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Abstract. Potted cabbage plants were grown in growth chambers at 250 day and 150 night
and hardened suocessively at 5, 0, and -3'. Leaf growth was determined by measuring leaf
area, hardiness by freezing at a series of temperatures and determining percent survival. Leaf
growth increased progessively with leaf number, reaching a maximum rate of growth and final
area in the tenth and eleventh leaves when the plants become potbound. Leaf growth continued
at hardening temperatures of 5 or 00, the Ql, being 2.0 to 2.5. Ability to harden also increased
with leaf number, paralleling the growth rate of the leaves just before hardening as well as
the growth rate and the total growth during hardening. The above results were similar whether
prolonged (several weeks) or brief (24 hr) hardening was utilized.

It lhas long been knowni that plants aclhieve their
maximum frost hardiness wlleni growth ceases in the
fall, and that these same plants possess little hardiness
when growing in the spring (3). Results have led
to the conclusion that, in general, frost hardiness and
growth are inversely related. Thus. the hardening
process itself occulrs only at low temperatures which
retard growth. The following investigation has re-

vealed an unexpected direct relation between growth
rate of cabbage leaves anid their ability to harden.

Materials and Methods

Cabbage plaints (var. Badger Market) were grown
from seed in growvtl chambers. Eaclh plant was

raised in a 3 inch pot of vermicullite and received
15)0 ml Hoaglanid's solution twice a week and tap
water on all other days. The unihardened lplants
were expose(l to 250 day (12lr) and 150 night
(12 hr) and an illulmination of 2200 to 2400 ft-c for
an 18 hr photoperiod up to the date of hardeninig.
for a 12 hr photoperiod thereafter. The group of
plants to be hardened were removed from the above
set and subjected to the following successive tem-
perature regimiies starting at the age of 6 weeks from
soWiIlg: A) 2 weeks at 50 D/N, B) 2 weeks at
50 D/0° N, C) 2 weeks at 00 D/N, D) 3 to 6 weeks
at -30 D/N. Light conditions were changed to a

12 hr photoperiod of 1000 to 1100 ft-c for the first
3 temperature regimes, complete darkness for the
final -3° regime.

Three series of plants xvere used: 1 for measure-

ments of growth and the other 2 for measurements
of frost resistance.

I This investigation was supported by a grant from
the National Science Fopndation (.NSF GB 6828).

The growth series consisted of 12 plants. Leaf
.areas were mleastured bxy periodic triacings of leaf
otutlines on paper. The areas were measured by-
means of a planimeter. The leaves were numbered
from the base upward. starting wvith the first true
leaf as nutmber 3. Akt the age of 6 weeks, these 1z
plants were divided into 2 groups, 6 plants being left
unhardened and 6 hardened by the above schedule.
Growth curves were plotted from the average area
measurements for leaves of each level. Growth rates
wvere determined from the slopes of these curves.
The plants becanme potbound by abouit the end of 6
weeks. aild this must have limited the growth rate.

Starting at the age of 5 -veeks. frost resistance
was measuired by freezing individutal leaves and de-
termining the temperature that killed 50n % of the
leaf (2). In I series of 72 plants, nmeasurements
were malde everv 6 to 7 days throuigliotht the harden-
ing period; in the other- series of 48 plants. mzeasuire-
menits were made daily, hult onlyv during the first
week of hal-deninig at 50

In these 2 series, frost resistaance nmeasulremients
were made on a differenit group of 6 plants at eacl
date. The growvth nmeasuiremients, on the other hand.
were micade on another grouil) of 6 pl)ants w]hich was
used throughout the experiment. The experimenit
has since been repeatedtusing the saimie plants for
both the growth and hardiness mleasuiremenits, withl
identical results. The standard error of the leaf
measurements was + 1 %. The freezing tempera-
tures were measured by thermocouples inserted into
leaf petioles and read on the recorder to 0.10. Since
the accuracy of the killing temperatures did not
justify this precision, values were expressed to the
nearest 0.50.

