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Frost Hardiness Studies on Cabbage Grown under Controlled Conditions'
Hubertus Kohn and J. Levitt

University of Missouri, Columbia. Missouri

So manx111v factors have heen founi(d to varv (lirectlv
w ith frost hardiness, and for- eachl of these there
aire 0o miainv excelptiols, that it is (lifficult to know
which are catisallv related and(l xvhich are niot ( 2).
Somiie imavx not he cauisally relate(d to frost hardiness
hut axy merely he l)ro(ldlced(l lb the same envionl-
mental coiditiois. It 1m1ax he possilde to recognize
tlhese hv gx ing and hardening thle plaints tin(deri a
varietv of envirlollenltal con(litions. (O)thers mllav he
eatisallv related at 1 stage of hardleninig hbut nlot at
.Il) )ther. It shoutl(d he possilde to identifv these hb
hard(lening in stages.

U'nfortunatelv. it is (liffictult if uiot i mpossilde to
listing-uislh these factors fromii each otlher either
in the case of field grown or greenhouse grown
plhiits silice the elnviroimental cond(litioins cannilot he
col)trolle(l. IFturthernl Ire, greelnllouise grown p)lanl1ts
Cannot he halr(delne(d to their miiaximuitmiii al)ilitv an(d,
therefo e, tlle (lifferelit stag,es of halrdening cannot
lIe compared. Vr- instance, the maximutim hardeniug
at + 3 of greenhouse groxvn cahhage seedlings re-
stilte(d in killinig points of -7 to -10'.

koth of these l)lb)l)leli)s can lbe ov-ercome 1b grO
ilug, and hardening the p)laints in conltrolle(d -rowth
chlamhers. 'I'lTer-e it is possible to A ) control bI)th
(ldav and1( light teml)erature. as wxll as ligh1t. so as
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to give the hest tvpe (If gri0ox th hefloIre ha-demilvt,
and B ) to hlardell the plulmt ill sta-ges by! exposure
su;ccessivelx to W.() itl)(l 3- . talbbag-e lailits
xvere fotimid ahle to survive freez.ing- at 20(. 'ITlhc
p)urpose of the lpresent investigatioll was, therefore.
to fill(I nut I ) xwhether gr-r(m th and hardening, ndl(il
such controlled (olnditions cllc ihelp sellarate factors
cauisally relate(d to hardiness fromii those niot causall
related', andi( 2 ) itllxvhih stage of hiardeningr ach
causai1v related factor is ipll)ortallt.

Materials and Methods

Th1e Cahhaage- variety arl-x ere \\ akefie'(l
xxas lisei( in thle fir'st hart (f tilese exlperilments 1)11t
it sooii hec,ame evident that this variety is niot geneti-
cally l)lure, sinlce growth iil(lel- conitrolledl conditiolns
led to a lhigh (legree of variabili v in size froim seel-
hiuig to seedling. A\ -eneticallv selected variety ( ad-

i\IMarket ) xwas tlieiefor-c tisel in later exlpriments.
T1 he seedlings of this varlietv were hi-hly uiliforim.

h'l'e l)lants were gr1owvi fromii see(I ill 3-iniclh pots
in growth chamhers. From thle tillne (If sxoill- unti
hardening, ( 5-6 weeks). they wcrce explose(l to a
12-hotir (lax teml)erattire of 25 anld a 12-lhotir nii-igt
temlperature of 1 5 . with an illtuiniiatioln of 200() to
2200 ft-c ali(l a relative hImmiditv of 85 + 5 'ei.T -

peratures xwere conistanit to + 2 Four compart-
enlts xere tusedl, xih (lavlengths (If 8. 12. 18, and 24

