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-progre551ve loss- of photosynthe51s over tnrs. time

: per-;od. B ’ ‘°"l_ . g ‘ ’ ' A\‘ . )

feeaing pexpefiments.'sUggest*>‘the mutatzon t'causes:
:altérationst jn 11p1d metabollsm. All other areas of
'rcarbon metabollsm appear ”to ‘shon normal product"
;dlstrubutlon. The, alteratlons 1n 11p1d metabol1sm are
'not reEIECted ;nffthe' unsaturatlon/saturatlon levels:

R et ;;_'_,_oSL.lgggsj:J.ng,w that : f’he‘ rhanaes_ —a—t——the——beiéa—l——--l«zprd pooi—~--~~- ._.4,.'_._ —

A, - A
‘\; Y

A mutant (colD1) of Anabldopsis thalanla Whlch 1s'

-;jsen51t1ve to ch1111ng temperaturesbr3° - 16° C) yas .
flsolated and partlally chanaoterlzed Temperature sH;ftﬁﬁﬁ :QS
r;experlments demonstrate that :the lethal effect, of

'chllllng is 1rrever51able after a four day exposure.

-

'The mutant shows an 1ncreased dark resp1rat1on rate and‘f#

»

hPre;iminaryiﬂanalysist d%ing "CO ang’ ‘c -Acetate

IS

~

level 'afe‘ small and _cannot . be deteeted by gas*
chromatography of total leaf fatty ac1ds.

Ed B ) .
The"éhangeS'winnf llpld metabollsm - could . be

'-responslble -for' the épss of the ab111ty of the mutant

to ma1nta1n fluid membranes at- chllllng temperatures.
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'Genetic varlabllty ,_aSSoc1ated wzth ’,résﬁdnée -toy
temperature can be observed at many. 1evels .of organlzatron
in the plant klngdom ThlS dlvers1ty has probably evolved as:*

-a result of the varlous m1crocl1mates assoc1ated w:th thls

‘s

‘planet In general plants have adapted to a llmlted rangef.'

of enV1romental cond1t10ns. If one of the cond1t1ons change
beyond the range of adaptlon the plant becomes stressed
For example wh11e many 'spec1es ,norma%}yyrfound ‘fn;f‘

trop1cal fandk- subtroplcal regiona'hare"injured ,by low

‘temperatures above 0° C numerous temperate zone spec1es an

;-

B TN

.temperature 1s progre551vely reduced below some"

wlthstand freezxng temperatures. Plants may, therefore be "

art1f1cally subd1v1ded into cold hardy and fcold sen51t1ve'

spec1es. Co]d sensrtlve plants are those whlch are k1lled or

serlously ;njured by temperatures wh1ch may range from justgin.;_

above the free21ng point of the tlssue Up to 15 - 20°C 1n‘“-

'somelcasea. ‘An- extreme example 1n this - regard is Tldestromiaf'

loblonglfolla,‘\aA shrub from Death Valley Ca11forn1a, wivich -

has an ‘optimum temperature of .Photosynthesis of 45°cC. At-

20° CA or- ‘less :photosynthesis-stops and dormancy is induced.
(Bjorkman,1980) In general ‘the severity of damage 1ncurredi
by chilldng of cold sen51t1ve spec1es usually 1ncreases as

threshold

level, and is  time- dependent (Lyon et aln, ]
able to grow near zero degrees Ce151us are

C/"II II ing r'esfstant



Ntz

”*1temperature -opt1ma but ;fh former' 1s ch1111ng re51stant.’h'

e

fcons1derable 1nformat1on has been assembled Tn- regard to thei

T . : ) E

RS f,,,

S There s,'no obllgate relatlonshlp ’between -optimalr
';growth temperature “and - sen51t1v1ty :7 re51stance Sto

| ch1111ng. For instance potato and tomato have 51m11arij

’U . 1‘,-, r\, - %

$

; ‘_whereas At the otherf‘ s extremely ; sens1t1ve. ' Whlle

auphenomenon of cHxlllng'znjury, 11ttle vfs known about the

'\exact sequence and t1m1ng 3of; events af?the cellular and.

X

vmolecular leVeLs If dne .1s ultxmately 901ng -to _1mprove

: plant re51stance «FQ. low temperature for! the purposes of

~

"agr1culture and ho$ticulture one must (1) character1ze ‘the

~stress 1mposed on the plant° (2) determlne the’ repercu551on5v

s ‘ .\. e

S N .
.wof&stress on the cellular .envzronment- and (3) determxne

—

gwhat constltutes 1n3ury at the cellular ahd molecular level

: Hovgver it

e

v Thes experlmental approach to undersﬁand1ng thesef“three
" ,
,“parameters .has_ largely taken vthe form ,of ,compara1t1ve

y e n
phy51ology of ‘cold-" hardy and cold sensftlve ‘ spec1es.“”

z-z“*"- 27

toi d1fferences that are- found becausea of ‘.the *broad\
-dxfferences win genetfé' background between re51stant and'

. ,'-jj:sen51t1Ve SpeCIeS. Although Lyoopens:oon sp (tomato) and Zea

-mays (corn) are': evoluthparsly d;stant the argument is that‘

they must share a tra1t or number of tra1ts that render them

L3

'w:ch1111ng sen51t1ve.< On the ba51s of thlS 5atlona1e certain

aspects of,plant phy51ology have 1ntens1vely studxed in the =

;.hope of 1dentxfy1ng the un1fy1ng chllllng sens1t1v1ty tra1t

or tra1ts. . e . 'f- ’ e _x

as beeh d1ff1cult to attr%ﬁute spec1f1c effects .

<



| Membrane lipids . . ./

' The most.‘strenuously 'advanced"theoryix”flVchilling

“sen51t1v1ty concerns thef’effect of temperature on the -

~ mob111ty of membrane llplds (Lyon, 1972). At low temperaturef;ﬂ'

.11p1d bllayers become crystalllne w1th llplds tlghtly packed'

together. As -the temperature is ralsed above a tran51t10n.i

temperature the spac1ng 1ncreases The bllayer contlnues to

¢"

adhere but the fatty ac1ds melt and are free to rotate. This

,flex1b111ty of 1nd1v1dual 11p1d molecules is termed flu1d1ty7 .

'and is belleved to be the state su1table for life- proceSSes.v
‘ When the temperature is "lowered to the tran51t10n0
v,temperature the 11p1d bllayer starts to- change to the solld
non funct10nal state.,The actrulty of enzymes, .structural

protelns and/or transporters»fembeddedV'in, or attached‘to

these membranes are dependent -on‘. h flu1d1ty of.. the

,,‘,membrane. By dlsruptlng the act1v1ty of one or more of the‘

‘gmembrane‘ assoc1ated functlghs by a» low temperabure‘
tran51tlon cellular metabollsm may be abruptly altered.

| Drastlc changes in, various phy51ologlcal actlvities.
have been observed in‘ the v1crn1ty of these transition

__temperatures .Vﬁof‘ example, mltochondrlal membranes from-

-

ﬁchllllng/sen51tzve plant specles (Ra1son et al 1971° Ralson'

and Chapman 1976) and chloroplast membranes (Ralson 1974)

all exhlblted phy51cal phase transatlons in response to
/ .

temperature. The phosphollplds ext"'cted from each of these

membranes4“ undergo a phas ransvtipn ‘as ‘dlscerned by .

electron spin_resonance atf . the same critical temperature

4



,{:‘.‘ . . N ; .

observed for intact membranes and these transitions could be

)

correlated with v1s:;§) melts- of deélned lipid‘ systems,

(Mehlhornief al, 1973) L Co [“i
In general' .the tran51tlon temperature can be expected

to depend on’ the 11p1d species as well as cha1n length ‘and

N

“degree of saturat1on of the fatty acid constltuents This is’

1llustrated by studles of Anacystls nldulans, a blue. green

alga In thlS organlsm the degree of saturatlon of membrane

‘l1p1ds is strongly dependant on growth temperature (Halton"

et al, 1964) 'AS' the temperature 1ncrease5‘the degree of

» . ‘ “r

saturation also increases, Moreover O, evolution, electron

transport and other 1nd1ces of photosynthetlc function show

~_.abrupt changes at phase trans1t10n temperatures (Murata and

vFolk ; 1975)  These studles 1n81cate a possible capsal T

relat1onsh1p between the degree of 11p1d ‘saturation, .phase

'trans1t1ons and photosynthetrc function.
Unequivogal.evldenee in favour~ofmthis hypothesis has
not yet been obtained in higher plants. De;reases in
temperatdre have been shown to causeiincreases in the degree
'yof unsaturation in _some higher plants. Transfer of BPaSSlca
hapus (rapeseedl to 59 C leads to 1ncreases in the- level of

linolenic §18r3) ac1d in the roots and - leaves (Smolenska and

Kuipia 1977). This 1ncrease | was most. <&evident inv

phosphatidylcholine and phosphatidylethanolamlne fractlons
of the;leaves, and in the neutral l1p1ds and an unidentified
phosphollpld from the roots. In studies of roots from Secale

ceﬂeale (rye),cooled to 8° C the relatlve abundance of



-

phosphatidylcholine declined while.‘phosphatidylethanolamine

”increased' (Clarkson et al 1980)._The acyl lipids contained

chilling sensitive\ prMaea' batatas (sweet .potato) have

higher».proportions of unsaturation -than. lipids of chilling

resistent"‘Solanum andigena (potato) (Yamaki ' and

-Uritani 19Y2) CompOSitional comparisons‘ of phOSpholipids

fatty aCids and sterols between seeds of Plsum satlvum (Pea)

and Gchrne max (soybean) show few differences although 3

germination of soybean 1s inhibited by the cold (Priestly

and Leopold 1980) . Polar lipids and " their degree of

unsaturation from leaves of Passrflora spec1es which varied

in - reSistance " to chilling were ' found to. be similar

'(Patterson 1978) . Therefore, unlike the simpler systems such

as blue .green algae and bacteria, the whole plant analy51s

of cold hardiness hds proven complex. This has led  to

'attempts‘ to 'subdiwide _the problem by examining speCific

effects of temperature on component phy51ological prOcesses

Dark Respiration
Research. in this area ~has been dominated by the

observation that many membrane bound enzymes assoc1ated with

the mitochondria of chilling sen51tive plants show nonlinear

K

an increased ‘proportion of linolenic. .acid - (18:3) at the

expense of linoleic ac1d (13:2); However the lipids ofi‘

Arrhenius plots with an increase in the activation energy of

..‘]

the enzyme below about 10 - 12°C. The basic pr1nc1ple behind

¢

‘;an‘ Arrhenius : plot is; that reaction rates, 1ncrease

exponentially Wlth temperature. When experimental results of



these ‘rate measurements at different temperatures are -

plotted as« log rate versus the rec1procal of the absolute

temperature, the Ea or Arrhenius activation energy can be_'

determined ‘from the slope of the line. The expectation for
biological- systems from Arrhenius theory: is a linear
relationship from free21ng to denaturation temperatures. The
“existence of a "break" (discontinu1ty) in the . Slope of "an
Arrhenlus plot can be explained by the occurrence of a phase
change occuring at that temperature In‘stud1es of oxidative
act1v1ty of 1solated mitochondria from chilling resistant
plant ‘species a; linear plot was founay {ithl ;constant’
activation ehergy over a ‘temperature range from 1't 25°Ci
(Lyon and Raison 1973). .In contrast; the mitochondrial
respiration from chilling -sensitive species exhibited a’
‘discoﬁ?inuity inﬁthenslope at 10.-;? 12°C, vwith a  marked .
increase in Ea below the}"break" temperature. ThlS 1nd1cates
that the 1ntermed1ate or direct effect of low’ temperature on
.these ‘species 1sfto supress mitochondrial respiration
:However not - all tissue respiration follows thls
pattern. Germination of Cucumls sat ijva (cucumber) and Vigna
radiata L. (mung bean) seeds.'show a "break™ at 13°C
indicating the process is ‘chilling sensitive whereas.the
rate of respiration of . the imbiléd seeds decreased in a
-linear fashion as the temperature was reduced to 5°C (Simon
-et-al, 1976). Similarily linear‘Arrhenius .plots have' been
obtained for poilen respiration of tomatoes (Patterson et

.al, 1979), Mitochondrial respiration of Cornus stolonifera



'and,can be protected agains

~

_ : o
callus shows ch1111ng 1n3ury below 13° c though 1ntact plants

of thlS spec1es 'are, frost tolerant (Yoshlda -and Tagawa
1979)3 These results suggesg that although the. mltochondrla

of ch1111ng sensltlve plants respond more dramatlcally to

" lawer’ temperature than those from. tolerant plants under the

4same c1rcumstances, dlsruptlons of mltochondrlal resplratlon

mlght not be the primary effect. B
. T L N
- In “some species, however, mitochondrial cold

sensitivity may be sufficient to account‘for sensitivity of

plant uhioh is extremely cold sens1t1ve, shows dramatic
increase in’ resplratlon within 2 hours- of chllllng (Wllson
1979), This 1ncreased respiration rate is also seen in
Xanthium strumanlum | (Drake ‘ and Raschke, 1974). This
observat1on of massive ox1dat1ve reactlons has' tentatlvely
been -attrlbuted to peroxldatlon of dlslntegratlng membrane

components and general permab111ty of cell" membranes (Wilson

1979) ‘These observations led the author to propose two

categories of cold sensitive plants. The first class is

lextremely chllllng sens1t1ve and cannot be chill hardened at

12°C and 85% relative humldlty %R H.), or drought . hardened

at 25°C and 40% R.H. Even prdlonged bperiods of acclimation

at 15 C results in 11ttle 1ncr ase in chllllng tolerance.

Ma1nta1n1ng a saturated atmos here at 5°C does not delay the

onset of injury (eg,E. reptans, E. Cupreata, N. Iynchfl)

- The second class is. less s»n51t1ve to ch1111ng and drought

“the plant. Forvexample, EpISIca Peptans, a troplcal lowland

ch1111ng_1njury at 5°C fqr_dgx:f'
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days 1f the atmosphere is water saturated Also these plants

“can be Chlll‘i and droughtvhardened to some - degree (eg~

Phaseolus vulganls Cucum%g saglvus, Gossypium hibsUtumf
(Wilson 1979). S B '

. H \ ‘\ ) v L . ' )
Obviously these categor1é§ are. basedj‘on artifical

NS ' .
distinctions.- ‘In ‘ nature one would expect to find a

. contlnuous gradat1on of chilling sen51t1v1ty such as ‘that
found in related" Passrflona specv%s. The Lyon -‘Ralson

hypothesis is flawed for a 51m11ar reason sxnce it predlcts

a cr1t1cal temperature below which somg%yltal prOCess cannot'

be maintained. However plant survival 1§ dependent not only
on vtemperature but also 1rrad1ance, (McW1111am and Naylan\
_196%) humidity , (Wr1ght and Simion 1973)”and the amount of
‘cold hardenlng it has recelved (1 e.,exposureﬁ}o low but not
.chilling temperature) ~(Guinn  -1971). Thus, thgre "is no
critical temerature below which va. plant alwaySgdies and
above.which it always lives. FUrthermore the temperaiure at
which a break " occur in‘ the' slope of "an hrrheniusgplot

depends on the parameter been measured. For example, the

rate of increase- in dry weight , leaf area, and length bf@*p

hypocotyl plus radicle of Vigna Padiata L. (mung bean) and
Pharbitis nil“~ chois (morning glory) all show marked

responSes to'decreased'temperature, although when drawn as

' L X B
‘Arrhenius plots the responses resembles ‘@ smooth curve

rather than a set of 1ntersect1ng llnes (Bagnall and wOlfe
.- 1978). ThlS has led the authors to argue that changes in the

membrane flu1d1ty might not be expected to cause abrupt



Lo s

changes in the slope of Arrhenlus plots at . elther the enzyme
or- whole plant level A bllayer made of one spec1es of Aipid
only and conta1n1ng no proteln wlll over a small range of

temperature / change 1ts molecuiar moblllty drastlcally from

' % ) : .
" fluid to solid state. The bllayer in ‘tRe membrane of a

-

-llylng organlsm is more compIex‘(Lyon et al, 1964). Several
"or many species of lipids are present and proteins’ are’

i N . . . . . . - ) .
‘embedded in the membrane. As the temperature of such a

mlxture is lowered it separates 1nto ‘domains of- dlfferent
comp051t10n and thus small reglons of frozen 11p1d appear in
an otherw1se flu1d bilayer" (Lee‘ 1977).: These 1ncrease fn
sizé 'as the temperature is lowered unt1l eventually the
whole bllayer is frozen. Therefoﬁg the bilayer is composed
of domains- of»var1ous_eomp051t10ns.some frozen, some fluid
oVer a wide temperature ranoe: Proteins further compllcate

matters by perturbing the membrane The boundary layer of

lipids around a protein is in a dlfferent env1ronment from

those of bulk lipids (Jost.et al, 1973), Thus, it may be

arqued that changes in conformation will not occur in all
N : » ’ _
membrane proteins at the same temperature due to the complex

composition of the membrane. The 1mpl1cat10n 15 that enzymeb
.act1v1ty is a contlnuous function. of temperature._Perhaps

v‘thls might explain, 1n.part the 1nconsistency of Arrhenius

plots in determlnlng phase tran51t10ns.

