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TIntroduction.

The annual loss that results from the injury of cultivated
plants by low temperatures is great, the effect being spread
over a wile range of territory. In localities where the mini-
mum temperature is seldom below zero the injury is frequently
as severe as in the more northern areas, This m:kes the problem
of ascertaining the cause of the killing of plant tissue by cold
one of general interest and imnortance. 1In these investigations
a study was made of the relition of anatomy and bound water con-

tent to the condition termed hardiness,
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istorical.

Theories regarding cause of Death from freeczing.

There have been many theories advanced to account ror the
death of plants resilting from low tempmerature. The first of
these was the opinion of Duhamel and Buff n (15%), that death
was due to the crushing of the cell wall oy ice formation,.

This was disproved by Goepvert (168), Sachs (48), Mageli (38),
Viegand (56), and others, as will be shown latser.

MﬁllerbThurgau {(36) held that the cause of death was
water withdrawal from the cell and ice tormation usually in
the intercellular spaces. <Wiegand's work (56) supoorted this
theory. In the light of more recent investigations this must
be broadly interpreted to include such secondary effects as
would in some way change the character of the cell contents.
Molisch (35) agreed with this broader internretation of xaller-
Thurgau's hypothesis,

Gorke (19) advanced the theory that death from freezing is
due to "salting out" of proteins. The removal of witer from the
cell causes increased concentration of the cell sap, and pro-
teins are vrecivitated much as from strong salt solutions in
vitro. Schaffnit's results (50) supported this exmlanation.

Gorxe (19) noted increased acidity in the sap upon freezing

and thousrnht this might be a factor in nrotein nrecinitation.
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Harvey (25) noted tiorke's observition; accumul:ted consid-
erable data, ani concluded that increised acidity is the cause of
protein precinitation.

Rosa (47) considered nentosans (hot witer soluble) to 2e an
importunt fuctor in protecting plant cells and tissues "rom water
loss. Ilook=r (27) and “ewton (J9) give evidence in support .f
this theory.

Chandler (11) writes: "The treory thrat the discrganization
of the orotoplasm is a mechanical injury caused by the pressure
of the ice mass seems to explain more of the exparimental results
with the freezing of plants than does any of the others". Ve

admits, however, that the proof of this 1is not conclusive.

£vidence on Vater lLoss and Ice Formation.

wany investigators have observed water withdrawal from the
cell and subseguent ice form~tion.

Kaller-Thurgau (36) pointed out that the loss of witer Trom
the cell when ice tormation commences is very rapid at first,
becoming gradially slower. It ceases whnen there is ecuilibrium
between the force.of crystallizetion and imbibitional “orces nlus
osmotic pressure within the cell. ‘or annle tissie he give the .

following witer losses at stated terperatires:-

Temmerat are, % Total water “rozen out,
-4.53C, 62.8
-8.06C, 72.4

-15.2°C, 79,3
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yller-"hurzau 2lso found that ise “ormation us:2lly occurs
in the intercellular sonaces. Ice i1 not begin to form at all
points similtuineousl;y, but wuter roves from adjoining or neuroy
snaces to ooints at which ice forration commences. .ven when ice
mass becomes so large that the cells are torn away from each
otter, they may not be killed. Sachs (48) and Molisch (35) noted
ice formation as chiefly confined tc the intercellular sraces,
al thourh it occurs within the cell when the temperature fall is
very rapid,

wiegand (56) agreed with ;ﬁller—:hurgau. lie observed that
ice vomms in proad prismatic crystals perpendicular to the ex-
creting surface. .t -18%;. to -25%:. the cells near the ice rass
are, in certain cases, in a state of collapse but uron thzwing
re-absoro the water and resme treir ncmal condition., Fe re-
ported ice firmition in twigs and buds of vooly species in win-
ter as taking place chiefly within the intercellular srices. Ice
is at times found within the cell. ‘he spuces between tre oud
sciles were pacwed with ice erystals.  Jorsey (14) also renorted
this condition in niim frait buds, noting that trere is no ice
in th= space acove and around the floral narts, between them and
the bud scules.

id.ms (1) working with moist seed ovserved conditions of
witer wit hdraw.l and re-abscrption simrilir to those previously
mentioned., ie stated, as did Wiegand, that if the tissue is

x1lled no re-absorption of wuter takes places
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Greeley (23) found that water is extruded from Spiromyra
cells at 1 to 2° above freezing ani a condition similar to
plastolysis is brought abouat. . orvhological chvmyres similar to
plasmolysis are produced at will by lowsering the temperature.