hours, respectively. At the ei(l o(f 5 to 6 xxweeks. each
lplant lhadl soIee to 9) leaves. Thex xxcrc thenl hlar-
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denied p)rogressively in the same chamber as follows:
1) Onle week at + 50 day and night, 2) a second week
at +.50 day. 0° niight, 3) a thiird week at 00 con-
tinulouslv, 4) a fourlh week (or loniger) at -3°
continutouslv (110 lighit). \he'lneii lighits were used
(fir4t 3 weeks) durinig har(lening. the illumiiinationi
wvas (lecreasedi to 1000 ft-c. Tle temil)eratures in all
cases were dleterniiile( at the und(lersurface of the
leaves bvy ileanis of a therilocoul)le and recor(ler.
After a l)relilillary trial runi, the exl)eriment was

perfornlled twice. A fourth experiment was l)er-
forme(d usinig onily 8 and( 18-hotir l)hotoperiods, anld
iore p)rolonge(l liardening (i.e., 2 weeks) at eaci
telnl)erature.

Plants \\ere remioved weekly for frost-killinig ani(i
otiher tleteriiniiatioils. 'I'lTe pots were supl))lied a

complete iititrienlt solutioni onlce a week dturinlg
growth but lnot (lurinig hardeninig, anid watere(l as
lneede(l. For eachi ileasuremlienit. a sinigle leaf of
the samile numiber (ill or(ler of development) was
renlove(l fromil each of about 6 l)lanlts. Thus, in the
1 963 exl)erinient. leaf nulnller 4 was used for suc-
culenice anld l)ercent dry matter measuremilenits. Yield
was calculated in this exl)erimient from total fresh
weight of tile above ground(l portion of the seedlinlg.
assuminig that all the rest of thle plant ha(l the samiie
percellt dlry weight as leaf numiber 4. In the last
exl)erinellt, total al)ove groundl (ry matter was (le-
tcrmille(l dlirectly and(I thlis garve tile same general
restult. Frost kiingi,a points (2) were (letermiinie(l.
using the same numl)ered leaf (in order of develop-
ment) for all tests, or leaves of 2 adjacent positionls
where necessary. Osmlotic potentials were deter-
lllile(l plasmiolytically (3), on )petioles of leaves of
the samiie unmnber adjacellt to these. For succulenice
(letermimiationis, leaf area wasmxneastured planimetri-
callI v.

Since tlle restults were basically the samie in all
3 series. onlyr 1 series will l)e given ill its enltirety.

Results

Relationi of Plhotopceriod to Frost Hardiniess.
I'he photoperiod has frequently been fouind( to have
a pronounced effect oil frost hardiness (2). But
these results have l)een obtained mainly with trees.
Those trees that are induced to grow by exposure to
an artificial long plhotoperiod during the fall fail
to liardeii. The normal short photoperiod, oni the
contrary, leads to cessation of growth and to frost
liar(lellillg. In the case of cabbage there are no
such effects either on growth or oii hardiniess (fig
1). The lonigest day (contintuous light) actually
leads to a illaximuimi hardiness among the 4 photo-
perio(ls both before hardeninig andl after 1 Nveek of
hardening. After the second week of hardening.,
however, the relation is reversed ailtI the 8-hour
l)lants become the most hardy. Identical results
were obtained with longer hardeningi, perio(ls (fig
2). The maii effect of photoperio(l on cabl)age
is sillll)ly a quantitative oile, for the relative vields

o ....;g0~~~~~~~

z 8 /

.6 /

.21

1 2 3 4 5 6 7
WEEKS HARDENED

ID(;. 1. Inicrease in frost llar(lilless of cabbage seed-
luings durillg 6-week liar(lelling perio(l. Plants growni at
8. 12, 18. alli 24-h<our photol)erio(ls, during 6 weeks be-
fore hardeniing (2000-2200 ft-c) anid durinig the first
3 wceeks of lhardeninlg (1000 ft-c).
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I
F-IG. 2. Iincrease in frost hardiniess wlhen subjecte(d

to more than 1 week at eachl lardelilig tenlperature.

agree almost perfectly with the relative dayleingtlls
(table I). This would seelll to inldicate that the
maini photoperiodic effect is due to the differences in
the daily length of tinle the plants are able to photo-
synithesize. The successively loer temperatures are
necessarv for nlaximuili hardening: for loinger peri-
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Table 1. IRel(tion of ricid of I),-, Mattor to P'hzotoporio(i

I3llotoperiod

8

12
18
24

Relative aItioulit
(f li-ht

I.