. Photosynthesxs‘

One common feature associated wlth ch1111ng 1n3ury is a

'a.reductlon in photosynthesis whlch occurs 12 - 24mhougs after

&
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chilling (Berry and Bjorkmann 1980; "Mart‘i‘n et al, 1981).

This obseration is generally con51stent ‘with the Lyon

" Raison hypothe51s of phase transxtlons since many vof' the

-,reactlons .of the photosynthetlc process are assoc1ated wzth

"membranes. Temperature 1nduced changes ip— the.« bllayer
'4strheture Or composition of these membranes might. be
expected to have 51gn1f1cant effects .on the overall fate 'of
photosynthesis. , - i o _ .‘1_:. .{:}

- In general,"reduction of phetosynthetlc capaCity is
progressive with increased t1me of expoaure  to - low
temperature. This' has been 1nterpreted as ev1dence that the
maintainance of the photosynthe;;c apparat;s is affected
rather.than inactivation of a specific compeneat of ’the
photosynthetlc apparatus. | | | |

. Chlor051s 1s apparent in magy thermophllllc plants
subJected:‘tﬁ. chllling temperature (Slack et al, 1974;‘
Mcwilliam:.aaa Naylot 1967) . However ‘in Lycospefsfcon
B (tomatoes) -and Xanthium strumarium L. a thermOphllllc weed,
there is little decrease 1n the chlorophyll content of the
leaves as photosynthe51s declines (Drake and Raschke 1974; -
Martin et al 1981) Furthermore, thlS ~ decrease ia
chlorophyll cannot account for the overall drop in
phot05ynthe5is.,' | |

Pfecﬁilling also causes a reduction: in ‘' stomatal
aperture ( Drake and Raschke ‘1974) and has led to the

proposal that thls effect might play a role in reductlon of

photosynthe51s by causing 1ncreased stomatal resistance to

A
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CO,'flux‘(Crookstan et al,'1974).~The reshlts pf-stbdies in

which-‘net photosynthesis' is Measured at dlfferent - L,

Y,

'concentrations in- the amb1ent air confllct ‘wlth this
"hypothe51s (Drake and. Raschke 1974 Martln et al 1981). 'The.
reason1ng behind thelr experlments was that stomatal
co;;r1butlons. at ’normal atmospherxc CO2 concentratzons can
be overcome ‘if : any decrease ‘-in:» intercellular co,
~concentrations- are reversed by 1ncrea51ng the ambient CO,
levels. f%y rema1n1ng 1nh1b1t1on of photosynthe51s after
,readjustment of 1ntercellular Co, concentratlon to the leveL
ex1st1ng prior. to chllllng mist be due to dlrect impairment
of one or -more processes"ln the chloroplast. Results of

“ : / .
‘ experments g

. "@th _ hoth tomatoes‘ . and Xanthium : show
‘~photosynthes§si remalned depressed by up. to 37% in chilled
leaves versus controls, Furthermore the 1ntercellular‘
concentration at-’which one half the maximum rate of net
'photosynthesis;wasvattained was‘the same in prechilled andr3
control plahts ThlS suggests. that prechllllng affects the;
maxlmal Tate of net photosynth351s but not the apparent
aff1n1ty of the a551m1latory apparatus for CO2 . ‘Q'
iﬁarch acgumulates in' the cold in leaves -of some
species iand' can damage the phot05ynthet1c apparatus (Forde
et,al;.1975) . However in Songhum blcolon starch levels
depend on :the stage of dlurnal perlod that ch1111ng is
_applled Less starch accumulates "in  Penniset ium cultivars -
grown at 18° /13° C compared to 24° /19 C and starch grains

v151b1y decrease in 51ze on transfer from high to lower
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'growth temperatures (Pearson et al ,1@77)

When leaves of Sor'ghum bmolor' were fed HCO at 10°C -
in the light, label accumulated in aspartate and was slow to
move linto " normal photosynthetlc pathways (Brooklng and
,Taylor' 1973). .Several cold. tolerant- or partially ccld'
tolerant species (Lo]ium ‘sp ,  Paspolum dilatatium, ané
-GlyCIne max) showed a large accumulat1on of free amino acids
related _to Ci metabollsm suggestlng a d1sturbance in normalv
C4 photosynthe51s The photosynthet1c PEP carboxylase . of
some‘ C4 plants is cold sen51t1ve (Uedan et al,*1976) ang
'could" account. at least partlally for . . depressed
photosynthesis in C& species in the cold;. ,i H s

Pyrubate otbophosphate dikinaee, an enzyme which serves
in cC4 photoSynthesis.to regenerate the'primarf CO, acceptor
d1650c1ated to an 1nact1ve form at low temperature and' the
'rate of . 1nact1vat10n in vitro dlffers. accerdlng‘tq the
species from which the enzyme_ls extracted -(Shirgnashi- et
al, 19787 Sugiyama et al 1979 ). The enzyme from spec1es
that are successful at low temperature is more stable at low
‘temperature Effects of cold treatment in VIVO on the
extnactable  enzyme activity of Pbyruvate othOphcspHateb
dlklnase seems to be correlated w1th the overall senS1t1v1ty(
to the cold of the specles used (Sugiyama et al, 1979).

Many plants with the c4 pathway of photosynthe51s arei
chilling sensitive and at one t1me fit - seemed llkEIY‘ that

some step in C4 metabollsm was unusually sensitive to low

temperature. As noted in the previous dlSCUSSlOn no one step
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can be found Recentlj two C4 spec1es natlve to cool regions
were found to ‘grow well 1n laboratory studles at 8 °C andl
blochemlcal studies dig not detect ‘any disruption of ;the-
normal metabolic sequence of (4 photosynthesis at ' low
"temperature (Caldwell et al 1977). Many ‘C3 species from
these - reglons are also .chllllng sen51t1ve | Thus, the
sen51t1v1ty of these ca plants to chilling is probably not
. character15t1c of C4 photosynthe51s |

| The effect of temperature on photochemical' activities
has been- compared in thylakoids 1isolated from chilling
sensitive_andvchilling vresistant olants' (Margulies 1872;
Shenyour et'al f973) Phaseolus vulgaris (bean) leaves that
have been aged for less than 2 days at 0°C yield thylakoids
with less ‘than 5% DCIP or NADP* Hlll reaction activity as
vcompared to fresh leaves Thrs activity is rapldlyl‘regained
when leaves are placed .ln the light (Margulles 1972)
Although photosystem IT appears to be affected photosystem
I act1v1ty is . not lost . since, when'thylahoids from aged
‘jleaves are supplled with DCIP angd ascorbate;“they reduce
NADP. | | |

Many of these: orlglnal results are now belng questloned

because of the finding that both darkness and detachment of
leaves from the ‘plant are more effectlve than cold treatment
in damaging photosystem II (Kanu1ga et al T978) When
tomatc plants are - exposed to 0°C in 1nterm1ttant l1ght Hlll

reaction act1v1ty is 'not affected whlle dark storage at

either 0°C or 25 C results in 51gn1f1cant decrease 'i n.: Hlll

o
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'reactlon act1v1ty after 2 - 3 days Thylakoiéz)prepared from
two Chllllng sen51t1ve plants, .bean - and tomato ‘and. two
chllllng re51stant plants pea and lettuce, were meaSured for‘

| photochem1ca1 act1v1ty over- a temperature range of 3 - 27 C.

| Both the photoreductlon of NADP‘ from reduced DCIP and'.“

}hferredoxin NADP’ reductase (EC1.6. 99, 4) activity .of
chldroplasts of chilling sen51t1ve plants show increasel in
activation energres (Ea) at- approxlmately 12 °C vwhereas
'photosystem II act1v1ty of the thylakoids shows"a constantv
actlvatlon energy over the temperature range. The chllllng'

tre51stant plants showed constant activation energies .{8:
NADP* photoreductlon over . the same temparature'range. The
results sdggest ‘that chilling effects are localized to
.gphotosystem'l,(Shneyour et al, 1973). Others have foundgthat
thylak01ds 1solated from Spinacia oleracea L. . (spihach) 2
chilling re51stant plant were inactivated when exposed to
light at 4 °c, Thls observatlon Creates uncertalnty as to
whether resistance of splnach thylakOst in vivo to chilling
temperature is solely a functlon of the chloroplast
»thylakoid membrane and suggests cautlan when uslng In vrthol
v'\\\results to make 1nferences about in VIVO observatlons " The

_ studles__on. photosynthe51s descrlbed here demonstrate that
the‘ process can be broken down 1nto 3 _categorles{
biochemical, co, dlffu51on and photochemica;. Each of these

‘can be affected dlfferently by dlverse faotors -present in
the surroundlng -environment, Slncejuany of these ~three

processes can be limiting wunder different?'environments,

Moy e
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plants have most 11kely evolved mechan1sms of adapatlon to .
overcome a partlcular llmltat1on Temperature could effect .
: these three processes of photosynthes1s in d1fferent ways.gv.
For example dlsrupt1on in membraﬁs'functlon should effect
photochemical ‘reactlons; 51nce- they , are L embedded in
membranes.' Dark reactlon enzymes are soluble and should not
be affected dlrectly by membrane dlsruptaon 'Th d1ffus1on
of CO,' from the atmosphere to the-: s1ee of carboxylatlon is
-affected by temperature, 51nce dlffu51ong is a temperature
dependant' parameter Thls 1n turn would affect blochemlcal
reactions of the Carbon cycle wh1ch are also dependant 'op"‘
temperature and on CO2 concentrat1on at' the‘j51te lof_f
carboxylat1on The p01nt is that each one of these processes
can ﬁe dlrectly afTected by temperature whlch will in turn“”'
affect the other processes since they depend :on one another.‘
ThlS\ makes phy51ologlcal sStudies on the prlmary effects of t
' temperature on photosynthesis very d1ff1cult to 1nterpret A _ =3
Systematic study of a 51mple system or mechanism will most
likely'inyolye dlrect Lmeasurment ofiﬂfts‘ components and '7-5?
factors that dlrectly affect the system HoweVer for more
complex systems such as chllllng effects and mechanlsms of
chllllng toi%rance thls\ type . of' study ~has failed and a
different«appqoach should\he taken; Th1s has' led to the

approach of using genetitally controlled di ferences'for

PN
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studies of . temperature effects on plad% system‘.;'



Genet1c Stud1es Jl ~
i L1ttle 'is known present abeut regulatlon of gene -
r'fexpresslon ,ﬁor ch1111ng sen51t1v1ty by blochemlcal -andfﬁ
bjenv1ronmental factors. Of gobv1ous 1nterest is the role of:
temperature 1tself asm~a »potentlal regulator of gene
expression‘. Of the genetic stud)es done in determ1n1ng the
i mechanlsms of chllllng sen51t1v1ty or re51stance three major
approaches have been used. TheA first method 1s to study.
spec1es Wthh are closely related and ‘yet .which have very

'!

dlfferent degrees of ch1111ng re51stance. In this way it is
hoped thatogenotyplc factors not connectedv with- adaptatlon
to dlfferent temperatures would ‘be m1n1m1zed For example,
StUdleS w1th Passlflona spec1es w1th varylng “tolerance ';5
temperature stress ‘have shown that spec1es orlglnatlng from
‘jtroplcal- lowlands are much more ’ susceptlple “to 16w
.;temperature damage ‘thanA those'_from'Ih&gher‘altitudzs and,

cooler env1ronments‘ (Patterson ‘et 'él, 1976). Using
_ . , )

electrolyte - leakage g as :fah;v 1nd1cator “of resiStance;
PaSSIflOPa spec1es were ranked for sens1t1v1ty to Chllllng‘
tempetatures.,Plants that leaked electrolytes after a 6,hour
perlod were cla551f1ed 351Chllllng sensltlve. The amount ~of
"leakage determlned the the degree of sen51ttv1ty. Us1ng-this

method, they cla551f1ed the spec1es in the order P. caePulea

< edllls < crncrnnata < mallfonmls < Flavrca npa F, hybfldS’

such as P, flavfcapra ﬂx crncrnnata OCCUpled vlntermedlate
.gposztlons , ‘although the F rndlv1duals of P, mallfonmls x

caenulea and P flavtcanpa x caerulea rank with P caerulea .

¥ . L e a ¢ T
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~:iin this.test. There is a'continnum‘between the sensitive and

re51stance in Passrflona is not an all or none response, but

depends -ON°  some k1nd of gene dosage effect. The expression

B

of.a number of genes 1n an additive way could explaln;;the
’ i : . ’ [ C

The second method used to study ~gene expression of
chilling resistant has “involved the formatlon of somatxc

hybrids. of chilling ‘Sensitive tomatoes and ch1lllng

'resistance pPotatoes (Melchers et al, 1977){ Somatic-hybrids

are formed by the fusion of two,’phenotypically marked

é?QtOPlaSté" £ %g different species. Susceptability  to

3

"chilling injury;‘Jas_ indicated by changes in the -.dark

reduction of cytochrome f in leaves stored at 0 C was
measured in four of the somatic hybrid tomato- potato

hybrids. " All four showed enhanced re51stance compared with

tomato‘ but were less re51stant than potato. As before, thls

can be - 1nterpreted as ev1dence that there are multlple genes

: 1nvolved in chllllng re51stance

However 'a certain amount of cautlon should be employed

)

f1n 1nterpret1ng the results obtalned from the ‘two previous

" methods. All plants used in all these experiments are

seperate species and have been grown in 'QUite different

enVirOnment Plants .evolve to adapt: to a complete range of

-resistant ‘ends  of. thev range suggests that ch1111ng

environmental variables, if any “of 'those 'environmental
. . ' o . e

components extend beyond that range" the plant Aﬁ&ii:beﬁiw

'st&essed. For example, Passiflora spec1es natlve koL thh

G T
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altltude env1ronments ‘have not only . adapted to chilliné
temperatures wbut  must also adapt to less humidlty and
fdlfterent CO. and 0, levels than species growing .at sea-w
. level. Therefore adaption to a certaln environment ls"a
"complex phenomonen.and notv necessarilye_restr'cted to one ’
factor in that environment. | o k\ .
The third general method used in understandlng the
éenetlc mechanlsms of chilling resistance “has 1nvolved plant
itlssue and cell’ culture The 1solat10n of ch1111ng re51stant
'cell lines from N/coj:lana sylvesrr*rs and Capstcum anniuum
callus culture has been reported (Dix and Street 1976)
These llnes were obtalned by selectlng for survival of ethyl
methane sulfonate- (EMS) treated cells subm1tted to chilling
for 21 days. at -3°C and +5°C respectively Unfortunatly
tobacco plants could not be regenerated from some cell llnes
and callus derlved from seedllng progeny was sens1t1ve in
others.u(Dix 1977). Plants could ‘not be regenerated from
resistant 'or’sensitlve C. annuu@}cultures..It was concluded
that the loss of resistance in N. sylvestris resulted from a
fairly stable eplgenetlc 'change, persistent through -an
1ndef1n1te number of mitotic d1v151ons in . cell Gulture, "but”

lost during the - plants ' sexual cycle Alternatiye

explanations for the loss of re51stance, such as continual

segregation in'culture ggving fiseffé,cﬁiméfaﬁiplzngshcaﬂnoti’;:'
: . B »{'—4_q.,r Iy
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o In‘ pr1nc1p1e, the problems encountered 1n 1nterpret1ng

the effects of low temperature xon hybrids of genetlcally-
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~distinct plants or callus tissue culture could - be

circumvented if'it were possible to compare plants which are

genetlcally 1dent1cal ‘except fOr'vsingle mutations which

* alter 'thelr cold sen51t1v1ty This approach would offer the

distinct advantage of genetlc analysis: of each component

that confers hard1ness.