Wiegand (57) advinced two treories to azcount for cellular
water loss on freezing. Jhese were: (1) Extrusion (2) Attraction.

The #£irst theory is based on the supnosition that the cell
gives uap water at low temneratures by contraction and sgueezing.
This condition miy ve dus to change of permeavility as (Csterhout
(42) has shown that freezing, among other asrancies, gre-tly chanres
c2ll1lar nermeanility. ‘Jiegani favors his "attraction theory" as
the more wnrodtusle exnluination. Te considers a fil~w of pare witer
to be alrering to the ovuter cell w:ll, around the intercellular
spaces. “he cell wall ani cytoplasm contuin wiater of imoibition
while the vacaole contains a water solation of vaurious substances.
The oater Uilm of witer freezes first. The wnole sistem wis in a
stute of equilibrium and to restore this witer is drawn from the
cell walle .“he litter draws on the crtoplasm and the c toplasm
taxes {rom theivacuole. Water exchange goes on until the force
of crystallization and the rorces within the cell are again in
eguilibriume ™0 more witer freezes out until the temperature is
loworeds he forces holding water in the cell pecome stronger as
the amount of water is reduced and less water is frozen out at
each dezree of lomring of temperature. This agrees closely with
Msller-Thur“au's findinrs with amle tissues iegund also states
that the *orces withholding water from freezing are dependent on the

witer content, and inversely pronorticnal to it. 1in plants with



high water content the surface film is thickar and therefore, more
weaxkly held against freezing. e thou.nt thiat, in suaccilent tissues,
a large nart of this water is withdrawn at the initial freezing.
vdller-Churzau (36) and Toigtlander (55) cooled tissue well
below the temperature at which it killed. ‘/hen the tissue was
warmed bacx without ice fommation, no d'mags ozcarred. Jright and
Taylor (59) proved this to be trus with potatoes, and reported that
where ice fommation occurs vefore warming, t:pical frost injury
appearse. Jith woody plants ice fommation ould occur well above
the 1eath point.

Chandler (10) stated thut leaves of tender nlants whose sire
faces ire wet, kill much rore severely than those which are dry.
Harvey (25) demonstrated that cabbags leaves cooled below the
freezing point may oe causel to freeze internally in snots by
droplets of water on the surface freezing ani inoculating the
tissae directly .eneath them. Injury is greitest at the point on
tha leaf where crystallizution sommences. Tnis agrees closelyr with
certain findings of Kaller-fhdrgau and Jiezand given previously.
Harvey (26) also dermonstrated with ('inereria, :mchiveria anl other
plants the imbyortunce of wixy or hairy coverings in preventing the
inoculation mentioned above. !'Indercooling to =5 to -6°C. can be

attained without injury, when these coverings are not removed.

Ice Pressure iiffects.

It will be recalled that under "ice formation" mention was
made of the work of Wiegand, Maller-Thurgau and others, reporting

the collapse and pressing out of snape of cells or groups of
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cells by ice pressure. (ells might be torn from each other and
still return to normal on thawing, if death had not ensued.

Chambers (9) stated that the cirtoplasm of the egg of some
marine animals coagul.ites with ease on mechanical injiury. Com-
pression often caises the whole egg to coigalate in a solid mass,
although continuous gradual pressure is much less harmful than
short, rapid avnlic.ution. Injury is accompaniedl by swelling and
an increase in acidity of the part involved.

Bancroft (3) quotes ihrenverg's opinion that the coagulation
of colloidal solations on freezing is due tu the pressure of the
expaniing ice.

Veith (29) carried on wmorx with 5acillus coli held at low
temp:-atures in water. At =200C. most of them are killed in five
days and all are dead in a few wesks. If during freezing the ice
is xept worked into a looss mass, & large percentage of the bacter-
ia remuin alive tor many months at -20°0, :any survive over a long
p2riod when 40 ani 455 glycerin is added to the water,

Dorsey and Strausoaugh (14) studyring flower buds of the plum
that had been killed by freezing found that the nlasma rembrane
of the cell shows as a dense spreading smudge of stain. In the
case of sections similiarly treated, but killed by laboratory
reagents, a distinct limiting memorane is observed. !m many of
the cells xilled by freezing details of the nuclear orginization
are comoletely obliterateds The authors stite, "It is apnareut,
that the killing of the embryonic buis by low temperature brings

apout fundamantal changes in the cell organizition, varticularly

in the nucleus",
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Differencas between Fardy a-d Tender Tissues.