Results

Unhardened Plants. Leaf growth increased pro-
gressively with leaf number, reaching a maximum
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FIG. 1. (top left) Growth rate curves for cabbage leaves 3 to 12 at increasing levels of insertion on the plant.
Stage of growth on transfer of half of plants to 5 ° for hardening is indicated by the line drawn at 43 days. Plants
grown at temperatures of 25D/15N throughout growth period.

FIG. 2. (top right) Relation of maximum hardening achieved (A----A) to number of days at hardening tem-
perature (@ 0*) and to total period of growth (-l----Al).

FIG. 3. (bottom left) Relation of maximum hardiness developed ( 0*- 0 ) and of leaf growth produced during
prolonged hardening, (A ----A) to leaf number.

FIG. 4. (bottom right) Relation of increase in frost hardiness (@---_ ) and leaf growth (A----A) during
24 hr hardening to leaf number,
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COX AND LEVITT-RELATION BETWEEN GROWTH AND FROST IIARDINESS

final area, as well as the highest maximum rate of
growth in the tenth and eleventh leaves (table 1).
This occurred just after the plants had become pot-
bound. The growing period as well as the total life
span of each leaf also increased progressively witlh
leaf number, reaching a maximum in the fourteenth
leaf and twentieth to twenty-fifth leaf respectively.

The time required for each leaf to reach its
maximum growth rate remained constant up to the
leaves with the maximum growtll rate (Nos. 10 and
11-table I), though this rate increased with leaf
number to 5X. This relationship can be seen by the
increase with leaf number in the steepness of the
growth curves (Fig. 1). Similarly, the total life
span of the leaves only doubled with leaf number.
whereas the maximum area attained increased to 7X.
The increase in area with leaf number up to leaf 11,

therefore, depends primarily on a greater accelerationi
rate and onlv secondarily oni a longer growtlh period.
On the other hand, the leaves beyond leaf 11 begini
to show a greater dependence on growtlh period, so

that leaf 25 had the samie maximum growvth rate as

leaf 5, vet grew to double tlhe size of the latter, dule
to a growth period double that of leaf 5.

Ilardened Plantts-Prolonged Hardening. In all
except the first-formed leaves, growth continued at
the higher hardening temperatulres (50 and 0)-table
II), though at a reduced rate compared to the control
plants left at the original growing temperature.
Growvth of all the measured leaves stopped at -30.
As in the case of the unhardened plants, the growth
rate increased with leaf number. The lowv teml)era-
ture exposed to during hardening, increased the
longevity of the leaves verv little (not more thlan
20 %-table I).

Table I. Growth of Cabbage Leaves at Different Levels of Insertion ont the Plaitt
First true leaf taken as leaf

except colunmn 4.
No. 3. Date of sowing seed taken as day 1. All values are for unhardened plants,

Age of plant Life span Leaf age Total
Leaf when leaf Unhardened Hardened from Maximum at max. growth
No. measurable 43rd day growth rate growth rate period Max. area

days days cni12/day davs Cz112
3 10 40 45 1.8 10 29 19
4 12 43 48 3.3 11 33 34
5 15 50 53 5.0 11 41 47
6 18 54 62 6.3 10 47 64
7 21 64 68 6.5 9 51 86
8 24 67 75 6.9 9 53 102
9 27 75 83 7.7 10 59 121

10 28 85 84 8.8 11 67 140
11 31 85 100 8.8 12 69 135
12 34 86 108 7.2 12 71 126
13 37 88 108 7.4 13 73 126
14 40 88 108 7.2 13 87 120
20 58 90 112 5.9 1 5 84 135
25 73 90 4.9 13 82 108
30 83 88 2.3 14 75 93

Table II. Frost Hardiness and Growth of Cabbage Leavyes at Differcnt Levels of Iniscrtioni and Ha,-denied Froii
Forty-third day

Age of plant Age of leaf Time hardened Leaf growth
Leaf at max. at max. Maximum at maximum during
No. hardiness hardiness hardiness hardiness hardening

days days deg days cm-t2
4 49 37 -4.5 6 0
5 49 34 -6.5 6 2
6 62 44 -10.0 19 5
7 71 50 --13.0 28 10
8 71 47 -15.0 28 14
9 76 49 -16.0 33 22