There are some conceptual problems with this approach.

If al mutation is introduced into a cold hardy plant which -

makes an enzyme cold temperature sensitive, (l.e.,' a

. missensge’ mutation) iﬁ%d this enzyme is vital to the plants

viability it would, render the cold hardy plant cold
sensitive. However, the mechanlsm of cold sensxt1v1ty would
have nothing in common with that seen in natural syétems.
Conditional' cold sensitive mutan.tst have been isolated in

bacteria and lower eukaryotee (Russel ' et "af, v1986;

Picard-Bennoun and Le Cage 1980). The majority of these are

defective in the' blosynthe51s ,of( cytoblasmic- rlbosomes,
although -some bacterial cold sensitives are - ‘auxotrophs
(Abd-el-al and Ingraham 1969). It is probably possible to
make many enzymatic functions cold - temperature sen51t1ve.‘

That such mutatlons have not been observed more‘ frequently

may 51mply reflect that tbe effort has not been as 1ntensxvé;

as for the identificatien “of™ hot = ° temperature sen51t1ve

s Q. - o P Y
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dlsruptlng a Chllllng re51stance functlon in an organlsm and

- a 51mple temperature sensitive (Ts) mutant is that the

One p0551ble way to d15t1ngu1sh between a mutatlon ‘

’
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former should always be expressed but its effects will not

be. -seen under non permissive conditions. A normal cold Ts

mutant will only show altered'métabolism under restrictive

temperatu;és. An exception to this criterion would be if the

natural mechanism of chilling resistance is inducible, in

. : .
which case the mutation confering temperature sensitivity

would not be expressed in all conditions. The possibility

-

that an inducible resistance system exists cén bettested.
The wild type cold hardy plant should show changes in ;ome
aspect of metabolism' 55' the temperature 1is: lowered. In
contrast the <chilling sensitive mutant ‘should show a
différént Eattefn of métabolism'with respéct to wila type as
the temperature is lowéred becausé' the resistance

mechanism(s) cannot . be 1induced. Such :analysis might,

however, bécome complicated because of dramatic changes in

'many, aspects of metabolism as the sensitive mutant becomes

stressed.
It should be emphasized that many functions in the

mutant should show alterations under non  permissive

".. conditions if the -mechanism for resistance is central to all

PR hnd

‘stages 6il‘development, tissue and/or .organelles of the -

<

plant. . Thus if sensitivity fsfdepeﬁdéhtioh:the'tissue/organ

exposed or the7s£agé‘of development. this implies the plant

w

Yiﬁdé e_é ‘number  “of ‘ mechanisms’ . for . coping with'~chilliﬁg
temperatures or thit the structures affected by chilling are
not present in all areas at different stages of the plant

life cycle. If one were ‘to find a plant system which only.
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showed sensitivity to the cold at certain stages of its
T mlght prov1de clues as to what mechanlsms

development this
are involved in ch1lling re51stance.

In principle the 1solat10n of mutants with defects in

"cold tolerance genes" should allow one to minimize both
genotyplc and env1ronmental varlables thereby fac111tat1ng
phy51ologlcal analyses of chllllng sen51t1v1ty If mutants
with defects 1in the mechanlsm(s) involved in chilliné
re51stance can be 1solated it should permlt delineationv4of
the complexity of ;espon51ble mechanlsms by'complementapidn
studies and inveetigatien of whether a second eite mutation
can ‘restore resistanee\to the plant. Such information could
be instructive in attempts ta make chilling sensitiye p}ants
resistant. 7
4 4 :

Arabidopsis thaliana (L.) Heynh is well suited for
a study as it is nofrmally a cold hardy plant. In addition,
the small size and short life cycle fac1litates screening of
large populations of M2 plants for cold sensitive mutants
(Redi 1975). - |

This study describes the preliminafy analysis of one
such variant which exhibits extreme chill;ng sensitivify and
dies after‘ four days at temperat res below 16°C but is
essentially indistinguishable from wild type at temperatures
above 22°C. It is believed to be the first report of a
mdtation which confers cold sensitivity on a higher plant.
Preliminary evidence Suggests the cold sensitive mutant has

altered lipid metabolism. .



| I1. MATERIAL AND METHODS

Growth Conditions

- APaDIGODSIS thallana (L. )\\Heynh., race Columbla, was

L]

used 1ni§hls study. The seed source for. thef'mutant search
was an M2 population of ethyl methane sulfonate ‘treated: seed..
prov1ded by C.R.S. (Somerv1lle and Ogren 1979). Mutant PM1i.

was orlglnally retained in a screen of M2 seedllngs at the-4-

leaf stage for plants sen51t1ve to hlgh levels of cCoO, (1%)
but was subsequently found to be cold temperature sensitive,

Physiological experlments were preformed on M4 or M5
advanced generations. All plants, wild type and mutant
derivatives were grown_ under vcontinuous flourescent
illumination (ZCO - 300 uEinsteins m-*s-') at 21°C and 60%
relatiue humidity: Most physiological and phenotyping
experiments were done uqder the same conditions except the
temperature was 13°C. . |

Plants were  sown by suspendlng seeds in .a D. 15% agar
solutlon and plpetlng approx1mately 100 seeds into 5 inch
pots conta1n1ng a perllte vermxcullte sphagnum m1xture
(1:1:1) overlaid with f1ne vermiculite. Pots were soaked
with a nutrient solution (1 iitre/pot) before seeding and
wrapped in saran wrap for one week. Once seedlings were
establismed thef were‘ vatered twice a week with nutrient
solution and every other day with uater. The nutrient
solution is prepared from the following‘stock solution: |

1.0 M KNO,, 5 ml ‘ |

1.0 M KPO, (adjusted to pH 6.50)k 2.5 ml

°
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"mlnutes. Thls was followed by three washes ;anZO%];ethancl:'hll;g

C e L 1-0 M-MQSO.,«z Q' [Dl

S -

e : .
B — e e — s - . .

.0 M Ca(NOL),, 2.0 ml |
.8% (w/v) Sequstnene 330" Fe, 2 0 ml f&

’Mlcronutrlent solutlon (70 mM- H,BO;, 14 mM. MnCl,, 0.5 mM

cuso,, 1 aM ZnS0,, 0.2 mM NaMoO., 10 mM NaCl, 0.01

"“caC1~)-.J mi t,,”;'f .
H, O 985 5- ml

‘v:“.Edr certaln: expe:lments ..-plants -were _grown under

medlum' w1th the 'same: chemlcal @omp051tlon as the nutrient

.solution. Seeds were surface sterlllzed by soaklng in a

- ...\.‘—-.,,-e..,\. R R R R

"Tween -80. aL drops/1ﬂ0 ml) _ 10%Qchlorox solution for f1Verlj

and .three - washes in dlstllled water, The'pet:iiplates Were_h .

sealed with'parafilm. Plants could be grown to ,repro%gctive..,l

maturity under these conditions.
Genetic Crosses -

Arabidopsis is normally Qe self pollinating species.
Mutant and wild type plents were crossed by emascplating a
mutant"emale flower and hand pbllineting with the wild type
used as 'the male. F, plants from these crosses were tested
for the cold.temperature phenotype. The phenotype was scored
by a yellowing of- plant leaves after a four day exposure te
non- petm1551ve temperatures (13°C). F, seed was collected .

and tested for segregetion studies of thé mutant phenotype.

'sterlle cond1t10ns .on petri. plates con;a1n1ng : a 2% Aagaf,___s.“
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Gas Exchange

,Photosynthetic' CO, - fixation and dark respiration was

measured by a systemﬁslmllar to that described by Somerv111e'j

and Ogren (1982)., An Analytical Development'Co. Infrared'Gas

. analyser ‘(IRGA) type-225  was. ~used .. to  measure  CO, "

concentrations in the system Dry gas of desired composition®

" 'Was humldlfled to about 70% to av01d desc1cat10n of the

X

plant ‘The gas ‘was then passed through a chamber containing

a- 51ngle plant whlch was 1mmersed in- a circulating water

bath so that the temperature at whlch'gas‘exchange occured

could be controlled~ The gas stream was then_ dehum1d1f1ed'

-

a-;;before entry to the IRGA by - pa551ng through a cold flnger at;5§7;~7

4 C and Cco, levels 1n the gas stream were measured in the

Lfdlfferentlal ‘mode. The flow rates for thlS open system vere .

'determlned by a Tylan mass flow meter nght” ;ntens;ty, was

approx1mately 350 uElnstelns m"S‘Wa‘Thetgas,composition,
flow rate and temperature are given with each experiment..
'4COo, Labeling and Separation of Products

.Short t;rm “CO, labellng of products of. photosynthes1s
was done as described by Somerville and Ogren (1982) F0ur
plants were equiliberated in the dark for . about 10 minutes,
the system was then closed and 10 uCi of carrier free
NaH'*CO, was injected into a resevoir of 8% phosphoric acid.
After a 15 mlnute labellng period plants were removed. and -

killed by immersion in liquid N.. Plants were transferred to

ha TenBroek homogenlzer and ground in 80% ethanol. ‘Insoluble

**matter was remOVed by ‘centrifugation (5 min at {000Xxg),

ey

- . . - e . I
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~dried, and resuspended.inIBSO ul of perchloric acid; 30% -
H,0,:- water solutlon (3 2: 2) , The solutlon was heated for a
few hours .to 100 C cooled sc1nt11at10n flu1d was added nd..

'the samples vere counted in a sc1nt1lat1on counter

The chlorophyll chl) concentrat1on was determlned by

measuring - the< ,absorbance~ of . the supernatant at 654

nanometers and transforming accord1ng to the following:=

~.formula: (winterman and Demots '1965) o A

(A‘,. * 39 8) 1000 = mg chl/ml

PO

“This supernatent was | drled and resuspended if. water-for "¢ -

Lt -
e e e

further analysis

Pabellrng for longer perlods;(e ;,24 hours) was - done on

£

8 to 14 plants srmultaneously u51ng ‘a system dlagramed iﬁ“ )
‘ Flgure 1. This closed _system ‘ls 51mllar,,to ~the' o¢ne

previously descrlbed except a gas analyser is connected in

line. A -solution of NaH“CO3 (9 5 uC1/umol) Qas introduced

4
into the system at a constant rate using a varloplex II pump

;(LKB 2120 -model) Balanced between the CO2 evolved by

6c1d1f1cat1on ~of b1carbonate and CO, fixation by the plant‘

- i

was | m0n1t0f93 ;oyf~the,'gas ~analyser ;and regulated by~-?a?;‘5

adjﬁstment of the*flow‘féte of bicarbonate 1nto"thei acid.

flask. The total size of the system was approxi&ately 700

ml. The circulation rate of gas was 500 ml min-', humldlty
was 70%, and l1ght condﬁtlons were 350 uElnstelns m-*s-',

Specific. cOndltlons are given "in the text for each

experiment.



| k . Figure 1
T AT ) ' ' S o
- " Schematic diagram.of-the long term labeling apparatus

. (a)co, gas ‘andlyser; - (B)Ice bath _dehumidifier; ~(C)Tygon
_tubing; . (D)Gag,gpﬂmp;-“(Efoﬁht’ source{300W Incadesent) ;. .
(F)Infrared filter(G)}Plant chamber (H)Plant holder; (fJ21°C
water bath  dehumidifier; (K) - 8% ,phaesphoric acid flask;
-.(L)PeriStaltic'pump; (M)Bicarbonate $olution ice bath. :
,.’""" e . -
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Labelling was terminated as previously describedvexcept
&-plants were ground 1n a chloroform methanol:water . ‘(5 12: 1):
solutlon Th1s homogenate was washed- tw1ce w1th a- 0.9% NaCl
i,solutlonﬂ The washes were comblned and- con51sted largely of:
polar labeled components such as amino ac1ds organic acids,
and sugar phosphates. The ‘chloroform phase contains all
‘non polar '4C labled compounds such as plgments and 11p1ds
Analy51s of~products of *‘CO, photoa551m11at10n from
the soluble aqueous fraction was achleved by appllcat1ons of
;2 ml aliquots to a ‘Dowex- 50 (H*) column (0 -5 Xx,3.5 cm). The
column was washed with 2 5 ml H, 0 and the wash was saved
for further separation of neutral and acid components. The
compounds b1nd1ng the Dowex 50 (H ) column was eluted with 8.
“ml -of 2N NH,0H solution. ThlS eluate is de51gnated as th?'_-
ijaSic{ffa7€T3:'and 1s«predom1nent1ywamano ac1ds e e
' The neutral "and acid wash from the Dowex 50 (H‘l column

was applled to a Dowex- 1 (formate) (0.5 X 2.5cm) column and

5’~washed with 2 5 ml Of H 0. The ‘wash” contalns the neutral = ...

“fract1on 'whlch is< largely sucrose The Dowex—] column was

then washed w1th 8 ml of O 5 N formlc acid followed by 8. ml -

“of 8 N formlc and flnaily 6 ml of 4N HCl The-flrst.or Ac1d—
o fractlon)contalns pr;mar1ly organ;c acids, the second
.fraction or Acid— 2 ‘fraction consists mostly ‘of sugar
monophosphates. The Acid-3 or third--fraction is ‘largely
sugar diphoSphates. Seven hundred ul aliquots. were counted

in scintillation"fluid"and‘upercent distribution of '4C

. o

assimilate wvas determined for each fraction.
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~In  the case of long term labelllng,_the acid fractlon
Was not subfractlonated but removed as one fractlon with 6

ml of 6N HCl

!

The fractions isolated from ion exchange columns were

further Separated by thin layer chromotogfaphy (TLC).
Fractions wefe dried under vacuum to concentrate the
samples..‘Samples‘ were 'resdepended in'.water'and aliquots
containing 20,000 counts per mlnute were spotted on ,TLC
cellulose plates in. a volume of ebout,TO ul, (Aeélteck
Celluiose MN 3000 250 microny, All plates were equilibriated
in chromofbgraphy “tanRS»Iﬁor about 45 minutes before

development.

'Compounds in the ba51c fractlon were separated using ' n’

._bueanol aﬁetone water dlethylamlne (20:20:10'3) solvent"

‘Cossins and Sinba, .1966). a solvent contaiping- n‘butanol
N *
acetic acid: H,0 (3:1:1 ) “(Brenner and N1ederw1eser 1960)]

© was used if' a second dlmen51on was needed. Standards were . .

detected with a nlnhydrln r?;gent (0.1%: nlnhydrln in- aqUe09§ dﬂ»

butyl alchol)
| Organac ac1ps from the Acid- 1 fractxon were ‘separated

1u51ng élethyl ether:acetic acid:H,0 (13:5:1). Standards were

-detected by spraying ;zth bromophenol blue reagent ﬁ(¢.04%

Bromophenol blue in 95% ethanol pH 6.5) (Buch, 1965).