5()

1()

O(ls at each har(ellitiit temnperattire do tot zllbsti-

ttite for the (drop)s iii teitilterattire (fig 2

Relation of Kiii(i of (;Gowct/h to Frost Hardliicss.
'I'o the ainili o(f exl)erieince, man- niorphological
characterivtics are olixiotuslv related to frost hardi-
nless. ()ver a perioid of N-ears, tor inistanice, it has

bceen otlser-ed that xhei cabbage see(llisgs are grox-nl
in the greelilotisce, their ailiiitx to har(leni cait al-
xays bee predicted by their appearance. \When the
lplants are spindly anid thie leaxcs are (lark green.
thini, and long-petioled, they are tenider anid showx
a minimlum abliitv to hardleni. When the plaints are

stocky anid the leaves are thick, light green, cox-eredl
\\-i-h bloom ail(l short-l)etioledl thcx possess miaximium
har-deninig abilitv. T'hese 2 kiiid.s (if groxwth corres-

plioid exactly to the 8-hotir an(l 24-hotu Iilailts re-
slpectively (tle 12- and 18-hotir- plants falling be-
twxeen the extr-emiles ) The relative hardiitess iof these
2 grtotips is iii agreement xxith the ab)o(-e exlpectatioll,
lint oilv tilitil the ei(u of 1 xxeeks hardening. After
tlhis, thle relation is reverse(l. 'I'le morphological
cha-tracters coiisidcre(l here cain be related to cab-

l)bage hardiness, oitlv when this is ilmoderate.
Rclation of WT ater Content o1iiil f)D Mat/er to

l111ost Hardiness. Frost hardiliets has frequentlx
lbeen correlate(l directlv with drxy itiatter coitteitt or

invyersely xxith ioisttire conitenit 2). Thtis, trees
sutpposedly mtist ripen or miattire ( i. e., lose ater
before hardeniiig, anid suceilenit Iplants are tisuallv
tialiable to liardeni, thougi mianx excelptions exist.
Marked (lifferelices xxere founlid l)etxwee these (qtiani-
tities in the plants groxxn at dlifferenit lphotol)eriods
fig 3 Sticctileitce, percenit dry miatte-, aniI x-ieldl

o)f dryv matter all increased With the hl)otolperiod.

D.M. FROST KILLING TEMP,

lo 5ot-

D

9 46-
iZ

S 42-

7 388

5 3

Fi(;. 3. \Variationt of suiccuilenice, perceit drv IniatLer,
yield, aIld lros7t killiilg tentsperature xxitlh phltoperiod.

Thlis mlleanls, ot comrse, that thle stcculeitee (imeastired
hy weight ter tiiilt area wx as in thilS case (inic to
1)0Th an iincrease in xaater ait(l (1EV matter ite nnit
leaf surface,hnt that the latter in -CreaSe \xVas gYreater.
\\hen sncnleneei,invxerselx relate(l to 11har(diness,
it is aIS(tciate(d wxith greater water coitent ( 2

iro;st liardiness is (lirectiv relate(l to all 3 o t
titee 1itelasrtilienlt.s, l)btt oilx 111) to the e1i(l otf I
w eeeks hard(lenin. \tter ftirtler- hardeitin-. tile
relaltioit is reVelrse(l ( fig 3)