10 76 48 -17.0 33 31
11 98 67 -18.0 54 35
12 98 64 -20.0 54 40
13 128 91 -20.51 85 36
14 125 85 -21.5! 82 13

Due to their small size, leaves 13 and 14 were frozen while still attached to the stem, instead of removing them
from the stem before freezing as in the case of the other leaves.
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In general, frost resistance increased (luring tlle
first week tunder each suicceedling liardleninig regimiie.
followed 1y a leveling off or slighit decrease in the
seconid week. At - 3, liowever. the reverse oc-
ctirreel. Due to illadelquate temperature conitrol
(+ 1°) this treatliment restilted ill rel)eatedl freezing

ainid thiawving whichi must have affected the hardening
l)rocess. The -ige of the leaf when it aclieved its
imiaximiitum11 lhardenin(g, chilaned very little wvith leaf
number, at least u) to the telithi leaf ( table II). Yet
the mi.aximiutlim lhardening attained. inlcrea.se(l with leaf
n bmher. at least uintil the twelfth to foulrteenithi leaf.
This l)parallels the increase ill number of clays duilring
which each leaf wvas exposed to the hardening temii-
peratnre, hefore i-eachinig its mllaximium hardiness
(Fig. 2). It .ldso p)arallels tile total growth period
of the unhilarcleiecl leaf ( Fi-. 2). A fuirther relation
hetween growthi rate anid hardiness is inidicated in
Fi. 1.I As the leaf nuimilher increases. the timiie of
maxinitinm growth rate allproachle closer and closer
to the (late at which hardening- was initiated, until
leaf uitmlbher- 11 which was ait its maximiumni growlti
rate when lhardening hegail. Tlihls the ilmore rapid
the growthi rate onl exposure to the hardeningg tem-
l)erature, the ilmore it can harden. But Imlaximilum
growth rate decreases after the eleventh leaf (table
I), thouighi hardiness continues to increase ( table II).
.Similarly, the total growth lprodiucedcl tiring harden-
ing, parallels the maximulnm hardening tip to leaf 12
(Fvig. 3), but not beyond it.

In those cases where the leaves were in the
straiglit-line portion of the growth curve, the 0,,,
was 2.0 to 2.2 (table ITI). A similar reslt(i1t
24-2.5) was obtained Avhen growth rates during the
filrst 24 hlr at the hlardenling tenillerature were coIml-
pared withl those of the conltrols (tahle IV). The
Q,O's for- growth stages I and 3 are meaniingless.
becaiuse thle control and lhardened l)lants do niot re-
maiin at the same stage dule to thie mlor-e rapid rate
of growth ini thle former.

Br-ief Ifardeniig. Oine of the coml)licatiolns in
experimenlts involving prolongedl hardening, is a
lowering of hlardiness (Ie to senescelice. Brief
hlardening- periods avoid this problem, at least in the

lable 1 V. (,rowth Raic of Control (and Ilardeniied
Leaves During the First 24 Houtrs th(at the

Latter were Exposed to) thec Hardening
Temtperatuire

Growtlh rate Unhardenied
Leaf No. unihardeied hardenied Hardlened Q1

( 1112/dtiY ratio
9 5.2 1.4 3 7 2.5

I 0 7.8 2.2 3.5 2.4
1 1 8.8 2.4 3.6 2.4

case of actively growing leaves. A 24 hr hardenllilln
lperio(l increased the frost resistaice of the leaves by
isiIcillCh as 7.5 (table VI). Again, as ini the case
of the prolonged hardening. the miol-e rapl)id the
growth rate oln exposure to the hardenitig tempera-
ttire ( table V ), the greatel- the increase in hardiniess
table TI). Thiis relationl held trite also for the

g-Irow'th ratte (Itiring the 24 hr hardening lperio(l.
though this was markedly decreased in all leaves
table VI and Fig. 4). Ev'en the relative growth

rate (tthe increase in area per unit of leaf area)
showed this samie relation to the increase in hardiness
up to leaf No. 11 ( table VI). The v-ery- small leav-es
('13 and 14) were exceptional in having the largest
relative growth rates and the smallest increase in
hardiness.