_The acid fraction from‘long term labelllng"expériments;

was separated wusing 2 dimenséop;al,'syetehs. The first

dimension was EDTA: 17N NH,OH H,0: n-propanol: isopropanol:

I
g

n-butanol: isobutyric acid (1.Zg:100:950:350:75375:2500)

KN
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.solvéhé- (Crawley et al, 1963) The second solvent used was
°h‘a mlxture of equal volumes of.. propon01c ac1d water (180 220)
and butanol iwater (370:25) solvent (Benson et al, 1950).
For separatlons of the non polat fractlon samples were i
dried under N, and resuspended in chloroform Samples were
‘spotted and plates developed as . soon as p0551ble to minimize .
ox1dat1on of l1qu1d compounds,- Silica thin laYer
chromotograﬁhy plates were uSed'\(Baker Sil.250 P.A. 200
'miorons)' Plates' were act1vated by heatlng to 100 C for 30
mlnutes, cooled’and then spotted with 10 =20 ul of sample.
For the neutral compounds the followlng solvent system
" v was used: petroleum ether (B. P 60 d—. 80° C):, " diethyl
:ether'acetlc acid  (75:25:1). The//'system " for- the
. phosphollp1ds was a }two dlmen51onal system .(NIChOlS and
T James,-.1966).; ‘The f1rst dlmen51on was chloroform methanolj

C e b

7N 1ammonia (65:25:4), and the second” _d1mens1on w?s
'chloroform- methanol'acetic adid water'w (170:25+ 24: 4).
PStandards were detected by exp051ng plates to 1od1ne vapours

for approxlmately one hour. - . - L

all plates were dried, sprayed with' autoradiograph

enhancer (NEN Enhance) and allowed to autoradlograph for 2
- 4 days at -70°C. Compounds were v1suallzed on X ray film

(Kodak X~ OMAT AR) Quantlflcatlon of label was done by -

removing the area correspondlng to a spot’ on the X ray fllm,.‘
digesting the | sample in 'a. solution of perchloric

‘acid:H, 0,:water (3:2:2) and’ heatlng to 100°C' for a few

P

urs. Sc1nt1llat1on f1u1d was. added and the sample counted

\
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I “Photosynthetxc Electron Transport J'?f :)@Jpnu.::‘? o

Isolation of broken chloroplasts was carrded out ‘under

dim llght Four hundred mg of p:echllled leaves from both 7'

wild type and, PM11 were homogenlzed in 15 7 of grrndihg'”°

buffer (50 mM Tr1c1ne (pH 7.8) 10 mM NaCl 10 mM EDTA, 400
mM sorbltol) u51ng three 5 second pulses at the top speed of
" a VerT1s homogenlzer The homogenate was passed sequentlally

through cheese cloth and mlracloth before centrlfugatlont;at

5,000 g for 4- m1nutes. The- supernatant was dlscarded, tuBest

were, drled and the pellet was resuspended in 1 ml of washiné’

“buffer- (lQ mM, Tr1c1ne (pH 7. 8* 10 mM NaCl, 5 mM.EDTA) to

ensure ly51s of chloroplasts The suSpension was centrifuged.

as .before, the supernatant was dlscarded and the pellet was
‘resuSpended in . 200 wul. of- resuspen51on huffer (500 mM
Tricine (pH E”é) 10 mM Naél 5 mM Mgclz, 100 mM sorbltol)
The chlorophyll concentratlon was determined from an allquot
"of this sample. (Wlnterman and Demots, 1965) Thylakoids were
stored on ice. untll use. B

. K24

Electron transport was measured in a Rank Oz electrode
at 23°C at a llghﬁﬁhntens1ty‘og 1 000 elstelns m"S“'at the
surface"of' the cuvette. The flnal volume was usually 2°'ml
Thylako1ds (20 ug chlorophyll) were added to. 1.9 ml of

: resuspen51on buffer containing 1mM GramiCidlnﬁD‘ as an
electron transport uncoUplef.. The 'complete reaction was
assaged by usiné methyl viologen-‘as a terminal electron

‘acceptor (Izawa 1980). Photosystem Il activity was measured

by the rate of Oz'evolution'with ferricyanide (Fe?*) as an

3
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- to snpply electrons dlrectly to Photosystem I and removal of

D N v e ee o o
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electron acceptor Photosxstem LI activity, yasm-measured

______

“following dlferentlal‘lnhlbltlon of Photosystem “ll‘ by h J

herbictde DCMU Ascorhate Ain, conjunctlon w;th DCIP werekused»

0, v1a methyl viologen was used. as an 1nd1cator or electron
transport rates. (Izawa 1980).

“Gas Chromatography ‘

o

-methanol (19¥7) SB1utT8n £6T15wEa" by” drylng under (Folch
"hlet al, :1887). Fatty acid methyl esters were p;péired by

tranester1f1cat1on “in thef presence' of 5% HCl in absolute.

methanol 80°C in sealed vialsy. GLC analy51s was carrled out

uslngu a-- Varion model 3700 instrument equipped w1th a flame

*

.1onlzatlon detector A 37.5 méter silica column (Carborwax

20 m column) with N, as carrier gas was used. Operating

temperatures for the column injection port angd detector

were 200°¢, 230~C and 240°C respectively. Quant1f1cat1on was

done by a Hewlett Packard Auto lab integrator. Peaks ‘We;e~

identified by comparing the times they were detected byithe

fiame ionizer wlth a known standard mixture of fatty ac1ds
‘4C - Acetate Labelling ’

The procedure used for labelling in-Livo is similar to
that described for spinach leaves (Slack and Roughan, 1975).
Twenty ul of 0.5 mM sodium (1-'4C) acetate (56lm Ci/m mole)
in 80% ethanol was applied to .thevsurface of éxpanding
APabidopsfs leaves;_The droplets evaporated in about .10

minutes and plants were left at 22°C for 12 hours. Plants

Samples were prepared by grinding leaves 1n chloroform

-

-

a
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. were. washed thoroughly to remove unabsorbed acetate from the

- 8. - -

leaves. A sample of the leaves was taken for separation of

AR ._acetate labelled products _and' plants'wefe'snrfted to

3
i

~13 °C where samples were taken 12, 24 and ‘48 hours  after
transfer.

Labeliing was stopped by washing the leaves in water
and ’grinding in chloroform: methanol water (5:12:1).
Separatlon was done as descrlbed earller for the long. term

CTTrego, Tabelling éxperiment (24 hours) The non- polar phase
was dried and chromatographed using the system described for
phosphollplds ‘ ‘“x.

Spots were quantlfled by dampening the area -to be
‘removed with water then scraping the silica into a 5 ml
scintillation Yial.‘ Three hundred and fifty ul = of

chloroform:methanol (2:1) was added to elute the nonpolar
compounds. Slntllatlon fluid was added and the sample was

counted.



ITI. RESULTS

Mutant Isolation

' ‘The APabldOpSlS mutant line PM11*"waé’~forlg1nally E

o b au e

1solated from a population of approx1mately 10 000 M2 (EMS -
mutagenlzed) plants (Somerville and Ogen, 1979) on the bagis
of an apparent’ sensitivity to high levels (1%) of

atmospheric CO,. It was subsequently discovered that the

-

line was not Sen51t1Ve to CO, but was extremely chlillng -

- “

sensitive. The mutant eXhlbltS normal growth at temperatures
above 22°C but ,turns yello; and dies when exposea to
.temperatures belowt16°C,,The older leaves become . chlorotic
before the younger ones and after 6 aays of chilling no

green tissue remains.

The presence of the .mutatﬁon is scored by shifting

plants to 13°C for two days at which -time the mutant

phenotype 1is distinguished. The'plants_gre then rescued by
returning them to 22°C. As this generally leads to

. substantial damage to the leaves, such plants were not used

‘for physiological experiments but were used as a source of

seed.
The original M3 mutant line segregated a small white
seedling which did not produce true leaves and died eariy'in

development. The mutation responsible for this phenotjpe was

separated from the mutation confering cold senistivity by'

three denerations of single seed selection.

The effects of the mutation on growth are apparent from

the results of the experiment presented in Plate I,

34
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.Plate 1

Effect of temperature on growth of-yild £ype and mutant PM
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'Seedlings were grown ormr ster{ieiﬁﬁﬁriéﬁﬁ ﬁédiﬁm”td”tﬁé.l“

rosette stage at 22°C then: (A).shifted.to 1.3°% G Eorwswdgyé;'
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"vsterlle cond1tlons at-22°c: and- grown to: the four leaf stage .

' which the plants were grow1ng as un1form 'as p0551b1e One

 plate - was shlfted to 13° C for 4 days and the other was.

malntalned at 22 C. There is- no. apparent d1fference in the
' growth of the mutant and w11d type at 22“C (Plate Ib), but

“13°C the mutant had lost colour and stopped growth (Plate..n

o, ¢ o g : .
Ia) R - v s o @ , g - e o

S L e

Genetic Studies

The .chilling\ sensitive_ phenotype of PM11 was carried

'athough the».M3 .and_;subsequent generations suggesting - a

, genetlc\\b sis “to the effect. F, plahts from a PM11 X WT

“cross, exposed to. 139C for 5 days, did not show the .cold -

sl is . R A :
sensitivity effect ’ However‘ F, plants from the «cross

=.segregated 3l (294 green plants, 87 yellow plants, x’a;874

p > 0. 3) 1mply1ng that a single nuclear recessive mutation

is respon51ble for the cold sensitivity. The lack of mutant
phenoctype in the. F;hybrld Qas consistent' with this
hypothesis. The mutation 'responsible (ror the effect was
desiénated.CbJD1. ‘ ‘

) - ’ . : . . . » )
The yellow F, segregants from the PM171 X WT cross were

‘shifted' back to 22°C after 3 days of exposure to 13°C and

plants began to recover demonstrat1ng that the mutat1on was
still a condltlonal lethal. Plants were able to produce seed

although nat as much as the unstresSed mutant. This seed was

-

recovéred’ and will be used to advance subsequent lines of"

-

-éxpérimént“~seeds were.. germ1nated .§ﬁ~ petr1 plates under”

”u-oPetrl_ plates' were. 'used as to keep the env1ronment 1nr,

4
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- Effect of Developmental Stage ‘ ‘
';;;A"  The developmental t1meh;o£~:expression ci- ‘the coIDT
- ‘mutation was ;stud;ed to determine if the defect was.
expressed at all"stages of development If PM11 showed:a
specific developmental stage whith it was chllling resistant
this . would suggest that the colD7. gene is developmentally

regulated and not needed at all stages ,of development,, or

that other genes of 51m11ar functions, are~ekpressed at -

LIS Y

various tlmes in. the development of APabldOprs..The method_{ :

of testing whether the CoID1 mutatlon was stage spec1f1c was
to study seed germination under sterile condltlons in petr1
“%plates*fTi \'Chlll g 'conditions (13°C),;_Germjnationf,was
measured by appeara ce of cotyledons Bothi wild type and
PM1 1 requ1red approx1mately 10 days at 13°C for 95%
‘germination. Of 150 seeds of PM11 placed under these
conditions all but. a few germinated .and'produced green .
cotyledons similar to-yild' type. .However,:”when the true
leaves began to appear, a yellowing of the centre of the
plant became obvious. The true leaves appeared yellow and
“-eventually the plant turned completely yellow and died at a
very early stage *
This observation suggests that the effects of the coID1
mutation are stage specific and do not effect germination or
cotyledon metabolism. It is only when the true leaves and

seedllng growth start that the effects of chllllng are seen,

Either the colD! mutation is not expressed 'in the peed or

¥
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4gene 18- expressed in the seed and cotyledon

voccurs .more rapldly than synthe51s

evlv—(

'.”cotyledons, or annther-gene of 51m11ar funct1on to the coIDl;_n»

+

-uOnset of Injury Follow1ng A Temperature Shlft cee e

‘ The experhpents described here were designed to

~determine. 'the' rate or time of onset of 1n3ury caused by
prolonged exposure of PM11 to chllllng temperature, and  to -

determlne -at4 what p01nt 1njury was 1rrever51b1e Chlorosis‘

was used a$ a general- 1nd1cator of 1n]ury as 1t 1s ‘a common

response of plants to .stress and is relatlvely easy to

‘quaﬁtlfy Chlor051s may occur because of depressed synthe51sAw

of chlorophyll preoursors or because the rate of turnover or

‘Photodestruction of chorophyll and associated pigments

)
oy

A populatlon of genetlcally uniform plants grown in
so0il in pots frequeptly 'show heterogenity in growth and
development due to microenvironmental differences in the

soil. In order to alleviate concern about environmental

variation sterile seeds of‘nutant‘and wild.type were placed“

¢

In minimal nutrient médium in petri plates. One plate was
incubated at 13 C for varlous times then returne; to 22 C in
order to determlne \if the the mutant showed recovery. ‘The
sir treatments were: \\\

a) Six days at 22°C.

b)‘One day at 13°C, 5 days at 22°C.

c) Two days at 13°C, 3 days at 22°C.
r/) d) Three days at 13°C,.3 days at 22°C.

e) Four days at 13°C, 2 days at 22°C.

s
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f) SlX days at J3 C

At one day 1ntervals, two. plants ‘of mutant and' wild

type were_,removed from “each treatment, fresh weight was

determined _and plants were -'ground- in- 95% ethanol . to

detérmine chlorophyll The resultsjqf this experiment are

presented in Figpre“2;:w

The chlorophyll content of both PM11'and wild type
remained constant and fairly similar when measured over - a
six day. period at permissive temperatures (Fig. 2a). ln

-

contrast, the effects of.>the' colDt -.mutation are readily

L

apparent as a dramatic loss of5chloropnyll content in plants

maintained at 13°C for six days (Fig. 2f).

There appeared to  be..only a- marginal decrease in

chlorophyll levels in PM11 versus w11d type up to two days

of exposure to ch1111ng temperatures. However, plants
exposed to longer periods of cold temperatures or shifted to
permissive temperatures after 2 days shoWed marked chlorsis
(Fig. 2c, d! e, fl. ¥igure 2b and 2¢ demonstrate that the
mutant does not have to be constantly subjected to- chllllng
temperatures in order to 1nduce ch10r051s Plants removed

after 2 days st1ll appear healthy but after one day at 22°C

~they show a detrease in chlorophyll ThlS 24" hour lag in

response is also seen in the recovery of PM11 after a shift
back to 22° C (Fig. 24).

Expression:of"cold sensitivity is readily reversible dp
to 3 days of»exposnre (Fig. 2d). ~Recovery was marked by

chlorotic leaves dying and fallfng off the plant.while new

L e i e RS
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-F‘i_‘cj'ure 2 S

" The effects of éXpoéufe;tp;téﬁperatuges of 13°C -for various.
" times on the chlorophyll content of . mutant. and wild type

Arabidopsis.

The chlorophyll content on a fresh weight basis of the wild
type ‘is” indicated by open (0) symbols and that of the mutant
by closed (®) symbols. The open and closéd bars inserted’ in
the figure indicate the times at which the plants were
exposed to 22°C or 13°C, respectivly : -

3
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growth occurs at the aplcal merlstem Recevery does not

appear. to be 1nh1b1ted by  light or to need a dark period as

seen . in some cold stressed plants®{(Martin et al, 1981).
Mutant plants exposed to 4 days or more: oftjchilling

temperature do not recover.

AS ‘an early step -in determinfng the nature o
defect in PM11, the magnitude of gas exchange by the ‘mutant

under light and dark conditions was compared to that of the

wild type. The objective was'toﬂsee if a cold induced change
in photosynthesis or dark resplratlon could be oberved. A
'condntlonal defect closely related to photosynthesis or dark.

respiration should have an almost immediate effect on gas

exchange of PM11 under non-permissive conditions. - Examples

of such defects have been shown in" some photorespiratory

mutants. A mutant deficient in phosphoglycotate'_phospﬁatase’

lactivity ~showed altered net.'CO,"exchangé after only 7

minutes under non-permissive conditions (Somerville and Ogen

1 1979).

N
,.

® » ,
PM11 was capable of wild type levels of . photosynthesis

and dark respiration under normal atmospheric conditions at

both 22°C (Fig. 3) and 13°C (Fig. 4) for at least one- hour.

