliu-Al), pH 6.8 (Andenon
et al. 1990. 1992). This mixture was poured off
and the remnants werc dnsed from the mortar with
another 5 mL of extraction buffer Extracts $ere
ccntrifu-sed at 20,000 g for 15 minutes at4'C. The
resultant supematant was assayed spectrophotometri
cally for GR activity by nonitoring the decrease in
A,* due to GSSG-dependent oxidation of NADPH.
Assays were pertbrmed at 25'C in a I ml-reac-
tion mixture consisting of 0.25 pmol GSSG and
0.125 gmol NADPH in a buffer of 50 mM Tris-
HCI (pH 7.8) plus 0.2 mM EDTA (Dalton et al.
1986), to which was added 50 gL of crude extract.
Control. ion\i. led o[ l non enzl matie tlertmenl
(no enzyme added) and an assay for NADPH oxi-
dase activity (no GSSG added). Activity units were
defined as nmol NADPH oxidized per min. Activ-
ity *as expressed as units'mg proteinr or units g
F W r .

Protein determination. Protein content of
crude extracts was determined by the method of
Bradfbrd (1976) using BSA as the standard.

Glutathione assay, Needle samples weighing
0.175 g were cut into 1-2 mm segments and placed
in a 2.0 mL flat-bottomed Eppendorf tube with 1
mL of5 7c sulfosalicylic acid. The samples were
thoroughly macerated with a Tissumizcr (Tekmar
TR-5T). Tubes were then nicrcfuged at full speed
for 5 min. The supematant was removed and
analyzed for total glutathione equivalents (GSH
and GSSG) with a spectrophotometric assay based
on the reductien of 5,5 -dithio-bis(2-nitrobenzoic
acid) in the presence ofexcess glutathione reduc
tase (Gritlith 1980). Assays were perfirrmed at
25o C in a reaction mixture consisting of 300 ![
143 mM potassium phosphate buffer with 6.3 mM
Na-EDTA (pH 7.5). 3-50 ptl- NADPH (0.496 ng
mL r), 100 t[ disti l led H.0. 100 prl- 6 mM 5,5'-

dithio-bis-2-nitrobenzoic acid (DTNB), 50 pL 57r
sultbsalicylic acid. and 50 lrl- extract. The above
reagents were added to the cuvette in a 32'C water
bath, and the reaction was initiated with the ad-
dition of50 pL yeast GR (Sigma) at a concentra-
tion of l0 units/m]-. GSSG content was deter-
mined alter derivitization of250 gL ofthe above
extract with 5 pL of 2-vinyl pyridine and 20 pL
of 506/c (v/v) triethanolamine. For field extrac-
tion, a 2.0 ltl- flat bottoned Eppendorf tube was
fi1led to the 0.5 n mark with segmented needles,
and 1.0 mL 5% sulfosalicylic acid was added.
The tubes were then placed on dry ice fbr trans-
pofi back to the lab. where their contents were
thawed and extracted as above.

Greenhouse and growth chamber experi-
ments. One hundred 2-yearold seedlings ofshore
pine (P conto rta var. colrloi./4) were obtai ned trom
D. Wells Farms (Aurora, OR). Seedlings were
grown from seed stock originating from the cen
tral coast ofOregon. The seedlings were removed
tiom the iield ard transported to Reed College
betueen 1 ,1  Feb.  and 2  |  Feb.  Seed l ings  were  in -
dividually potted in vermiculite in 6-inch pots and
watered daily. Nutdents were supplied via iri-
gation with modified Hoagland's solutlon once
per week (Jiang et al. 1989). Photopedod was
16 h, with a thermoperiod of 32" C days/I9" C
night. Halide lights provided a photon flux den
sity at seedling height of 300-400 pE m r ' s r.