Discussion

The indixidulal growthi arnd hardiness valuies ob-
tained ini this experiment are not to be taken as
constanits for this variety of cabhage. They' will
depend oni thle growving conditionls. c.g. the pot size,
minier-al nuitrition. spacing of l)ots. etc. Since all
measuiremeints were m11ade onl p)lalts grownl unilder
identical conidlitiols. they (1o permit aln analysis of
tVe relatioln of -rowth to hardiniess. The following
is the milost obviouis explanation of th-e increase with
leaf nulimber in thle m11aximumli11i hardiness attained.
Dlue to the ear-lier age at which hardening cotim-
miielnced, and tile plarallel inlcrease in life span w%ith

rable III. r,rozwth of Control Unliardencd Cabbage Leavcs and oj Correspon1dingfj Leaves Exposed to the Hardening
Teicpraturc FIromoi the Initial Hardening, Day 43 to Day 30 in Bethl Ca.ses

Q2, , calculate(l for- ani average temlperature of 200 for the unhardlenled planits (12 hr 2,5, 12 hr 15;). Growth
stage 2 is the straight line i)-)rtio)in of the S-shape(d curve.

Growth
stage

3
2-3

2
2
2
2

1-2

Growth from day 43
to clay 50

unihardened hardened

10.5

17.2
30.0
44.0
52.4
51.2
35.3

C..12
5.7
7.3
9.7

15.4
17.2
15.5
8.0

Unhardened

hardenied
ratio
1.8
2.4
3.1
2.9
3.0
3.3
4.4

1.5
1.8
2.1
2.0
2.1
2.2
2.7

Leai No.

7
8
9

10
11
12
13
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Table V. Growc,th of znhardened Cabbage Leaves Just Before Expo.suire to Hardeninbg Temperature
Plant age was 43 days

Growth rate Frost killing
Leaf No. Leaf age Growth rate Leaf area per unit area temperature

days c1m12/day C1112 per d(ai deg
5 28 0.2 45 0.004 -3.0
6 25 0.7 59 0.012 -3.5
7 22 1.7 70 0.024 -4.0
8 19 3.3 74 0.043 -4.0
9 16 5.2 68 0.075 -3.0

10 15 7.8 58 0.130 -3.0
11 12 8.8 37 0.226 -2.5
12 9 5.6 15 0.373 -2.5
13 6 1.5 3.5 0.450 -2.5
14 3 0.4 0.5 0.800 -2.5

Table VI. Relationt of Groewth anid Frost Hardiness to Leaf N'o. After Hardeninlg for 24 Ilouits at .50
Planit age was 44 davs.

Growth rate
per unit area Frost killing Increased

Leaf No. Growth rate Leaf area temperature hardiness

e1in/dav C11m2 per day deg deg
5 0 44 0.000 -6.0 3.0
6 0.3 59 0.005 -7.0 3.5
7 0.45 72 0.006 -Q () 4.0
8 0.9 78 0.012 -8.0 4.0
9 1.4 71 0.020 -8.0 5.0

10 2.2 61 0.036 -9.0 6.0
11 2.4 41 0.059 -10.0 7.5
12 2.2 18 0.122 -6.() 3.5
13 0.8 4 0.200 -3.0 0.5
14 0.25 1 0.500 -2.5 0.0

leaf number, the period exposed to hardening condi-
tions also increased with leaf niumber. Thus. the
lowest leaves died a few days after hardening com-
nmenced and, therefore, hlad little time to harden.
Whereas, the eleventh leaf remained alive for 57
days at the hardening tenmperature. Btut the growtlh
rate just before exposure to the hardening tempera-
ture, and also the subsequent amount of growth
during hardening. also increased wvitli leaf number
and, therefore, with the maximum hardiness attained.
This is the opposite of what would be expected if
growth were antagonistic to hardening. On the con-
trary, growth appeared to be essential for hardening.
since little hardening occurred in leaves exposed to
the hardening temperature after growth was com-
pleted. This prevention of hardening may be due to
senescence. But senescence cannot be involved in
the actively growing leaves, and these showed an
ability to harden which paralleled their growth rates
at the time of exposure to the hardening temperature.
Maximum hardening occurred in those leaves which
were at or near their maximum growth rates when
exposed to the hardening temperature.