Considerable data are available dealing with differences
between tissues of varying degrees of resistance to low temper-
ature, either measured or stated from observition. Yhese differ-
ences may be of water content, rate of water loss, s-.p density,

carbohydrate chan_es, etc.

water Content and Dry Matter of issues.

Baiike (2) gives the following percentage of water (average

of 17 varieties) found in a»nple twigs at various periods.

3

Period. v _Jater
Do rmant 44,765
2ud Swelling 52.56
Blossoming 64.19
Summer rowth 58.92
wood -«inening £2.55

Chandler (10) could find but sl ight differences in the witer
content of the cortex of <lberta peach anil Jonathan gple stems
from rovembar to iray, nor were the differences consistent.

Johnson (28) renorts a marked seasonal increase in water
content of peach buds in [aryland, the increase being parallel
with the increase in tenderness of the buds towurd spring. Ureens-
boro, a hardy variety, has a lower percentase moisture than :1-
berta, a more tender variety.

Crandler {(10), Potter (46) ani carrick (8) report that apple
roots which are allowed to absorb moisture suffer somewhzt more
injury oy cold than unsoaked roots and much more than roots which

are dried.
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Yiesselbach and 2zatcliff (30) foand freezing to de:uth of
sced corn is directly pronortional ty the moisture content and
duration of ex)osure. .hay also noted thit the temperature at
which ice formation commences depends largelvy on moisture zontent.
With 60 to 807% w:te-, ice forms just below 32"p,, while with 187%
moisture in air dry seed, no ice is formed at -10°m,

2osa (47) found & greater percent: e of dAry matter in hardy
than in tender plants. Jhe differences 4o not parallel the xill-
ing temnecratures, h.wever, and are small in many c.ses. _‘he Tollow=-

ing table compiled from his data for cabbave nlants shows this.

TABLE I.

Tretment % dry mq&igzi_* “eligtive hardiness,
Greenhouse plants 9.38 “illed at -4%°', in 2 hrs.
not hardened 10.52
¥inimaun moisture. 9.22 “ninjurel at -421. in 2lhrs.
greenhouse 10.9 " " <377, in 2 hrs.
12.8 " " -5%, in 1 nr.
Tn cold frame 3 wks. 15.25 $1ightls injured at =697,
in 2 hrs.
o
Compost ¥,/10 7avo, 9.31 S11g:tly injired at -6 7,
in 30 min.
Sand ¥/10 Yavo0 6.52 (¥illed 2t -6°'. in 30 min.
S (Mot injured .t =397, in
30 min.

It woa1ld seem that in the last two cases shown in Table !

the percontage of dry mutter Is not the important factor.
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Schaffnit {50} reports the amounts of dry matter in wheat
varieties in direct proportion to their xnown hardiness. Gorxe
{19) states that more hardy plants have a greater percentage of
drv matter.

Lany other guotations might be given showing increased dry
metter content for nardy varieties, 1t would anpear that high
percentage of dry matter may be correlated with hardiness but
other factors may have as great or greater imnortance in enavling
a plant to withstand low temnerature. ..0st of the data deal with
different varieties and not the some vurliety in a hardened and
tender condition. iay 1t not oe that water content and not dry
matter is tre immortunt factor?® Thus the amouant of witer mayv in-
creass in wocdy plants as thay .ecome more tonder nut it does not
necessarily follow thut the astaual mouant o€ dry matter chiiw-es,
altno it would iecrease when measired as nerzentage of green
weight or ratio of water to total solidse.

Srhandler (10) concluded after exnarimenting with a nuaber of
tender olants ani fruits of the neuch, when in both a tirgid and
a wilted condition, that wilting d4id not increase cold resistance,
exc:pt in occasional instinces. Slow loss of water in dormant
peach buds incre.sed resistence to low temperatures It is pointed
cut, however, that tris is entirely different from rapid wilting,
in that the slow drying nermits of changes other than a decrease in
the arount of water. However, It is problematical if any changes
would occur at the low temperature prevailing,

Beach and 'llen (4) found that 4r. ing apple twigs before freez-

ing lessered the injury. Salmon and Fleming (4%) working vith
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greenhouse grown cereals found slichtly less injury in vilted
than tarsid plants.

Irmscher (58) showed th.t drying any of the species of rmoss
he usel increases theilr resictance to cold.

Wiezond (57) considered thut the grecter the witer content
of plunt tissue, thre thiczer would oe the Uilm of water on tte
sarfaces of the imbibing substance. Therefore, the force by
wnich the outer larers of this film are held would be wearer,

hence more easily withdrawn to form ice.