Atier t$,o weeks in the greenhouse, 20 seedlings
were chosen at fandom and transported from the
greenhouse to a Percival Model MB60-B Plant
Growth Chamber to induce cold acclimation re-
sponse. Photoperiod in the growth chamber was
I I h, with a thermoperiod of 13' C day/ rninus,l' C
night. The photon flux density was 35 pE m'] sr.
Needles were collected lrom seedlings in the green
house (GH) and the growth chamber (GC) at
weekly intervals beginning one week after pot-
ting. Specific activity of GR and glutathione con-
tent were determined at each collection. Thg new
flush ofneedles began appearing on the GH seed-
lings approximately three weeks after arrival, and
by the sixth week were abur dant enough for col
lection and analysis as a third featment.

Results

Seasona Trends in GR Actvty

GR activity in extmcts liom needles from the
montane site (.var. latiftttia) showed a 2.3 -fold
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increasc bctrvccn thc collcclion dates of 27 Oct.
and l0 Nov. (Figure l). Residual plots showed
no eviclencc of non-normalcv or non-constant
variance and thus net the a!sumptions tbr-use of
\ N O \  A .  A , ' n c - u : r )  A \ O \ A  f o r  l h e r n l i r ( s r m

pling period shorved a signilicant eftect (F= 9.187.
p < 0.0001 ) of collection date. GRremainedel-
evated through thc 27 Nor. sampling. but then
returned to previous levels fol sanples collected
fiom 8 Dec. to 27 March. The overall mean of
GR activity for all dates \\"as 210 units mg pro-
tein r or 214 units ' g nccdlc FW I. This seasonal
pattern was essentially identical regardless of
whether activity was expressed on a protein ba-
s is  o r  a  FW bas is .
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lD contrast, GR activity in extracts from necdlcs
tl'om the coastal site (var. crrlo,'rlr) remalned
relaLively unchanged throughout the sampling
period (Figure l. 3 Nov. - I Apr-.). A one-\\"ay
ANOVA for the entire sampling period showed
no signiticant efTect ( F = I . i128, p = 0.2327) of
collection datc. The overall nrean ofGR activity
for all dates was I 12 units mg protein I or I 16
units g FW'. The activity of coastal extlacts
was consistcntly bekrw activity of montane ex-
tracts. however these differences were significant
on15; for samples collected in November, whcrc
GR activity in montane samples was 3.0 -fold
highcr than activity in coastal strmples. One-way
ANOVA analysis of GR activity (a11 dates)
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irdicated a high lcvel of signiticance betrvcen GR
activity at the 2 sites (p<0.0001).

Correlation of GR actiyity with tempera-
ture in field sites. At the montanc site, the ln-
crease in GR activity tionl the fiISt collection date
to the second was accompanied by the filst drop
below freezing low temperatures. Reglession
rna lS  ' i .  lb r  r l l  surnp l ing  t l r t r . l t  lhe  mont rne  . i le
revealed a significant relationship betwccn GR
activity aDd mean Io$ tempcratures iD the 2-we9k
period preceding sampling (p = 0.0175. rj = 0.1 16).
No significant relationship was found between
temperature and GR activity at the coastal site.

Glutathione content. Glutathione contcnt was
assayed only on the flnal collection date at each
site. Levels ofoxidized glutathione were too low
to be detected. but it was possible to estimate the
total glutathione content (both oxidized ancl re-
duced tbrms) in the needles. Total glutatlione
coDtent $'as significantly greater (unpaired t-test:
p = 0.0031) in needles of trees at thc montane
s j te  (24 .2Umol  gFW r )  than in those a t thecoas t
(15.0 Unrol g FW ').