)smotlic JPotcta11lof()f Ccl/ tSap owl Ir(,o/ Kjardli-
IIeCSS. \an\- iitxestigato(rs hax e shoxwnit a p)roiloiniceil
p)arallel betwc iieen stiar coitleitt or the coinse(utieiit
osittotic potenitial of the cell sap, ai(l frost hiar(lilnem,
tihgilh sone striking exceptiolsI occtir ( 2) 'This
)arallel is o)hvotis in all 4 photoperiod (Itirillg the
first 3 weeks of hardening ( tig 4 a-(l). When a
more gra(ltial hardening xwas tisedi ( fig 2 ) somotic
potential paralleled har(liness during the first 6
weeks. In all cases, the palrallel colitiniued onily
for l)art or all of the hardeing peln od ill thle light.
Duirinig the succee(ling weeks of hardening in the
lark, frost hiardille-s colitinite(l to rise j tist as rapid-
lv, btit osillotic potential eithl (rol)l)e(l or reinaiiie(l
essen-tially constanti. Ih'le co1rrelation for all 4 photo-
periodls suiggests that o>sm1otic poteittial is a factor-
in frost hardiness, l)tit thils can he claimed only folr
tihe first half of the hardening pteriod. Tlfhis, thougl
hlar diliess ose steadiil tier-e x ere 2 olixiotis stages
a first or tigilt sta-g at 4 to () i11tilig wxhich
Osiliotic IOtential rose, ai(l a secoil(i ol d(ark ,stapge
at -3 (Itirilng x hich osmotiCc (Oteintial (li(l i(t rise.

Discussion

'I'lhe illaill effect otf the phoi0lpernili on tile g roxxth
of the cabbage l)lanits ( tinlike the effect ol trees
seemis to he (Iitt to its conitrol of the lenigthi of timiie
the ptlant can carry mt pthosvinthesils ( table I ).
This explailns the corr-elatioit xxith Viel(l ait(l perceit
dlrx matter. F'\ eit siccuilence is also p)rol)ortioial
to phot(syitthate acctiuilalted, isHic the iincreased
suicctulence xxwas accoltpai)ie(ld bx ait ex-ei greater
(elolsit of dry ilmatter than of xater. The fact
thtat thtes characteristics xWcr (lirectIx correlated
x ith hiar(diitess only til) to the culd (o)f the first xxcek
of hardening stiggests that the amounit of photosy-n
thate acctnIulated before hiladeilieg maV coiltrol
the sm.ilall amliotint of harldiness that develolis diurilig
this n)eriod. This conclusion is suipp(orte(l lbv the
correlation xxith osmllotic potelitial ( i.e. stigar coii-
tenit ). The iitcrease in osimiotic poteittial duirinig the
first xweek of hardlening<, maxa be (ine primitarilx to
hxdrolysis (if the ltreviously accumiilated starchl to
stigair. After the first eeke of hardeninig h1oxx-ever,
the correlatioit betweene hardilless ait(d total photo-
svn-ithate before hardeitilng i) longer holds, thou"gh
osiltlotic potential ciltintiues to p)ara'lel hardiitess.
h'lc 8h-liotir plaits, that Orit(itallx had the loxw est

har(iniess aln(l least amtiunt of lphotisvilthate ( ani
also) of siiuGrrs jidl-ging hy ()silotic i)oteit ial 0 ox
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FIG. 4. Variation of osmotic potential and frost killing point with hardening period (a-d).
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liax e the Iniliest har(lilless and(l snRotic potential.
Sinice they lla(l little if anly reserve cairbohlIydrate.
this Callc on1v iieani that thev were able to accumulate
photosynthate more rap)idlv thalln tlle other l)lallts
lt thle low\ teml)erature. 'I'hiis may be related to
their higlher cillorophyll content per cell, for thotigi
tile leaves \\ere ilitich thinniier than those of the other
treatilmelits, they were also at (larker green. .\t the
higher ( nionhll.Lrdeniiig, ) temperatuires. even if the
8-lotiii l)lants p)hotosynthiesize(l i11or rapidly thilal
the others, thle rate of respiration (Iltriin the long
(1-hour ) nligit mili-lit be suifficienit to ulse tl)su