Rate of .Jater Loss,

3each and “llen (4) found that in generzl the wood of the
hardiest varieties of apples was more resistant to water loss than
more tend:r varieties.

Straasoaugh (51) reported that semi-hardy varieties of plums
have a fluctuating moisture content in twigs and buds, ~hile the
w ter retaining vower of hardy varieties is const:nt. During
warm periods, (practictlly never above COC.) the buds of seni-
hardy varieties increase in water content while 2t a lowering
of temperature the process is reversed with equal ranidity, Dufs
of hardy varieties have a ne..rly constant water rontent. 7This
was further demonstrited by drykp twigs with ouds attached, over
sulpharic acid of various concentrations. The tests covered a
period from Yovember to larch.

3oswell's (5) worx shows a faster rate of dehydration tor
tender than tor hardy plants.e Hardy tomatoes lose water at a

slightly more ranid rate tran tender cabbage.
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Preezing Point Dovression of Sap.

Lewis and Tuttle (31) ex:mined leaves of Picea canadensis,
Linnaea, Pyrola and bark of Populus. There is but slight diff-
erences in sap concentration from Cctober to ‘pril, the maximum
occurring in arch after cold weather is past. Harris and Popenoce
(24) found th:ut the hardiest species of avocado have the lowest
freezing point depression,

OChweiler (4s) investigating the results of a late Spring
frost at thre lMissouri 3Botanic Girdens, concluded that in the ma-
sority of cases plants with the greatest sap concentration suffer-
ed least, altho there were many excentions.

Vewton (41) could find no relation between tre “reezing noint
depression ani resistince to cold of vwheat varieties. Salmon and
"leming (49) came to similar conclusions using oats and whe't.

Rosa (47) gives data on this sabject similar to that here-
after quoted from Thandler. ¥Fis 4iffecrences are guite large out
the lowest freezing point of any of his samplecs of cuovage or
tomatoes is that for medium and hardy lots of tom:toes. These
killed at -ZOC., a higher temperature than any of the cubbnrpe and
only slightly different from tender tcmatoess Differences within
a lot of similarly treated plants were freguently as gre:t or
greater than differences between different lots.

‘Chandler (10) and Harvey (25) found a lower freezing point
for expressed sap of hardy than for tender plants. Table 11I.
taxen from Chandler shows some of the variations of freezing point

of sap in relation to temperature injury. Ye subjected plants for
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24 hours with roots in solutions of strengths mezsured by the

freezing point noted.

4215 11

(Crandler (10) pn. 167.)

Leaves..
L killed &

o % partially A

Treitrent. Temn. . xilled zilled

Tomato,
Glacose (.450) -3 65.0 67.6 .785
Cane Sugar (.445) -3 83.3 88.3 .925
Glycerine (.430) -3 72.8 88.5 1.070
Witer =3 100.0 100.0 « 700

fabbare
Glucose (.44) -4 100.0 100.0 1.190
Cane Sugnr (.77) -4 100.0 100.0 1.230
Glycerine (.66) -4 66.6 6646 1.270
Water -4 66.6 6646 1.080
Cane suger (.677) -3 0. 25.0 . 652
Glycerine (2.820) =3 00. 35.0 .728
Water =3 20.0 J 65.0 . 507
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There is considerable difference in inj'ury to plants from
tre same solution but subjected to different temperatures. How
ever the extract given in Table 1I. is fairly representative.
from Tavle 1I. one would conclude that altho the freeszing point
mey vary directly as the temperature reguired to kill, yet this
relation is incidental. Other factors than those which make for
hardinesz, have a greater influence in some instinces on the
depression of the freezing point.

7iegmd (57) considered sap concentration of slight importance
and then only at the inception of freezing.

Rosa (47) states "It may be said that the apparent increase
in osmotic ccncentration of the sap in plants on hardening is
merely ce-incidental”.

The findiurs of “arricx (7) are rather indicative, ecpecially
from the stundpoint of studies with expressed siup. I’'e reports
that the freezing point of exrressed apple-fruit juice, measured
with the .eckmann apraratus, was significantly higher than the
freezing point of the cell san as determined within the normal

unfrozen apple by trhermo-junctions.