This suggests that the defect is not closely related to the
metabolism involved with photosynthesis and dark

" respiration.’ . < '

.Because  of the strongly injurious effects '0f the cold

(death by 4 days), and the observation that cold stress in

+




o  5 .. Figure 3
.Ngf' Co, Exchaﬁgé of wild type -and’ mutaht Arabidopsfs .
R thalania at 22°c e

Q P . IR ) 5
- Net CO, exchange measurements wvere - made at 22°C in 21%
-0,,323 ul 1-'' €O, , balanced N, at 350 uEinstiens m-?s-',
The values represent the mean of measurements; on 3 separate
plants. The broken*line(f-~;)arepresgﬂf, € response of the
- mutant(PM 11) and the sblidil&ne(f{¢represents'ﬁhgwwild.type
response. :-The “posipivejggalues"on' the = deperident ' “"axis
. represents CO, given . 'off into the system(respiration) The
bar dnserted ;in"fthe?‘figuree.rep:esents- the. time  of
- illumination, . *,. .- . P S - ,
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Figure 4

Net CoO, Exchahge‘ of wild '£ypev and mutart APabidopsisk
: thalania at 13°C S

)
'

Net CO, exchange measurements were made at 22°C in: 21%
0,,323 wul 1-'" co, » balanced N, at 350 uEinstiens m-?s-',
The values represent " the -mean- of measurements on 3 - separate
"Plants. - The broken:line(--f-).represent‘the‘responSe of the
mutant(PM 11) and: the solid line(-) represents the wild type
response. . . The positive “values. on the -dépendent axis
represents CO, given off:#nto the system(respiration) The ",
bar inserted in the' figure represents the time . of

illumination. = - . : .
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cold sensitive plants is a slow® progre551ve effect it was

t

considered potentlally 1nformat1ve .. to ,'mothorg the-

photosynthetic' and dark resplratlon'rates in plahts exposed
to longer periods of chilling. Plants were . transferred to

13°C and at. 24 hour 1ntervals 20 minute measurements of both

photosynthes1s and dark respiration were taken at 22°C. The

results of this experiment are shown in_FigureZS. After 24

hours at 13°C the mutant had about 80% of the Wild' type

'1photosynthet1c rate. By the second day of’ exposure to 13°C,
mutants rates were reduced to about 50% of w11d type. The

"decrease was - progressive ‘so ‘that by 3 days of exposure to

low temperature the mutant rate was about 10% of the wild
type rate ; | |

In parallei‘with these experlments, measurements of
dark resplratlon in PM11 and wild type plants were ‘also made

(Fig. '5). Dark respiration decreased‘sllghtly in the wild

‘type after one day of chilling but gradually increased after

3 days in the cold'to about 1.8 tlmes the prechilling- level

In contrast to the wild type after one day of ch1111ng 'PM11
showed a dramatlc increase 1n dark resplratlon to a rate
twice that of the wild type. This increase continued at an
apparently linear rate over the duration of the experiment.
Although a common feature. of chilling sensitivenspecies is;a
decrease in mitochondrial respiration on prolonged exposure
to ¢hilling temperature, some ch1111ng sensitive plants ‘such
as Episcia reptans and  Xanthium do .- show. increases in

respiration rates under-chilling conditions (Wilson‘1979,



Tl g

. Figure 5

Efféqt of Exposure to Low Temperature on Photosynthesis and
- Dark respiration by Wild Type and Mutant Arabidopsis.

Wild type photosynthesis rate .is indicated by closed (@)
Ssymbols and the mutant, by open (O) symbols. Positive values
indicate greater .dark respiration and negative values
represent greater photosynthesis. Each point represents ¢t
mean of measurements on 3'plants, Plants were shifted to
13°C at time-0 and. were removed at the indicateg,~interVals
for gas exchange measurements of 20 minutes .duration in
308.8 1 1-, 21% O,, balance N, at a flow rate of 100 ml.
min~', 350 uEinsteins m-? gsec~. .2 24° - » R

- ~



50

‘Figure 5 |

o\

L . -1 |
o o L O o
N : ’ TN ~

40

I ol | e |
(-4 (142 Bw €09 jowrd ) 39NVHOXI %00 L3N

TIME (Days)



51

Drake and Raschke 1974). This has provoked the.suggestion
that the high respiration rate, observed in" response to.
chilling, is. due to perox1datlon of membranes and general
'permeab111ty of all membranes (Wllson 1979) .

The large increase in dark resplratlon after .one day of
chllllng, by contrast with the relatively sllght‘ effect ' on
photosynthesis during the same time interval, 'suggests that
the chilling was affecting dark resplratlon earlier and to, a/
greater - -extent = than photosynthe51s Therefore, ‘the
temperature sensitive phenotype of PM11 was tested to see if .-
it was llght independent. Plants‘were placed in the dark'at
13°C and 22°C for 2 days, removed to the light for 12 hours
and then chlorophyll content was measured on a fresh welght
ba51s The results show a decrease in chlorophyll content in

PM11  as compared to wild type in plants exposed to 13°C.in

darkness, but no d1f£erent1al effect of dark treatment at

°C  (Table 1). Thus light is ' not required for- the .
delpterious effect of exposure to cold on PM11. N
osynthetic Electron Transport

Although previous experlments suggested that 1light is

t requ1red for the deterlous effects of exposure to the

colda on PM11, photosynthe51s.'ﬁas{ nevettheless strongly
affected. _The decrease . in photosynthe51s observed after 2
v'days of chilling in PM11 could “be due to ddpress1on of the
light or dark .reactron.‘of photosynthes;s. The light
~ dependent reactions of photosynthesis take place on the

thylakoid membranes which'generatewredUCing power (NADP) and



&

" TABLE 1

. . ) B ‘ .
The effect of.;hi}iiQQ temperature on chlorophyll content of
mutant and wild type Arabidopis in the dark.

- Strain : : - v-  Température
22 °C , P ‘13.,0(:“
wT oo 1.00 e 0.93

Wild type ané PM11 plants were incubated for .2 'days 1in
darkness -at 13°C and 22°C. Following the cold treatment
plant were illuminated for 12 hours ‘before chlorophyll
determination. Values are expressed in ug chl mg fwt-' ang
are the average of measurements of three plants. L

.-

.""‘! N

t
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ke x

energy (ATP) via electron transport and. photophosphylatlon

The dark reactions are those of the Calvin cycle‘:which use -

NADPH and ATP to f1x Co,

As sugg;&ted earlier, the 'high respiration rate of PM11.
upon eﬂgogure to - ohllllng could be-due to peroxidation of .

11p1d membranes Slnge Photosynthetic reaction centres

proteins and gleetron _transport Proteins are located in. the

n“"“-

choroplast-memgggnes, ‘changes in e~ membranes mlght be

expected to- afg&pt ;the actlvlty “of thé” phptv

electron transport cﬁglﬁ .In ofder . to dlst1ngu1sh
depressed .phtosynthesis in PM11 was due to alterattons in
the light reactions, electron transport rates were measured
in nprmal and cold stressed plantssﬁ various tlmes after

exposure of 1ntact plants to ch1111ng tempe:ature (13°C).

o Overall - electron transport ablllty by broken

chloroplasts of PM11‘“showed no- inpibitory response, as

measured by o0, evolution, when compared to wild type until

after 3 days of exposure to low‘temperature (Table 2). 1In

Ta

‘contrast, photosynthesis as measured by net Co, gas exchange“

on intact plants had already declined 50% . by this ‘time
(Figure 5).

; It, therefore seems that the early effect of the cold

- on, photosynthe51s is not mediated by a depression in the

llght react1ons of pPhotosynthesis. Furthermore, ‘the  high

resplratzon rate seen. in PM11 _after one day exposure to

ch1111ng temperature is- probably not due to peroxidation of

chloroplast membranes since it would be expected to also
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TABLE 2
. ] .
Effect of exposure of intact mutant and .wild type plants to

chilling temperature on Photosynthetic electron transport by
: : - isolated broken chloroplasts. -

T ) 5 :
Time (hours) Reaction . , ——-=---Strain------ ,
- ' : - ' WT CPM11
12 ' Full 163.9 133.6
: PSI . . '308.9 291.1
PSII A 157.6 143, 2
36 o Full _ 118.9 135.3
~ PSI 312.6 | 416.5
PSII 136.6 104.4
60 . Full B 149.3 . 14777
: ' PSI : 292.6 289.2
PSII A 119. 4 : 129.2
84 Full 109.5 | 29. 1
PSI 218.9 . .20.5
PSII : o 98.5 -  18B.4

Rates of electron transport as expressed as umole$ of 0,

consumed or evolved mg chl-* hg%. Plants ' were : exposed to
13°C  temperatures for the ind#ated times before thylokoids

¢ were éextracted and assayed at 25°C as described in Materials
and Methods. -7 :
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affect the\ electron transport‘ chain and reaetion centres
which are associeted with the thylakoid membranes.

The decrease in electron'transport rates observed after
3 days of chilling was not localized to either,photbsyétem I
oF 1T, .Independent assays ef both .systems showed theqtﬁo
ectivities decline -in parallel (Table'Z). e

It, therefore,appears that the depressed_photosYnthetic
levels that are observed in the Cco, gas exchange experiments
a¥e either due to direct inhibition of the dark reactiohs or
indirect inhibition of some function related. to CO.,,
fixation. . |
“¢O, Lebelliné Analysis 4

The previous experiments suggested that the metabolism
of PM11 was altered by chillin§ temperatures and that these
effects are progressive. Furthermore the alterations appear
to be related to dark respiration and to a lesser degree to
affect the dark reactions of photosynthesls; A potentially

informative method of studying these alterations was to

examine the dlstrlbutlon of radioactive label in compounds

extracted from plants allowed to photosynthesize in “966,

under various condltlons and for.various lengths of time.

On the basis of gas exchange results, two time periods

were used for the labelling studies. a labelling peribd‘of
15 minutes after one hour of preillumination at 13°C  was
chosen for detalled analysis of the- early products of '*CO,
flxatlon. This t1me period corresponds to the intial phase

when photosynthesis rates of PM11 were very similar to those

Al



of wild 'type (F{g 2). The purpose of sqph a laBe111ng was
to determlne 1f any 1ntermed1ate metabollte was accumulat;ng
or m1551ng after ‘a short period of Stress. Since gas
exchange data is only a gross measurement of the
lphysiological, statev'of the plant, it is p0551ble that the
effects of an accumulation or absence of a compound might
not be detected over short periods of.time.‘The distribution
of products from the short term labelling is presented in
Table 3. As was implied from CO, gas exchange the metabolism
of PMH1 appears to be‘ normal follow1ng shortt (1 hour)
exposure “to non permissive condltzpns Carbon appears to
fdow normally into the calvin cycle and glycolytlc patpways
(Acid-2, A¢ig-3 functions), citric acid cycle 1ntermediates
(Acid-1), amino acids (Basics) and sugars (neutrals).
Abnormalﬁ accumulation or depletiOn of a'specific:metabolite
Oor class of metabolites {was~7not observed The insoluble
fraction which is primarily .starch is. sl1ghtly higher 1n
PM11. Unfortunately this fraction is difficult to quantify
andethe observation was not ;ersued furtner. |
- These observations in conjunctioén with the gas exchange
data suggested that the effects of ch1111ng on PM11 were not ?
closely related to photosynthe51s Hence a second labelling

period was chOSen which would radloactlvely label a broader

.

range of compounds such as fatty ac1ds. Such compounds are

not_ prlmary products of photosynthesisibut alteration in
- their metabolism might  explain. - the" freduction in

L
photosynthesis.



TABLE 3

‘ S . ‘ &, - L. . '
"Distribution of products of 15 min of '*CO assimilation by
mutant and wild type Arabidopsis at chilling temperature.

-

Fraction | ) ——————l Strain ------
: WT , PM11 -
Basics . | : ‘ 34.9 37.5
"Glutamate ' . 8.2 S.4
Glycine 5.0 4.8
Alanine ' 6.9 7.3
- Serine- | ' 11.5 12.0
Neutral 20.6 22.6
Acid 1 . o 21,6 18.0
Citrate 3.1 2.4
Malate* : 6.7 5.9 .
Glycolate 2.3 . 1.9 )
Acid 2 " 13,7 R S
Atid 3 © . 1.3 8.0
Insolubles c T 1.7 3.1
ﬁeCOVery ' 98.8 Y 100.6

{
.

: o ¢ .
. 'Plants  were idlluminated for 1 hour “at 13°C and 350
ueinsteins m-*s-'Y“before labeling witis '*CO, for 15 minutes
at the same conditions. Values presented are the percentage
of total labeled carbon found in the soluble and- ingoluble

fractions. The gas''regime was 308 ul 1-', CO,, 21% 0,,

balance N,. Wild type and PM11 fixed 50.7 and 54.4 umoles of
CO mg chl"'hgéf, respectively. S . '

5 N
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‘;Tol‘ensure the‘ distribdtion 'ofa “CO label 1nto as many_,b

metabolic pools as p0551ble plants were labelled f ,dyzé;

hours at 13°C: Gas exchange measurements demonstrated that B

ch1111ng effects on photosynthe51s are not dramat1c 1“. PM11'

vensure the metabollsm of PM11 would be under stress “at fthed

.unt;l after a 24 h0ur exposure to the cold. Therefore, to

t1me °f 1abellfﬁ9 the plants vere shafted to 13 C for one."

at the_ termlnatlon _of labelllmg<:were represeutatlve of

-f-,plants that had been stressed for 2 days at 13° C.

‘The: results of the 24 hour labelllng exper1ment showedf

-

at . the,ulevel ﬂ“resolutlon' afforded by comparlsons of'

percentage dlstrlbutaon in the 1on exchange fractlons (Tableﬁﬁ”

"

the neutral fract10n i both w1ld“'type and PM11 Upon
. further separatlon by ‘thin layer chromotography the labele

'was equally dlstrlbuted between 4 neutral sugar compounds.

7
‘On( thé ba51s of Rf values and comparls1on w1th standards 3

_sugars were rdentlfled as 'sucrose, fructose and glucose

(Plate fl).“ The other sugar has the ‘Rf value expected of

,rlbose,: These'" results support .the' contentlon that .t -h

s N

photonafﬁ%tic~i apparatus is functloning normally since

»

-sucrose is the major end product .of photosynthe51s. Also,

tlme (2 days of chllllng) the overall percentage of product

s a

~llttle dafferences 1n the d1str1butlon of labelled products"

v-:4) Approx1mately 50% of the ‘radioactive label was iound 1n5 :

e

: although photosynthe51s 1s dec11n1ng ;n the mutant by thzs"

:dlst;1bution is- not. effected ThlS is. con51stant w1th an - '?l:

~-day before labell1ng commenced Thus the’products 1solated[:‘

«
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. TABLE'& \

"

Distribution of products'of 24 hours' of 1 4CO, ?ssimilation
.by mutant and:wild type Arabidopsis at«chilliqg}

temperature,.

;Fractiod N '..f¥F~rt;-'Strain —————
SR ' o o wr PM11
Cmasies . L e X
'Néﬁérai![u o .j - ' 46.7 - ‘4?.7w'
Acid _ “,f'*v . 10.4 77"_ - '12.5
Non polér‘ . - N  19.2 ) S ‘1§,7‘ o
Iﬁsolubles B : o 6.7' S - 6.9
R_e,cover'y(%total) , ) 874 . 92g

\PladtS’wére shifted.tof13°c-for 24 hours then labeled for 24

hours at. 13°C with 350 ueinstgins m-?s., of illumination.

The' gas regime was 308 -yl 1-° Co. , 21% 0,, balance N,..

Eight plants were labeled -(4 wild type:4 mutant) and 2

“plants bf-each-typeuwere pooled for each sample. On average -
the wild type fixed 35 umoles CO, mg chl-'h7' 3nd PM11 fixed

30.4 umoles “'€O; mg ¢hl-'h-' Values areé given as percentage

+of total carbon fixed in the soluble, insoluble,. and organic

fractions..

R
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P-lat_e_)-l.l ‘
. TLC¢sebaratibnaéf neutral sugars frdm 24 hr labéllihg at
. 13°C of wild type and mutant Arabidopsis .thal iana

Lanes ‘1 and 2 are products from wild type and lanes 3 and 4

-are from mutant PM 11.. Compounds are:(a)Unknown (b)Sucrose; "

_(C)Glncqse: (d)Fructose; The Same number.of,counts<ue:ejy

applied to each track.
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“effect on the overall process rather than a specific effect

on a particular part (enzyme) of that process.

The acid fraction which contains the organic acids ‘(TCA

’ihtermediates) sugar>monophosphates and sugar d1phosphates

also show approx1mately the same d1str1but1on in mutant and
wild type. Components of this fraction were separated by TLC
using various solvent s&stemsA suited for resolution of
particular _compounds.) A solvent system, diethyl.‘ether:
acetic acld:waterb(65:15:5) which preferentially separates-
organic acids showed no major dlfferences in eompound
distribution‘(éﬂate I111), The-majority of label was found"in

compounds which com1grated with glycolate and malate with

- lesser amounts found in c1trate The rad1oact1v1ty whlch

-

‘remains at the origin/ is sugar monophosphate and

diphosphates; . Separatlon of the sugar mono and dlphosphates

proved difficult. ‘A number of 2 d1mens1onal solvent systems
were employed but all gave inconsistent separations. The

best resolution was afforded ,by' the system described by

Crowley(1963). Fractionation of the acid fractlon from the

wild type and mutant in this system revealed no convincing

-

differences.