large a firaction as to leav e the iiet l)lphotosynthate
helow\ that of the other (dayle-lgths. At the lo
tenipl)eratres. l)articulairiN starting w itlh the seconi(l
\week wheil tile llighit tenill)erattire was () the resl)ira-
tory loss woould be negligible compl)re(l to the p)hoto-
svnitlletic gain (1) .I Frther evidence that thle ini-
crease in osmiiotic lpotenltial during the second anld
third w eeks of hardening was (diuc to photosyinthesis
;anll niot simpilv a hvdrolyxsis of starch to siugar. is
tile abrupt enicl to the rise in osmotic p)o-ential wlhen
thle temiperature was drol)l)e(l to -.3. for the lights
\\ere thenl ttirile(d off day and night in or(ler to avoid
loxss of wvater fromii thle leaves thait coulkl nlot be
rel)lace(l fromil the frozeni soil.

1rom these resiults. 3) successively (dev elop)ing
factors aippear to l)arallel the develop)milent of frost
hlardiiness.

I ) 'T'lhc amiount of original pliotosvilthate before
har(leliing. Thllis parillels botli tile davlength and
fr-ost hardilless til) to the ein(d of the first week of
hlardening (5 0(°aN 5'nlight ) . 'I'lTe simiall inlcreaise ill
osmiotic lpotential mllay be duce to a hyvdrolysis of ac-

ctinuilated stariclh to sugars.
2 ) 'I'lhe aImlouilt of photosvitlaite acC1tnl111 ated

(liir,iig expos;ure to lhari deniiig lows temperatures.
'I'lTe increase ill osmotic l)otenltial is (Ilue to a (lirect
produtction of sigars ly p)hotosyithiesis. This l)aral-
lels the inlcrease in hardening- during thle lnext 2
weceks ( day ,/0' night and(I ()(lday ) nlligllt)

3 ) afctort unrelated to amiount of photosvn-
thate in general or sugar in particuilar. h'llis factor
seemlis to be related directly to exposuire to lowv
teml)eratulre rather thani exposuire to light. The
increase in fr-ost lhar(diniess occIIus at -3° in conl-
tinuotis (darkness whenl i1o plotosynitite accilmulates:

and the lack of any ftirther increase in OXsm)tic
potential l)roves that there is nio hydrolysis of pre-
viouislv acctiuimilated photosyithate to stiugaIs.

Summary

Cabbage seed(llilgs ( var. Bad-er MI arket ) \\wrc
rownl in -row'tlh chambers (25 (lday 15 ni-il)

and liardened for ) weeks at stuccessiVelv lovc'r
temillerattires fromii 2- to 3- 'I'The maxImum
har(liiiess attained was a frost killing poilit of 2()
as opposed to a maximilim of --7 to -1(0) for green-
house grlon l)lailts hardened at + .3

'T'hle effects of plhotoperiod on growthl of tile cab-
baeg l)lants were apparently chiefly if imot solelv
(lIe to their effect on total lnet l)plotosv lthate accI-

nItlatedl per dayl.
Frost hardiness was related (lirectlv to phiIto-

perio(l (8812. 18. 24 hr) til) to tlle enl(d of the first
week ot hardening. but inversely fromi) the end (if
the secoil(I w eek and for the niext 2 to 4 w ecks.

(Gro\\ thl characteristics stici as dry matter amid
morphological characters tistiall- correlated itl
hardiness were correlated only\ uip to the cml(i of
the first w cek (if hardening.

s'motic potential was correlated with hardiness
at all photoperiods upl) to the end(I of the 3 to 6 w ceks
of hardening at + to (), (luriniig which lits \w crc
utse(l. but niot (1d11urin tile sliccee((limlg 3 to 6 weeks o(f
liardellill at -3" in tile dark.
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