Greenhouse and grown chamber experi-
ment. Specific activity of GR in extncts from
needles of CH secdlings displayed a steady de-
cline from the time the seedlings were placed in
the  E l reenhou.e  un t i l  lhc  cnd o I  t l te  e rper i t t ten t .
evident as a significant effect of collection date
on GR activity in the GH treatment (one \\, ay
ANOVA: F = 10. 177, p = 0.0005). There was no
similar significant effect of date on GR activity
in GC seedlings (rnc-way ANOVA: F = 0.476. p
= 0.7075). GH and GC needlcs l iom any one
date (8 Mar. through 29 Mar.) did not have sig-
nificant dit'terenccs. However, if values for all
Jh , , \  e  ( l r l ( .  \ . \  e rc  co lnh ined CR re t i r  r t1  u  a .  . ig
nificantly higher (unpaired t{(]st: df= 22. t = 2.907.
p = 0.0082) in cxtracts from needles of sccdlings
fiom the GC treatment than in those in the CH
(Figure 2).

Nerv nccdles became abundant cnough fbt'
collection from GH seedlings by the 29 Mar. col-
lection date. GR activity in exffacts liom ne\a'
needles of the GH seedlings was significantly
higher (unpailed t-test, p = 0.01 1,1) than in those
fronr their older counteryarts (Figurc 2).

Glutathione content was msayed in old needles
ofboth GC and GH seedlings beginning on thc i i
Mar. collection date, when seedlings werc first
placcd in the GC. There was no significant dit:

lerence (unpaired ttest, p = 0.8473) between ex-
tracts fron the GH and GC in k)tal glutathione
conLen l  ,  r \  e r  I  hc  cn l i re  cour .e  o f  th i .  e \  per in  ren l
(Figure 3). On the final collection date, glutathlone
content was also assayed in the new needles of
the GH treatrnent. which displayed significantly
higher (Mann-Whitney U-test: U = 9, Z = 1.96rt,
p = 0.0495) total glutathione content than the oldcr
necdles of the same trcatment (Figurc 3).

Discussion

The finding that GR activity over thc winter was
signilicantly higher in the montane populatioo (var
latilitLia) tht\ninthe coast population (var cofilofia)
is in kceping with the initial hypothesis that those
individuals in a location subjected to longer in-
tervals of f icczing would have higher levels of
GR activity to counteract the hamful effects of
photooxidative stress associated with chil l ing. lt
is unlilely thatcold tempcratures arc the only lactor
inlluencing levels of GR activity in the needlcs
ol P. t,tntt ' t ' tLi. Though the'e erperimcntr pr,-r-
vided no platlbrm for assayin-q genetic differences
between varieties. it is certainly possible that di1-
ltrent isoforms of GR with dif'ferent temperature
opt in ru  migh t  c \ i : l  be lwcen or  u i th in  ru r ie t ie r .
GR isofbrms specific to cold hardened and
nonhardened ncedles have been identified in red
spruce (Doulis et al. 1993; Hausladen and Alscher
199,1).

The lack ofvariation in GR activity in needles
ol \ar. contoftq at the coast site over the course
ofthe winter suggests either that the environmental
iue :  u  h ich  r ro t t ld  t r igger  un  in ,  reu 'e  in  ac t i r  i t1
levcls were absent at the site. or that such a re-
sponse is not present in that variety. As no pro-
longcd periods of nightly fieezing occuned at the
coast site. it is more reasonable to aclopt lhe fonner
as the more conservative explanation. Anderson
et al. ( 1992) offtr a similar rationale 1br Pl,?,l.r
.yftobLt.s. in terms of fewer degree hours below
5' C, to account for reduced actjvity levcls of GR
in a study site which had exhibited high levcls in
thg previous year.