_The basic fract1on which containS‘ the amino acids,

3

made up approx1mately 5% of the total labeled products in

' both mutant and wild type after 24 hours. The compounds - in

this fraction were well separated using a,2 dimensional
: > ,
solvent system (Plate Iv).. There appear to. be 17 major-

labeled compounds which were tentativelxkii;ytlfied by
’ . ) ‘ n . L

o

Y



plate 111

TLC separatlon of organic ac1ds from 24 hr. labelllng at -
13°C of wild type and mutant Arabidopsis thal iana h i

!

Lanes 1 and 2 are. products from wild type and lanes 3 and 4
are from mutant PM 11. Compounds are: (a)Malate and citrate;
(b)glycolate and possible 2-oxoglutarate

»
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' Plate‘IV‘

TLC separation of basics (amino acids) ffom'24,hr.1abelling
at 13°C of wild‘type‘and mutant Arabidopsis thal iana

'The upper autoradiogram is of a separation of wild type
products and the lower is of products.of the"ﬁﬁ;ant PM11,
The first dimension was from bottom to top of the page.
Compounds:(a)glycine;’(b)serine:-(c)phenylalanine.,

e
. .
o+



published Rf values ' for the solvent system. Differences
could by detected in 3 compounds. These are believed to be-
serine, glycine and phehyalanine.

 Serine is presentlin about a 2-fold excess in PM11 as
.compared to wild btype with . a slight“tedu;tion seen in
glycine levels. A possible explanation for the‘»altered
"glycine/serine levels could be the speed at whieh the plants
were killed after their removal”ffem the '4CO, atmosphere.
The experimental desigh'aid'hdt allow for rapid killing of
the plants:'Because the rate of flux 5f vcarbbn throu§h 
photorespiration is quite high, this would .cause
inconsistencies . in the . labelling 'patternslf' of
photorespiratory intermediates such as serine and’glyciue.

The increase - in  phenylalanine could be due to an

- - ’

1ncrease in phenolic compdunds whlch is a common response of
plants to stress. The .major' precursor of these phenolice .
eompounds is phenylalanine. Sihce‘PM1ﬁ is under cold stress
there could he an inereased requirement for phenylalanine:
Aside from these. 3 compounds ne major.differences coulé be
detected.between PM11 and w1ld type with respect to 'amino

»

ac1d metabollsm.

-

The insoluble. fractlon contalned about 7% of the  t9tal
radioactlve ~ label in both mutant and WIld type?f;The
51m1ian1ty suggests that - starch metabollsm of PMf1‘“is . not
affected by the cold | | |
Overall the . major metabolic  pathways  of .

photosynthesis, dark respiration, amino acid metabolism, and
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bstarch metabolism all appear to be normal in terms of
product distribution. -This suggests that. there are no
enzymatic lesions in 4these metabolic pathways which are
responsible for the‘chilling sensivity of PM11. However, the
CcoID1 mutation causes dramatic effects on the overall rates
of photosynthesis and dark respiration even though it does
not appear directiy related to those processes.

"The fraction which showed the most dramatic changes ;as
the -non polar fraction. This group~of compounds which are
soluble invchloroform made up .abproximately 19% of the

radioactive label ‘in both PM11 and w11d type. The majority

of these compound are con51dered to be llplds and pigments

The non polar fraction was separated into 1ndiv1duai .

compounds using a number of .1 and 2\?aimensional solvent
systems. The first solvent system éeparated'polar lipids
such as phospholipids and snlfolipids on the basis of the
head group attached .to the three position of the glycerol.
hoiety Separation by "this system showed one' ma]or
difference in distribution of radioactivity YCompopnd—E,
.Plate.v). The,mntant accumulated this compoundfhin "large
excess to that in wild type extracts. Unfortunately this
compound is not one - of the common phospholipids 51nce it aid )
not co- migrate ‘with the llp:d standards used. The high
mobility in this solvent system suggests it is neutral of'
only weakly charged w1th respect to the glycerol head
4groups. Since the extact identity of the majority of spots

resolved by th1s and other solvent systems for separating

-
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Plate v. .
Separations of polar 1i

pids fraction from a 24 hr. labellin
experiment of wild .t

ype and mutant Arabidopsis at 13°C

Lanes 1 and 2 are mutant and lane.
11. Compounds are:

3 and 4 are wild type pM . #
: (a)Phosphatidyi :
(b)Phosphatidthho

' nositol;
line; o

, (c)Phosphatidylgycerol and
Phosphatidyethanolamine (e)Unknown; (x)Unknown; (y)Unknown.



Plate V
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lipids. wasl not, determined,ipetters?have been a55igned-tor
convenienCe. lhe difference .:in intensity lof-brspot -E.
represented the. f1rst major blochemlcal d1fference detected -
between w11d type and PM11 It was, therefore dec1ded to
study thel polar lipid . d1str1but1on of PM11 "and wlld type
from this 24 hour labelllng at 13°C in'~more detail. . The
compounds in the non polar fractlon were fractlonated thh
_greater resolutlon by u51ng a two dlmen51onal separatlon
which employed the same solvent system used 1n Plate V for
the f1rst d1men51on and a’ more ‘dcidic system for the' second"'
d1mens1on (Nlchols ‘ and James 19szf The results ,are
presented in Plate VI. ubefore, a major dlfference in
-amount of label in spot E between mutant ande1ld type could
by detected,.but_at least 5 other less pronouced dlfferences
wéfé also apparent. Spots F and G, readily detected_ln-PM11,
are less intense or m1551ng altogether in the wild type; The
opposite is true of spd?‘I and J which are prESent 1n the

o
wild type and absent in the mutant.

To determlne ‘any other dlfferences 1n the non polar
fraction thlS fraction was separated using a solvent system -
'iwhlch preferentlally separates neutral l1p1ds The polar or
charged compounds stay 'at~,o.n close to the orlgln.' Thei
results are presented on Plate VII. Four spots were detected
which dlffered in amount between wild type and PM11 (spots
K,L,M, N) In all cases the spots .were more 1ntense 1n the

mutant versus the w1ld type. Spot K ~and N ‘show the most

" marked dlfference between w11d type and PM11 with
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approximately a” 10 and 2 fold d1fference respectlvely in
amount over the w11d type. The 1nten51ty of spots L and M is
‘only sllghtly dlfferent in w1ld type and mutant but ;s' -
<$uff1c1entwytp be v1sually detected Spots were Inot
ﬂguantified Cin hannyvof; these ”exper1ments ,So'{overall‘
difterences couldd;not be .establfshed"<ﬁhath could ibe_
.establlshed from these experlments was that there appears to

be at least 1 major and 9 mlnor dlfferences in the labelllng

pattern of - the w1ld type and PM11 under stressed condltlon :

- (13°C). More 1mportantly this 1s‘the only fractlon from the4

24 hour/labelllng exper1ment whlch shows a major dlfference.

The next question was to determlne 1f these dlfferences
were‘ temperature dependent L Ifh-@the, alteratlon 'n
d15tr1but1on is due to a temperathre sen51t1we.venzyme, one .
»would expect the d1£ferences t dzsappear if the same
experlment was carrled out at 22 C On the‘ °th?#d hand, - ify'

L

the labell;ng pa tern qemalned_ the same in" the mutant,

irrespectlve o&f Mt wag"labeled'at'22°cf7r_-135C",it'
- would . suggest .that Th defect is not - condltlonal but the
‘effects of the defect on. plant v1ab111ty are.

The | mutant and w1ld type were therefore labeled for 24°
"hours w1th "CO, under exactly the same cond1t1ons ai ft§§l~i

prev10us exper1ment5‘ except the temperature was ma1nta1ned

-fat 22°C. The phosphol1p1ds and p1gments were extracted : df;}j

'separated by ‘on d1men51onal th1n layer chromotograp?y as

before (PlﬁFe VIII) The results show that the dlstr1but10ni‘ﬁ""

~'}of radloact1v1ty appears to be 51m11ar 1n PM11 and w1ld type

~
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N underf thése condltlons. In partlcular,‘spotE appears to be*f

-present 1n the same relatlve amount in both wxld_ type pand

'PM11 The 1nten51ty -of spot- E 1n the w1ld t

*51m11ar to that found 1n PM11. after exposure

'}days._vThe5 1mp11cat10n' is that the me‘abollsm of this -

-

jcompound changes in the w1ld type but no
-response to ‘a, Shlft to colder tempeyatures. Also, spots X

and Y which are of low mob111ty in the phosphollp1d ‘solvent

»system ‘are prevalent 1n both w1ld type and PM11 at 13°C buta,

are not seen 'at; 22.C “in e1ther of' these strarns, The

presence of. these spots may be related to an‘adaptive
VA o ¢

' phy51ologlca1 response to low temperatUre or maY',reflect,

\some _uncontrolled'tvar1able in the .wreparation}iof"the
samples.

e C-ACetate Metabolzsm

The prev1ous sectlon onh long term 1abell1ng experlmentsv

vsuggested\that the only s1gn1f1cant alterat1ons between PM11u

and wild type was 1n the fractlon wh1ch“conta1ned non polar

compounds such as p1gments and 11p1ds. The major drawback of -

doing a long term t4Co,’ labell1ng experlment ~1n the present

'context r11s the lack of spec1f1c1ty of whlch compounds one

'ﬂ-can label As a further step to ver1fy1ng an alterat1on ind
wllpld metabollsm, leaves of both w11d type Shd PM11 were

-{f“jlabeled in vivo with "‘Cacetate, a{ relatlvely spec1f1c

B precursor r- 11p1d blosynthes1s.f Prev1ous.'stud1es have

'”demonstrated that "C acetate is readxly inconporated- into

..:Hlleaf fatty ac1ds (slack and Roughan, .3975);'j1n 3thesgfu

A

79

€'at 22°C i§

£o 13°C. for 2.

in the mutant in -



¥

v

80

studies, ‘when expanded splnach leaves were fed '+C- acetate
they 1ncorporated 1abel into the acyl groups b! }typlcal'
membrane‘ l1p1ds phosphatldylchollne ‘1 (45%),
obosphatidyigiycerol"(20%) ~and - ~dracylgalactosYlglycerol :
(15%). Thus, the use of acetate. allows prefentlal labelllng
of}tﬁe lipids, whlch was not p0551ble with t4co, ‘

‘Another drawback of the 24 hour labelling experiment is

the relatively long time period required to ensure

penetration of '4CO, into theifatty acid pool. Because of

“the long 1abelling .period, both . photosynthesis‘ and dark

o~
respiration are abnormal in PM11 by the.completion of the -
experiment ThlS could be of 51gn1f1cance as it has been
demonstrated that isolated chloroplasts will only synthesize:

fatty acids at rates similar to those obta1ned w1th intact

leaves in vrvo if acetate is used as a precursor. The

1?p11catlon 1s that acetate der1ved from leaf m1tochod1a is

the phy51ologlca1 fatty ac1d precursor (Murphy and: Leech

" 1981). Since botb PM11 m1tochondr1a .and . chloroplasﬁ

fractions’ are altered’ by 2 days of ch1111ng it might not

seem unusual to see alterat1ons in 11p1d metabolism. In
other words, one cannot be sure whether the altered lipid
‘metabolism is cau51ng ch1111ng sen51t1v1ty or 1s a result of:
ch1111ng .sensitivity. "CO, iacetate labelllng afforded,an
opportun1ty to approach‘thls probien fnore directLyA'Since
relatqwely short pulse‘ - ichase..experiments could ;be

. » T
performed. T
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There are many ppssible 'variations of .pulse—chase

experiments. The procedure used " was 'to label the plants

v

"under perm1551ve cond1t10ns at 22°C for 12 uhours to allow'
complete saturatlon of as many fatty ac1d pools as p0551ble._’
Slnce the labelllng is at perm;551ye_“temperatures, the
acetate should:hbe'vmetaboliaed' normallx Plants were then
shifted to non permissive temperatureS'(13°C) samples taken
12; H24, and 48 hours after the- shift. ang the metabol1tes_
compared to samples taken at time 0 (before 'the “shift).
These .timef points' represent 'the range of PM11 metabol1sm
from normal (time 0) to- drastlcally altered (48 hours). The
twelve hours .to 24 hour perlod is when m1tochond1al
respiration beglns to increase; the 24 to 48 hour period is.
when photosynthes1s beglns to decllne (Flg 3). A minor
dlfference detected at the early times might be the cause of
major changes 'in the metabollsm of the. mutant wh1ch becogﬁ
. apparent later . The hesults of this .experlment - are
presented'on Table 5. The percentage of raddoactivitf in the
six‘most propinent compounds was quant1tated by elutlng‘
spots from TLC plates and count1ng by l1qu1d sc1nt111at1on
_counting.. Slnce‘. nonez- ofh:'the compounds - have been.
unequivocally identified they have been a551gned numbers in
Table 5. An autoradlogram of the TLC separatlon is prbsented
as Plate IX. p‘_ | ﬁ ‘

The metabollsm ot ﬂ"C—acetate ‘under permissive‘
temperatures (22 C) is 51m11ar ‘in. the mutant ~and w11d type

except for a. sllght 1ncrease of 2% (total 1ncorporatlon) 1n
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"C - Xcetate labellng of leaves of wlld type—and mutant

Arabidopsis in vrvo

Time

18.0.

Strain " Compound :
__ ' a b c d u v
0 WT 4.2~ 26,1 29.1  31.5 3.1° 5.9
PM11 4.3 . 23.9  28.4  32.5 3.1 8,3
12 WT. 3.6 268 22.9 ° 35.2 3.5 5.7
PM11 -~ 5.3 $27.5 24.8 2903 . 2.8 - 10.2 .
24 W 4.3 25,0 22.1  33.4 - 32 8.9
PM11 5.5 26.6 © 27.2  17.4 2.4 - 17.9
48 WT . 3.7 . 27.3  20.1 . 26.0 4.6 14.4
PM11 4.2 25.3. ©20:4 4.6 22.7

Plants were labeled with
rapplication
washed and ‘the plants transfered

by

illumination..

the labelllng,
.Gescribed

chloroform

of

‘label- to

'*C-acetate for 12 hours'at 22° C

leaves. The leaves were then

-to

samples were taken for

the
compounds.

in Materials and Methods.
“represent the percentage of
soluble
correspond to those on Plate X.

13°C "with.. continuous
At the 1nd1cated times after the completion of

‘product -analysis as
The ValUES in the table
total

incorporation into
* compound numbers

b rec




Separation of non polar
labelling experiment of

Lanés 1 angd 2 are¢w;:Z type and lane 3 and
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;” ;r

hosphatidylinositol;

~_Plate IX
“1lipid fraction from the
wild type and mutant Arabidopsis at
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'COmpOUBd _V in  the mutant Compound V represents both

| compound’ E -and the neutral 11p1ds and. plgments seen 1in the

22 hour “CO, exper1ment Exposure of plants to‘13 C causes -

a_»dramat;c vlncrease (3" Mold) in the amount of label 1n‘:»

compound v in’thelmutant, and a substantlally less dramatlc

“but ‘consistent increase—‘in the -amount of label in this

compound in ‘the wild type. This supports th le previous

obServation from '4CoO, 1abell1ng which showed. d1fferent1a1

1ncorporat10n of label in this compound 1n “the mUtant'“and“

wfld type after a 48 hour exposure to 13¢° C

. However the increase of label in compound V invdthe

-

" wild type followlng exposure to 13°C is in contrast with the

"‘CO, labelllng results which showed a large decrease -in

,‘labell1ng represents a dlfferent 'group of - compounds than

-

vcompound/\V‘1n -the wild type as the temperature was lowered

One p0551h311tyals that compound V in the‘-“C = acetage

that ‘seen in the*“CO, experlments.

‘.“.4.