Acitity, Carbohydrate and Protein changes on hardening.

norxe (19) suggested that sup concentrution in freezing acted
on the protoplasm and nrecinitated the proteins. HYe reported pro-
tcins precinitated from Begonia sap at -3° while -40° w.s required
to vrecinitate them from pine neelles. He also noted increased
acidity on freezing exvressed sap. Schaffnit (50) in his exreri-

ments with rye could not precipitate protein from hard; nlants.



at tke higher tewmperature which will precinitate proteins from
the sap of tender plants. PFurthermore he could nrevent nroteins
being precipitated from the expressed juice by the addition of
small guantities of sugar. ‘‘he conclusions wsre that starch in
hardy nlants changes to sugar on the annrcazh of winter, and
protects the protoplasm from changes similar to protein precip-
itation.

Polarxova (45) dezlt with 14 Ribes, 10 lLonicera, 11 ‘cer
also .~voeris, ‘melanchier, anrndi Corylus. “hose snecies in which
a large nroportion of starch is transformed intc sugar at tre
a-nroach of winter manifest profouandi dAom=zney. 7The relntion of
the instensity of winter dormancy to cold resistance, as renorted
elsevrere Tor olums, is shown only in -ibes. Illelativeiw ~0ld re-
sistant species have a nrofound dormancy.

Tidforss (32} found with evergreen plents in 3outh Sweden that
most of the starch is chanzed to sugar in cold weather., Starch
ag2in arpe:rs on the return of warm weather.

1iller-"hargau (36) Michael Jurand (34) and other investiga-
ters have noted tre accumulation of sugars in plants on the approzch
of winter.

Jorseyr arnd Strausbaugh (14) found chiefly protein substances,
fat ond dextrin in plum fruit buds in winter.

Rosa (47) showed that total and reducing sugars increase in
hardened plants, seing greater in cold frome hardened than those
hardened by otrer means. The incrense ju 8UF.uTs is ereater in

csboase and lettuce than in the tomato. “e surs, ""here is no 4i-



rect evidence thuat the aocsolate grantity o sigars vresont in a
plant is directl;y related to its c21ld recistance”., In lettuce,
cauliflower and carbarme the amoint of tottl »nnlrrsacnhirides is
slightly less in hardened thuan tend~r nlants, the lecrense boing
4 e tothe reduction in starch. Jith tcomatces tre- skow a lorse in-
crease in the hrardened nlants due t> starch nceomulotion, osn
noints cut this larzor accmal tiom of starech as on indication of
differen~es between vlants which cu pe hiariened and these vhich
c:mnote le st.ted, however, "It aprears probiole that an increused
sugzr content in hardencd plunts is more likely one of the mani-
festations of the condition of beins h.rdy then a direct cause of
cold resistance™. .i0sa also found ‘nereased ventcosan content (hot
weter soluble), in rlunts which h 4 bsen hardened but his cnulytiesl
metheds, as he statedl later, wore unsatisfoctory, thoarh considered

the bost at that t

[y

T
tiooker (27) and .ewton (39}, ucing ocsz's method of analisis,

found rentosan content to inere se In the hardier parts of apple

wood anl in more cold resistant viariastiec cf whett,

Hervey (2F) in his work with ~aoburs, stated that the asidity
increa~es greatly on freezing. e rracinitated a much gredter per-
centage of protein from the exnresscei sap ¢f tender thun of hardy

o
cabbage, both by freezing at -4 O, for two hours and treizting with
sulphuric azii sificient to inzrease the acidity eyl to the in-
eressa gaused b- froezing at -3 . e conclidad that the increaced
acidity caiases protein precipitaticn and deaths "arvey alsdo found
an increace in the 7mino nitrogen in hardenz2d rlants and comsidered
this a simmificant resalt of the hardsning vrocess, indicating 2 reuscn

5r non-precinitation,
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Maximow (33) froze trin sections from the unper side of red
caboage leaves and 'radescantia in vnure water and solations of
various substinces. The sections were placed in the solutions
and immediately frozen, as it was found this gave as much pro-
tection as when they were soarxed in the materials previous to
freezing. Some of his results are sriven in the following table

texen from “handler (11).

SARTS TIIT,

“reezing Temperatures of sections of Maobuge '.eaves.

Yinimum tarmn,
viiterial in hi

p——__y

‘ (B
QD
3
)

3
(»)
S
D

3
=
o
(2
g

| 10’
-+
lio
[l
2

L]

Pure witer -5.87C.
Glycerine 2 conc -2200.

3luacose 27 " -3200.

1ethyl “lzohol 2.7 conce -11.1 to-17.3°C.
Tafl 27 conce -329¢C,

“ally 277 con:. -22.0 to -32°cC,
Tarvo, 1M " 17 SOF

P - 3 .. had . ‘e

M0y 1" -7.8%.