The Q1f, of 2.0 to 2.5 for botlh the total growth of
the first week of hardeninig and the growtlh rate
dturinig the first day of halrdeninlg proves that the
sole effect of the hardening tenmperature is on chem-

ical reaction rates. since this is the normnal valuie for
chemical reactions. There is, therefore, no evidence
of an additional decrease dlue to a reversible de-
naturation of enzymiies such ias described by Braiidts
(1). This agrees Nvith direct nmeasuremiients of free
and masked SHIgroups of proteins (Dear aind(ILevitt,
un)published).

The fact that the leaves continiue growving while
hardening, proves, of course, that growvthl atnd hard-
ening (are not necessarily antagonistic. The decrease
in growth rate whichi occurs at the lowv (hardening)
temperature may, however, be necessary for har(lell-
ing. Thlus. the mlaximu1lml area attained Nvas less
when part of the growtth occurre(l at the har(leninlg
temperature thani in the unhardened conltr-ol leaf.
On the other hand, the greater the fraction of the
leaf's growtlh that had not been complete(d heni
hardening commenced, the more hardy the leaf be-
came (Fig. 1). This indicates that maximutmll hard-
ening is possible only if the leaf completes the imlajor
part of its growth at the hardening temperatture.

The increases in hardiness as a result of the brief
(24 1r) hardening periods provide even mlore dra-
milatic evidence of a direct relationl between ability to
har1denII and1(1 gr1oXCWtIh ra,Lte aIt thle on sCt Of harLIdelling.
In bothi exl)erilents, the v-ery Nlounigest (and small.ll-
est) leaves were exceptions. This may mean that
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only growth dtue to cell enlargement is directly re-
lated to lhardenini, anid that grovth due to cell
livisioni is inversely related to hardiness.

Howr can this direct relation between g-oxvth
rate and hardeninig potential of cabbage leaves be
reconciled with the fact that normal hardening of
perennials in the fall occurs in the complete absence
of growth ? It seemls obvious that the hardening
process must require some factor common to both
the growing cabbage leaves and the non-growing
perennials which harden in the fall. A clule mav be
provided by the fact that both RNA and protein
synthesis increase during the fall in the non-growing
perennials, and that these increases parallel the in-
crease in hardiness (4, 5). In the case of the cab-
bage leaves, ability to harden paralleled growth rate
during hardening and therefore metabolic rate in
general and protein synthesis in particular. It is,
therefore, proposed that those growing plants or
organs which, unlike cabbage, cannot harden if ex-
posed to the hardening temperature must cease
growth at this temperature and, therefore, their pro-
tein synthesis is reduced to nothing more than turn-
over or perhaps less.

The concept on which this explanation is based
is as follows. Proteins synthesized at normal, grow-
ing temperatures are aggregated irreversibly by
freezing. Proteins synthesized at low0 (i.e. lharden-
ing) temperatures are less readily aggregated, and
the lower the temperature of their synthesis, the more
severe the freeze necessary to aggregate them. The
ability of a plant to develop frost resistance at low
(hardening) temperatures depends on its ability to
resynthesize its proteins at these temperatures. On
this basis, wve cannot generalize that growth and

frost hardiness are always inversely related. Grow-
in,g plants are unable to develop frost resistance only
if their growvth and active protein synthesis is brought
to a stop by hardening temperatures. Non-growing
plants are able to develop frost resistance only if they
can develop an active protein synthesis which is
tuncoupled fronm growth at hardening temperatuires.
In short, a net protein synthesis at hardening tem-
peratures is postulated to be the sinie qua nont of
frost hardening; and if it occurs the plant vill
harden whether or not it is growing.

This concept does not necessarily apply to all the
plant's proteins. It miiay conceivably apply only to
a fewr key proteins, which due to their high content
of hydrophobic groups are more likely to be denatured
extensively at low temperatures (Brandts 1967).
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