K 'The‘_lncrease_fin’ compounﬂ V in PMI1 is offset by a

decrease in compound U as compared to w1ld type. The levels

at t1me 0 but the mutant shows a steady decrease to 50% of

-

.of compound U appear "to be S1m1rar 1n wild type and mutant ;

th' levels seen An w1ld type bg 24 hours of ch1111ng. Thls‘

decrease tapers off at the 48 hour stage but there 1s Stlll

‘a substantlal dlfterence. ALl other, compounds (A/B; C and D)

o

rema1nfrelQY&ve1y tonstant - "':} , fjf/.“\'

.To. /summarlze, the 1ncrease 1n compound V seen in PM11 -

(A,l-

. S . L -
o B

el et

is gradual and correlatéd wlth a decrease 1n\the amount of";t'd‘
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label hn=compound U More 1mportantly, the changes in 11p1d

metabolrsm*can be- detected at’ the 12 hour stage well beforep

et t

- photosynthes;s beglns 'to decl:ne and 3ust before dark

A

resplratlon 1ncrea5es, 1mply1ng 1t m1ght be a cause of these-f*7‘

two effects rather than a result "’_~7t;f

- \‘\‘

Compounds A and B appear to be phosphatldy11n051tol and

“-,ﬁ phosphatldylchollnei;on ~the -ba51s ':ofa' co- m1grat1on 'Aof

~

' e

!

standards - Compound C and D probably represent a mlxture of

phosphat1dylethanolam1ne and phosphatldylglycerol The “11dh

‘type exhzblts three’ major' changes in llpld metabollsm 1nii;

response to a Shlft to cold temperature. Compound C and D

show decreases of 30% and 16%, respectlvely, whlle ‘compound

;; \4 shows an’ 1ncrease of 3 fold ThlS suggests the ,w;ld type

.' is accllmatlng to.ftheAvchllllng temperatureS‘.in 'a time

dependent fashlon. It 1s 1mportant to note that\2 of the' 3

: compounds<_wh1ch change in response to chrlllng in the wild

'

gtype;show,alteratiohsﬁ'as ‘comparéd “to wild' type in"the

mutant. ’ These results are con51stent w1th the results from
“‘CO, labelllng whlch suggested that adaptlon to 'chlll1ng

1nvolves altered 11p1d metabol1sm.
Gas Chromatography of Fatty Ac1dsw

" The ability .to - w1thstand ch1111ng 1n3ury in. both
porklothermlc an1mals and ch1111ng sen51t1ve plants has been“

assoc1ated, w1th the degree of saturatlon of the fatty acids

of the membranes (Lyon and Ra1son 1970) The hlgher the

degree of unsaturat;on the lower the temperature at-.which

.the«’phase change occurs in the ‘lipid portlon of ‘the'
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membrane. Ev1dené% for the 1mportance of 11p1d unsaturatlon

ﬁu\‘is inferred in .part from ~observed dlfferences follow1ng

”exposure/.of many spec1es to reduced temperature. jFor
example;ﬁ thev‘transfer .of : Brassica napus to 5°C leads to
1ncreases in lenolenlc (18 3) ac1d 1% ‘Toots ‘and- leaves. Th1s-
increase is most ev1dent ln the phosphatldylchollne and

,ethanolamlne fractlon of leaves and 1n neutral 11p1ds and an
‘undentlfled phOSphOllpld of the roots (Smolnskamgnd Ku1per

1977) pwever,‘there is some doubt as to whether the degree
of unsaturatlon of the. fatty ac1ds plays a domlnant role rn‘
idetermlnlng the temperature at wh1ch the phase change occurs
‘in the l1p1ds of cellular mémbranes. Analys1s of Passiflorar
'spec1es which Vary in thelr'sen51t1v1ty‘to ch1111ng revealed
. that pronounced/ dlfferenCes in ch1111ng sen51t1v1ty of the
PaSSJf7OPa spec1es can )be,n correlated with phy51cal
dlfferences in their membrane lipids.‘However, the'degree of
unsaturatlon of the 11p1ds varied only sllghtly and was ”not'
a reliable gu1de to ch1111ng sensitivity (Patterson et al,

3975). Furthermore the- addltlon of cholesterol to synthetlc,‘
phosphollplds has . h;en shown 'to lower the temperature of
transit{on until,-at th1rd mol “amount _-the. tran51txon
-fvanishesr (Willemot 1980). Therefore, it appears the sterols

'1could play an 1mportant role in determlnlng the temperature
at wh1ch phase tra51t1ons occur in membranes and thbt the

degree of unsaturatlon of the fatty acids mlght not /be as-

imporatant as it was onceaconsideredu
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In  view of these iconsiderations the fatty acid
saturation levels'of PM11 and wild type were examined The .
. oC labelling of wild type and PM11 has shown alterations_
in 11p1d metabollsm ‘in the mutant Changes invthe levels of
~various llpld classes: also ‘should affect.the total'fatty
'acid composition of the plant 51nce each 11p1d <':__las"s"§5u:_does~
“not: contain ytheb same proportion ’of.'the different fatty .

‘acids. Therefore PM11 and w1ld type plants grown at 22 C and

sh1fted Lo 13°C for 2 and 4 days were. analysed for fattyo‘

~

7ac1d comp051tion gand degree. }of' saturation -by.‘_gas
chromatography.'fThe results areipresentedyin Table 6. The'
fatty acid composition of the 8 major. identifiable_ peaks

revealed no 'major consistent or convincing differences
between mutant and w1ld type One peak“of.ﬂan undentified
compound (#3) was substantlally hlgher in wild type than in
mutant' however this peak was of ‘very variable .amount- as
. 1nd1cated by the. “high standard diviation and cannot be
con51dered a conv1nc1ng difference:'A comp051te value _for
the‘ degree of unsaturation has been’ described by Dogras et
al, (1977). Calculation of the value for‘~w1ld type and'
mutant APabidopsis' revealed no difference (Table 7). In
contrast 'to expectation the ratio‘ of” unsaturated - to
saturated fatty acid-. decreased about 6% durlng the four day
_ch1111ng period . 1n both PM11  and w1ld, tybe. From theSe
results ';;i appears that the effect of chilling on PM11 is

not- primarily in the degree of unSaturatlon The difference

. in proportlon of fatty acid UK 3. may beaﬂ reinvestigation.
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. TABLE 6 .
3
Fatty mnwd.OOBUOm‘n*OJ of wild type and mutant Arabidopsis
N e g . . o
: s . -Peak 22°¢C : . 13°¢ o o 13°¢c 7
Compound R Number . WY DayO PM11 WT . Day2 PM11 wWT Day4 PM1t
) M cx§¢. 1 . .w._o»O.nw é.quo_wq 2.920.97 2.6220.14 MUQH0.0Q . 70%0., 42
" uk#2 2 1.4020. 14 1.8810.28 1.4910.01 1.40£0.07 1.3410. t6, 1.49%0:20 -
o UK#3 3 8.3814 .49 2.18+0.43 2.54+0.05 1.76x0.88 . 10.2445.68 1,.7110.38 ..
Paimitic 16:0 . 4 " .umwomo.mm 14.6810.02 15.4611.97 14.74120.71% f2.8320.05 - 14.09+0.69
Paimitoleic 16:1 ‘5 . - .2.95%0.32 2.72+0.38 3.03+0.12 - 2,87+0.04 2.28%0. 14 - 1.99£0.07
. - UK#4 .6 8.2610.61 9:7120.34 '8.3240.05 8.46+0.31 - 8.15%1.61 8.1010.41
Stearic 18:0 7 1.22+0.07 0.8710.23 1.4220.71 1.83%1.16 1.74%0.74 ©1.3210.42 ‘
Oleic - 181 8 2.74£0.44 2.99%0.34° ,2.881£0.67 = 4.39+2. 71 Mummwo.n_ 3.11£0.51
Linoleic 18:2 ‘9 10.07+0.24 11.8620.46°  10.0240.71 - 11.49%+2.13 B.5120.12  10.60%1.41
Linolenic: 18:3 10 44 7913 .15 48.4814 .96  47.66+2.10 " - 46.39%6,56 ~ 44.28%5.66 43.3112°.43
20:0 11 . 0.3320.16 0:.3540.12 fe--- L= 0.4410. 10 o nuwo 08 .
20: 1 12 '0.55+0.27 \mo 2810. 18 s, -=--- . ---- -—--
UK#5. 13 © 1.75%0.39 4.1940.08 -—— —--- 0.84+0.04 1.1840. 16

Plants’ grown at 22°C were shiftad to 13°C-.and the indicated ‘Jnm1<m_m samples. were taken for fatty acid mmtnxm».o: by
_GLC as described in Materiais and Methods. The values represent the -mean value for three plants: The peak numbers in the
.’ table’ oowﬁmwuoaa to those in Figure 6. . . - : . . .



TABLE 7

a -

io of unsaturated to satunated major fatty ac1ds of wild
pe and mutant ArabldppSIs following exposure to chllllng

i . temperature.- .@._
; _ 4 » ‘Time of exposure to chillihg teﬁpetature
Strain - - 0 hours - 48 hours = 86 hours
wroo., 4.1“7'-'_, o391 -3 g5
PMT1 . 4.25 39 '3, 75
N

‘The ratio  of unsaturated to saturated fatty Cacids  was
calculated from the data in- Table 6 by the formula of. Dbgras
et al (1977) . ..

Unéaturated , %16 1. + %18°1 + %18 2 + %18 3
Saturated o L %16 0 + £18:0

o . v
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'Tnis- compound appeared to fluctuate 1n the wlld type upon_(_lr

_exposure to ch;lllng from 8% to 2. 5% back o..IO%H of'ntne_““
~total fatty ac1d comp051t10n durlng 'the four,«days 4off
kemposure to cold temperature. The amount Vin. PM11 vremained

‘1.;“: relatlvely 'constant at approx1mately 2% of the total fattyﬁu

ﬁac1d comp051tlon Unknown 3 was 1ater found to have the same‘n
retention ’ time on ‘the GLC _as: 14:0 'suggestlng it is

’myrlstate. Var1ab111ty of Unknown 3 w1th1n samplesg of  the

same day might alsq suggest it is ‘an' artlfact of the

'~1solat1on procedure. The remalnlng unknown peaks (], ~z;.‘4f

'and 5) all appear‘ 51m11ar in the mutant and w11d type. ’A

‘typlcal trac1ng of the fatty ac1d comp051t10n of wild type

and PM11 1s presented as Flgure 6.,

N
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.. Gas C-h-,r_omat»ography 'tfaé_ ing of '-'w'il'd type Abapfddpsis
. Typical s,e-pefé't'ijlbn " of fé.»t;y ’;ééi‘-&s-.ﬁ.‘fﬁ;ﬁ.‘b’mi Aigabidopsis' by. gas. .
7 chromatography. The numbers(#) correspond to ‘Table A AN
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S During the past._lo' years many reports have appeared‘

describing numerous -events associated w1th cold stress in

hlgher'plants. These events range from phy51ologlca1 effects

simembrane- fluld;ty. However in sp1te of the many studles ‘a

complete understandlng of what constitutes 'low Egmperature

res1stance, how temperature results in 1n3ury, vis

lacking. A systemat1c study of a 51mp1e system or - mechanlsm

usually 1involves direct measurement of 1ts components and

factors“'that diréctly effect that mechanlsm. For more~

complex systems such as temperature stress, whlch appears to

involvé many unknown components, a dlfferent approach' is

necessary. This entalls 1dent1fy1ng each unknown component

by altering that component S0 that it changes the response

of <the complete system to external stlmull. In principle,

this fac111tates identification of the component and its

’

function by phys1ologlcal and analytlcal compar1son of the

two systems which differ only 1n that response. The-specific
objectlve of this study, was to test this approach The idea

was to examlne the p0351b111ty that, a complex mechanlsm such

as ch1111ng re51stance could be dlssected one’ component at a

t1me by the 1solat10n of mutarit's which have - lost chilling

resistance. .

' ) N . .
The approach ‘depends on the .undemonstrated assumption

that at least some components of the resistance mechanlsm

-are dlspensable at permissive temperatures. Mutants with

94

photoSynthes1s' and dark resparat1on to changes in
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.alterations ’1n some 'compOnent of the re51stance mechanlsm

would be ch1111ng temperature sensitive and therefore non

-viable in non=- free21ng cold temperatures. A major conceptual

problem with the method 'is' lack .of spec1f1c1ty ' thefl

t
screenlng procedure. How does one d15t1ngu1sh a mutant w1th

‘a temperature sensitive proteln from a mutatlon whlch makes

a normally .chllllng. tolerant plant ch1111ng_sen51t1ve? In
N _ _ ,

pr1ncrple, the most stralghtforward _apprbach"would.'be fto’

demonstrate the presence of a metabolic Cor ,structural

‘alteration uhich ‘is expressedf'at 'bOth permissive ‘and

restrictiveh temperatures Subsequent demonstratlon that ‘the
alteratlon confers chllllng sen51t1v1ty can be achreyedjiby'
showing restoratlon' of the alterat1on in selection- ofA
revertants resistant to ch1111ng temperatures.

In contrast, if the cold sens1t1v1ty of the mutant is
due to a temperature sensitive enzyme,-the mutant would; be
expected to -be sunncturaliyv~and metabolically similar to
wild typehat permiSSive but not 'reStrictive‘ temperatures.
Unfortunately these criteria provide no clue'as'to what kind
of difference one might expect between the mutant and wild
type. The initial, experimental tapproachv was’, therefore,
de51gned to assay general areas of metabollsm at . a gross
level These measurements would ' hopefully ‘proVide

information on the areas of metabollsm that were affected by

the mUtation, ThlS approach was then followed by 1ntroduc1ng

'4C - label into the major metabollc pools in thev hope of

1ndent1fy1ng an alteration at ‘the " metabolite level.
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Intultively' one would expect a temperature sen31t1ve enzyme
to show an altered metabollte level in, one“or a group _of'
. closely related compounds. .Fory a mutatlon 1n a. mechanlsm
1nvolved in ch1111ng sen51t1v1ty 1t 1s d1ff1cu1t to pred;ct
"37’then blochem;cal alteratlon but *oné mlght -expect 'Ehé
.phenotype of the mutant to m1m1c many of rthe. phy51olog1ca1
‘,responses to cold seen normally in cold sens1t1ve spec1es.

The .three ma1n phy51ologlcal responses of a . chilling™

sensitive plant B are 1)altered dark resplratlon rate,

']gre551ve loss of photosynthe51s and 3)leakagé of ions
;lectrolytes from tlssue (Lyon et al-, 1979).
A mutant was 1solated that is, sen51t1ve to ch1111ng
:temperatures (13 - 16°C). The mutatlon respon51ble for this
:effect shows mendellam segregatlon and has been tentatlyely
dsslgnated the colD1 locus. s | ' N /
Biochemical Character1zatxon '

Because of the general effects of the .coI1D1 phenotype a
ndhber of parameterg had to be dgtermlned before detailed
biochemical analysis could be 1nt1ated These were 1) thev.

“

time frame needed under -non permissive condltlons to see a
phys1ologlca1 change, 2y the nature of the. changes whether'
progress1ve or sudden and 3) Whlch areas of - plant metabol1sm'
are effected 1n1t1ally The temperature shift (Fig. 1) and
.gas exchange results (Flgs..3 and 4) suggest the - lethal
‘effects of the colD1 mutatxon at chilling temperatures are

progre551ve and cannot be measured until after 24 hours,'of

stress The lack of measurable effect on photosynthe51s and
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darkt repiration ' under . short term (1' hour) chiliing

cond1t10ns (Flgs. 2 and 3)  implies - that’ the - cq]D%ﬂ gene

~product is not. a temperature'fsenslt;ye ‘eniyme “Eloééiy'
r related tozeither of these 'functlons."électron transport
Studies (Table”2) show that the reductlon of photosynthe51s[
'iby/48 hOurs is .not due ‘top a dlssruptlon ‘of the; llght.”
reactions which appear normal at.this time. Verification.
that the colD1 mutatlonal effects'ron' photosynthe51s are
.secondary was shown by the lethal effects of thlS mutation-
f-.under’dark condltlons at"13°C (Table 1), The‘ loss ‘of
chlorophyll probably reflects the’~reduced phot05xnthetic
rates after 3 days of exposure to 1$ff_c.‘ The conclu51ons.
'drawn from these experlments at ‘the gross level are that the-
‘colD1 mutatlon effects dark resplratlon, photosynthe51s, and‘;
chlorophyll synthe51s 1nd1rectly However dark resplratlonl
and the-dark reactions of photosynthe51s are effected in_}a'
progre551ve manner and these alterations. p ably_contrlbuttliﬂ
to the lethal effect of the mutation. H' | |

Although -these experiments hélped in establlsh1ng ah
.tlme frame in Wthh to carry out phy51ologrcal measurements
of the plant under stressed conditions, %hey were relatlvely
un1nformat1ve in. -terms .of the functlon of ‘the COID1-'gene.
The - level of complexity and - resolution of analysis was
increased by labelling-the ‘major. metabolic pools of _the.
»mutant under permissive and 'non perm1551ve conditions w1th?