The pronounced peak in GR activity at the
montane site confirms the expectation that GR
activity increases in rcsponse to low-temperature
stless. Howevel in contrast to the rcport ofAnder-
son et al. ( 1992) on P rtrclrrir, the peak occufied
early in the winter, well in advance of the pro-
Ionged interval olfrcezing low temperatures. One
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possible explanation for our observations between
GR activity levels, time of year. and temperature
would involve an init ial increase of GR activity
during cold acclimation tirllowed by a decrease
with the onset ofwinter dormancy. Havranck and
Tranquil l ini (1995) review a number of cellular
altentions leading to reduced lighlharvcsting as
a result of cold acclimation in conifers, includ-
ing reduced cytochrome and chlorephyll content
of thc thylakoid membranes, clunping and mi-
gration of chloroplasts to light-protected regions
of the cell. and increased opacity of the cytoplasm
due to vacuolar fragmentation. The carbon fixa
tion pathways ofphotosynthesis step abruptly upon
initial formation of ice in plant tissues (Larcher
1995), but thc physical reerrangement ofcellular
components probably occurs over a longer time
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frame, nccessitating an interyening protective
mechanism. Assuming that similar cytological
rearrangements occur dudng cold acclimation of
P. contort.l, ascenaio can bc envisioned in which
GR activity increases early in acclimarion to prctect
the thylakoid membranes from photooxidative
drncge.  bu l  , leL l ines  a .  the  l ieh t -h r r re ' t ing : rp
paratus is sequestered.

As var. c.'rLrrd exhibited no response to low
temperaturc in field conditions. the oppofiunity to
subject scedlings ofthatvariery tofreezing low tem
peratures was of interest. The higher levels of CR
activity in needles ofthe GC treatment suppofi the
hlpothesi. th:l l  [,$-lemperature \lres: trigger. an
increase in the activity of antioxidant defense en-
zyrnes even in var. cotrtot'tq which would not nor-
mally be exposed to conditions of low temperature.

New growth/greenhouse



I Greenhouse
Growth chamber
New grorvth/greenhouse

D a t e
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The greater mean total glutathione content in
needles of trees at the montane site agrees wlth
reports ofhigher glutathione content in red spruce
in response to winter conditions (Madaminchi et
al. 1990). A morc inlbrmative measurc would
have been the ratio of reduced to oxidized glu-
tathione. however, levels of oxidized glutathionc
wcre too low to detect despite the high sensitiv-
ity (low nmolar range) of the assay. Thus.itap
pears that CR was operating with high cfficiency
in all cascs.

P i11us contortd is o\e of the most ecologically
tolcrant ofconifer specics. This species is f irund
at elevations from sea level to over 3.300 m and
in habitats with :rnual rainfall lrom 27 b over
150 cm. It displays a remarkable tolcrance to ex-
treme edaphic situations, including wet, droughty.

or infertile soils (reviewed by Lotan and Perry
l983) although the physiologic lmechanisms
responsible for this environmental resiliency are
not clear. Ability to withstand extreme cold can
be attributed in part to a number of tactors to re
duce light-harvesting (reviewed by Havranek and
Tranquil l ini 1995). These mechanisms tbrreduc-
tion in light haruesting are advantageous ln trmes
of stress because the plants' diminished capacity
tbr CO, fixation results in a lowered photon-uti
lizing capacity and a tendcncy for reduced inter-
mediates of thc light reactions of photosynthcsis
to produce harmlul activated foms ofoxygen such
as superoxide, HrO., and hydroxyl radicals (re
viewed by Asada 1996). Antioxidant delenses
are extremely crit ical under such situations. Our
studies suggest that such de1'enses are partly
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responsible for the extreme cold tolcrance ofplnUs
(ontorta. Accordirg to Sakai and Weiser (l973).
P. corttort0 fronMontana caD withstand temperi]-
tur-es as lo$'as 80"C. No other conil 'ers in these
aulhors' Pacific coast grouping is capable of sur-
viving thcse exftemss ofcold. Furthermore. many
Pacitic Northwest conif'ers conduct a substantial
part of their' lotal annual photosynthesis during
the winter (Waring lnd Franklin 1979). Enhanced
antioxidant detenses mty be an essential f'eature
of these conifers that allows fbr this ability.

In conclusioll. coid acclimation in Pl,?ir-t
urrortr \ar. latiJblia growing in a harsh mon-
tllne climate involves elevated levels ofglutathionc
and an init ial increase ir GR activity. This in
crease ls not cvident in individuals ofP conlor./a
vat aor?lol14 growrng tn a nlore moderate coastal
climate. Because numerous types of enviromtental
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