.'¢C,-label. Crude analy51s of the d1str1but10n of '4C,-label "

in 'the various classes of compounds revealed no striking
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differenée;‘in” amlno ‘ac1d or carbon metabollsm (Plates II

' »III, IV) in sho%t term or “long term labelllng times at 713“

CC.o However 'an;_alteratlon ‘in- ‘the metabollsm of non polar

compounds such as llpl&s and p1gments was detected the,»

1

" .colD1 mutant exposed t 48 hours of ch1111ng condltlons'f'

(Plate vV, Vl[ VlI) One ma]or change ~in” labeled compoundsp
(spot-E) .and '§"‘m1nor changes could be detected Further
analysis‘with *tc‘4"acetate,_ wh1ch preferent1ally labéls
llplds' (Murphy and Leech 1981' Slack ‘and Rougham 1975)"-
demonstrated an 1ncrease in one 4compound- (spot -V) and 'at
ldecrease in' another (spot-U) relatlve to wild type (Table
V)..The changes reached max1ma1 dlfferences after 24 hours.
Unfortunately the 1dent1fy of these compounds has not beenﬂ
determlned They are belleved to be phosphollp1ds 51hce the
solvent ; systems used ] to separate bdth _“CO ». and
“C~ acetate non polar fractions'j-were ‘ispec151c1~1%orﬁ_?
phosphollplds. | o ‘ o ) -
J‘The onset of detectable changes (12 : hours) A n .
conjunctlon w1th the lack of any other notlcable dlfferences_
in labeled metabollte levels suggests that the c:oIDI'=
mutatzon directly affects lipid metabollsm The changes 1n:;

labell1ng dlstr1butlon could be due to an actual enzymatlc

defect in 11p1d metabollsm or a defect in some other pathway -

of metabollsm wh1ch 1nd1reotly causes a\d1srupt1on in llp}d'
metabol1sm Evrdence aga1nst thlS latter. hypothesrs ‘is -

1nferred from the lack of- altered metabollsm-.in 'any other
/ L . R ’ :
area as assayed by '¢cO, labelllng at 13°C. B ’"fi.ﬁ
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j, The 1ncreased dark resp1rat1on rate 1n the mutant afterd

L

’“:g‘exposure to 130 C 1s S1m11ar to ,hft'observatlons ‘inj otheri

‘chllllng sensrtzve» plants such

"\

EplSIca neptans and

3 i "6_

BT - %
. ‘}'Xanthium stﬁumanium (Wllson 1979 Drake and Raschke 1974)

S,

,o*'l.
ce

?

Perox1dat1on ‘of dls1ntegrat1ng membrane components and the o

a p0551ble reaSon,for thTs phenomenom in these plant spec1es':

o 9"

' dlsrqpt not only 11p1d metabollsm but also ’other metabollc

A

are 1nsuff1c1ent to exp1a1n the 1ncrease in CO, evolutlon in’

Ny

-

:ﬁhe dﬁrk fOIIOW1ng ch1111ng Y"éib e ‘.{ - o

The alteratlons 1n 11p1d metabollsm are th? reflected-
B 15 . (~

v o &> "
ine altered saturatlon/unsaturatlon levels 1n‘ the COID1

-

.. -

.:tdﬁal 1eaf fatt

g - ,, 3k LN

‘mPtant suggestlng that changes at the total llpnd pool level

-

“are.;small and” dannot be detected by -gas chromotography of"

5 g‘ L4

clds. However the%élevel ‘oﬁipsaturat1on

P ‘

‘does',not-'appear to ‘play a major role 1n4p¢ov1d1ng chfll1ng

3 v'~-.v‘/ .

a'fresfstanée to ArabldopSIs 51nce the ratio of unsaturatlon to

saturat1on does not 1ncrease 1n the wild type resPOnse to fy

chrlllng (Table 7)"'¢ _' _; o0 o o :
?l appears, therefore, that the prlmary effect of tKE
' L

’complex1ty f the altered labelllng pattern reflects the

. -

elaborate pathway by whlch 11p1ds are .synthes1zed (Rougham

i

and Slack 1982 for review). A major step in resolv1ng the

o general permeablllty of aly’ membranes has been suggested as’

. & :
functlons qulte early after onset. The results of this study

.‘/

w

o (Graham ahd Patterson 1982) Although th1s is a possib111ty '

'in the‘ coIDi ,mutant ) thls effect would be expected to '

'.COID1 mutatlon 1s d1srupt1on of normal l1p1d metabollsm The-'
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nature of ‘the defect w1ll be to 1dent1fy the compounds wh1ch

have changed and determlne how they relate to each other

- from known pathway descrxpfibns These de;grmlnatlon will be

ﬁexamination of the wild type '*CoO, ,labelling .patterns at
"22°C_ and 13°C differences in 3 compounds (s

'f?be_detected; The reduction-in spot E and  th

<

compllcated s1nce each spot revealed by TLC may contaln a'

range ~of coﬁpounds wh1ch share a, common polar head group

Therefore, each spot will "have to be separated 1nto. its

const1tuents‘by‘Gq,analysis.

'The cOIDI gene product appears to. play a . role in

adjusting lipid metabolism: to ‘chilling_vconditiOns. Upon”’

&

‘ dzsappearance

(_,J .

,ofi spot X and Y c0uld be'due to 'a response of wild type

‘.Aﬂabidopsfs' to ch1lllng ‘temperature.[d Thls » aecllmat1on

.
process does not appear to- occur 1n ‘the- colD1 mutant for

o "

pot X, Y, E) can

spot-E. In contrast to the w1ld type the\ amount of label'y

"@entEring ‘this 'compound in the mutant is approxlmately the

in' the wild type at 22° C but not 13 °C (Plate V and VII)

ThlS suggests that a posslble effect of the colD1 mutat1on

same at elther temperature and is 51m11ar to the amount seen -

is .an-'alteratlon in the plants ablllty to adjust 1ts 11p1d

metabollsm in reSponse to changes:nin temperature. Further e

support for\\thrs hypothe51s comes from the pulse - chase K

experlments peciprmed WIth ec - aetate (Table 5) Compounds_t

JC;_ U and v show a change in: dlstrrbutlon in response to

ch1111ng in the w1ld type However, compounds U and Vv 1n the

o

Cy

f colD1 mutant show an altered response relatlve to WIld type.‘



Therefore ‘,3. of 6 phosphollplds which appear to adjust in’

‘response to chllllng as dlscerned by '4CO,; and '*c - acetate
labell1ng 'studles " show altered dlstrlbutlon levels in. the

mutant at cold\temperature However cautlon must be used in
\ 4
1nterpret1ng changes 1n labelling: patterns of. pathways due

H

to the dlrect effects of temperature on enzyme k1net1cs The»“”'

”rate of most enzymatlc funct1ons doubles with each 10°C

e

increase in temperature (Qa° i= 2;0).-'These temperature
coefficients vary between enzymes depend1ng on the

activation energy of the catalysed reaction. The changes in.

l1p1d distribution’ may only be. a response of enzymes of
these-pathways-'to differential -temperature .and bear no
relatlonshlp to an - accllmat1on mechanlsm.

System Ana1y51s

It is dszlcult to assess ‘the potentlal usefulness of,

this.-genetic approach to analysing the mechanlsms of

temperature stress in hlgher plants because the results are
only prellmlnary Isolatlon and further characterlzatlon of
a spectrum of mutants mlght reveal patterns of defects which
are prevalent and therefore prov1de a better 1n51ght into

whether the system 1s worth pursu1ng. The frequency of cold

sensitive mutants in' an EMS treated M2 population of

APabidopsis is'about 10". In contrast muwations affecting“‘l

photoresplratlon arzse at a frequency of - 107% (Somerville

-and Ogren 1979) " This suggests a limited number of
- mechanisms for confering a 'cold temperature sensitive

”phenotype’ to ArabldopSIS. Whlle the chemlcal ba51s of lOSS:m

.'\ -~

Yy
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of function of a proteln at hlgh temperature is understood
(ie. weakening of, chem1ca1 bonds ma1nta1n1ng ‘the  structure
v_of"the protein, resultlng 1n denaturatlon) mechanism5<for‘

,utr‘f

loss of functlon- at low temperature are - less reaéiiy
apparent.J‘Tbe; reconstltution of ribosomes in vitro takes.
‘place byaa_“reaCtion' which is :dependent, on'vtemperature.
Therefore,f;ft‘ has 'been-argued that mutations which‘affect.
,assembly pQKCeSSesimigﬂt be detected at' cold temperature.
Howe;er aside from a few exceptlons llke -ribosomal mutants
the effects of ch1111ng on proteln structure are notl welivt
vunderstood
There is no readlly avallable experlmental evidence to'
indicate that protelns undergo conformatlonal chahges over a
narrow range of.temperatures. However, lt has“been suggestedv
that' solidification of membrance llplﬁs at Tow temperature
‘may'causelchangesiin the conflguratlon' of membrane bound
enzymes and transporters (Lyon 1979). Major support'for'this
 tbeory is.deriyed.fromz.the corrolation _of loss of many
protein' functions. uitb changes in membrane flu1dlty (Lyon"
1979 for'reuiew). The- general consensus is that plants which
can maintain' membranel f1u1d1ty at. low .temperature are
i¢hillingﬁtolenant'whereas plants that cannot are.'chillfng
Sensitiye; It 1is partlcularly interesting therefore, that
‘the one mutant 1solated by pthe cr1ter1a of chlll;ngw
isenslt1v1ty is defectlve in 11p1d metaboilsm | |

4

. +. The coJD1 mutatlon confers on APabIdOpSIs many of the

I

B characteristics .of " a typlcal chilling sen51t1ve Species,

R
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Dark ,resplratron 1ncresses in response to Chllllng are seen
.1n a number of ch1ll1ng sen51t1ve plants (E. Peptans, X.
stPumanlum) Photosynthesis *shows a- slow progre551ve decllne
which ls typical of almost all ch1111ng 'sen51tive plants.
The colD1 mutation ‘also confers drought sen51tv1ty to the -
‘pLant. If the colD1 mutants are not watered tw1ce a day they.
'begin to yellow and grow poorly. The first symptoms of
chilling- 1n3ury‘1n many agriculturally 1mportant species is
w1}t1ng and the" appearance of necrotic patches on the
leaves. These observatlons have- led 1nvestlgators to suggest
that Jthe permeablllty of the plasmalemma to water and 1onsk
1ncreases as a result of a phase transition in the 'membrane
llplds (wllson 19798). Wilson has also shown that certain
chilling sensitive plant species (egqg: Phaseqlis' vulgaris)
. can b@& chill hardened if exposed to 100% rele§ive humidity
at 5°C. The: effect has been explalned by the fact that
stomates open in reSponse to chilling and the: water ‘loss can
be,counteracted. by the humid atmosphere, The',cause of
ﬂstomatei openiné'.is unknown, ‘but a lphase change in the
“membranes of the guard cells could alter their 'permeability
.propertles r' ) ' - | | ‘
| The effects of the coID1 mutatlon on photosynthe51s and
dark’ respiration are ’progre951vevand occur later than the
alteration in lipid metabolism. (Table 1 and 1II). Because
;the ‘lipid changes occur before photosynthesis and other
functions begig to decline»this implies that the primary

effect of the mutation is to alter lipid metabolism and that
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the other changes observed are secondary effects of stress.

An alteratlon 1n 11p1d compos1t10n. whereby. the l1p1d

.b1layer cannot remaln fluid at 13°C w111 cause the membrane

to SOlldlfy gradually due "o its heterogenlty . Small

clusters of. ‘highly saturated llplds w1ll be transformed into
'rlgld aggregates followed by a steady rise in the: size and

'number of solid phase domalns. Thls gradual change would be

characterized by a progressive loss of cnzymatlc functlon
rather than a sudden decrease in activityf

This‘hypothesis suggeSts, therefore, that “the minor
changes seen in 1phdspholipid content fp the coIDZ mutant
could be responsible forhthevloss of the ability/to maintain
fluid membranes. The role of phosphollpld polar head groups

in regulatlng the fluidity of membranes of hlgher plants has

D

not been ascertalned. However, a more that 30° C,difference'

in transition temperature between pure phosphatidylcholine

.and phosphotidylethanolamine having the same saturation acyl

chain: compositon has been shown (Cronan,’ 1958). Other
workers have shown that when dipalmityl and mysritate

phosphatidylcholines (transition temperatures 41°C and 23°C

_respectively) were ad&ed to polar lipidsi from chilling

resistant plants, a tr%nsition occured around 7 - 8 °C

(Wright and Raison, 1981). Normally these polar lipids show .

no transition in response to chilling down to 0 - 2°C and

only 1% of both addltlves were needed to 1nduce thls effect

‘This work suggests t at transition to a solid . state is.-

‘co-operative in the.membrane. When one or a small mixture of .

-
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- phopholipids begin' to chahge from a liquid —_crystalline
state'to gel state the other\’llpld spec1es will follow

|
Therefore, the range of reggﬁtance to'chilling temperatures‘
in a plant could be dependent on the amounts - of minor

‘ <

phospholipids existing in the mémbrane. The 1ncrease in some
¢

of the lipid gcompounds in  the mutant could lead to a
co-operative transition of thef 11p1d membranes at-a much’
'hlgher temperature than seen in the wrld type. For exampie,
it may be env151oned that the wild type normally reduces the
amount of certain lipid compounds in-® ﬁgsponse to reduced
'temperature ‘because they will cad%e a co operatlve
transition of all the‘phospholipids It seems poss1ble that
the colD! mutant does not or cannot remBVe these compounds
" and therefore a phase tran51t10n takes plége cau51ng a
-chﬁiling sensitive effect. The reason why the mutant cannot‘

\‘l

. remove these compounds could be due(to a defectlvevenzyme or
a defect in the ability to "turn on" this enzymei(ie,a
"defect in. acclimation’. " Since temperature uould"be/agne
regulator of such a. system, mutants‘defectiue in inductiom
will appear cold sensitive' because of ‘lack of inductiong-_f

ledading to chilling injury, o | ot

The mechanism by which_temperature could regulate such’

ra .process might be similar to the mechanism suééested for
reguiation of fatty acid - desaturaSea' in Tetnahymena‘
XThompson, 1979). Thompson and co- workers belleve membrane
fluidity(itself isf a regulating Ffactor controll1ng the

actiuity of' the membrane bound Tfatty acid desaturases. .
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Membréne chéhges due to lipid‘ phase cheﬁges result in
dlsplacement of" protelns into new p051t10ns -or conformatzonsv
whlch enhance or depress activity.

A 51m11ar hypothesis maght appiy. to fhe colD1 gene
'proauct; 'vThis 'loeus‘ could encode a _membrane -emb&dded
protein. Under: normal CifCUmstances . when the membrane
fluidity decreases the eﬁ;xme is brought into a emore
favourable‘configuration to carry'outvits'funCtioh whichfiis
to: remove ' or ‘aitef'oompoundsfin'the memb:aﬁe. A defective
‘.enzyme that cannot respond to eemperature ‘and, therefbre;
Cannot,‘carry out tﬁis' function wﬁil cause . the pfént_to,
become chilling sensiﬁive. | .

Thus, it -is 'apparéot that a;thoogh the approach’
deseribed here has. promise as a novel methodology, the‘
possible 'complexityA of the ch1111ng response 1s likely to
‘pfeclude the formulation of a srmpllstlc all embracing

'théofy”, : - . &
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