Sodium Cxzlate 1 conce -5.8 to -7.8°C.
Potassium " 17 ¢ ~7.8 to -11.19,
Exnreszed .ed CubLase Jap -11.1 to-17.3°7,

0
" ani 30iled Red Cubdbare 3ap -11.1 to_17.3 C.
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Gt

The Tigires are interestii,- ver iz2 of the fact th.t sove
sabstaices which would «ill the tlssiae at tarparatires Gbove

~

freezing gave proteztion eguul to thut aftleried 5y glazuse i

othar sugars not shown.  -oth Scenuf-nit (80) anl midforss {I2)
consiidered that sisirs nrotect asainst saltiw: out of oroteins,
The san of the c.tvace exhibitel a distinet nrotective action
wrich does not el wthsr wyoree with findings of furvey (25),
for the acidity must hive been high. Joxic action is apparent-
1y gre tly reiuced by low temprrature,

Vass (54) found a protective action exhioited by dextrose
anml glycerine bacteria. !le concluded, as did llaximow, that the
protective action was due to ths xeeping of a film of unfrozen
water in cortact with the outer luser of the nrotorlasm, not

therefore to any direzt effect on the orotonlasm or cell con-

tents.
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Cbiects of uxneriments,

The 2im of this work w:s to ascertain the effect of the har-
dening vrocess on the hydronhyllic c¢olloid content of the sap and
gross anatomy of certain plants. “re froezing noint of exnressed
sap, rate of tissuae dehydration, perceiture of solids ani water
in sap and tissaie were studied in their relation to xilling tem-
prratare. 'ha uze tproughout of plants of liwe variet;r «nd con-
dition with controlled methois of finling cold resistance render
tre investig.tions mo=e valuidble.  he objezt throurhout was to
aid sometning to the avallavle inform:tion on c0ld resistance in

plants,
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Vaterials.

Cabbage was used to renresent plants which could be hardened
to withstand a fairly low tempsrature. The tomato, the other
plant chosen, can be grown so that it is to all apnearances very
hardy, yet it will survive temneratures but little below o%c.

The work here renorted w.s carried on during the samers of
1925 and 1926, "~he plants used were uniform in vigor and size be-
fore underzoing treatment and were of the same age. All were
grown in outdoor cold frames, coverel only when protection from

rain was necessary.

1925 .xvneriments.

Serieg A,

A good loamy soil, except lot 4, reaction rendered 4istinct-

ly alxaline with Ca(0H) 5.

Lot 1. >lants watered freely. Tender

Lot 2. W7aterad only enough to prevent wilting. .Jell hardened.

Lot 4. The s0il was pure sand to which had heen added a very
little of that used for other lots in this series,
"lants watered freely.

ot 5. Ten days before being used plants wrre tarxen trom Lot 1.
and given an application of Yaﬁos, one gram in R0 c.c.
water to each 4" pot. This was repeated in five days..
The result of the first anplicution was eviiant in two
days and plants at the time tested were succulent in

apoearance.



Series B.
Soil similar to A. excent thit it pgave a slightly acid re-

action. Soil test pH 6.2 to 6.7. (soiltex).

Lot 1. Plants wateredl freely. lenier.

Lot 2. Jatered only enouzh to »revent wilting.

1926 .xnerimant,

All pliants were grown in so0il very similar to that used in
1925, being nearly neutral in reaction. Five inch pots were used,

and both cabbage and tomatoes treated as follows.

Lot 1. Plants watered freely.
Lot 2. Hardened by withholding w=ater,

Lot 3. 2ot bound. ‘Water supnlied freely.

- e

Tests of xilling temperature were carried on in a four-
chambered "rFrigidaire" freaezer. It wis very easy with this ma~-
chine to lower the temperature gradually and steadiily.

At the start the temperature was at C°C., or just below. Four
pots were put in each compnartment. ' ‘he temnerature rose at once
to around 5°C. due to the heat from the plants, soil and nots.

In from 1 to 2 hours it was down to the starting point. In 1926
the temperature was lowered 1 to 2%, every hour. It took there-

fore avproximately four hours to reach -39, at which point all



point all the tomatoces had succunped. The cabbage plants were
frozen slightly faster, as their minimum temverature of -790.

wis reiched in five hours. <'he temmerature in 1925 was lowered
more slowly. It does not seem, however, that even the tormer low-
erings wouald be considered excessively ranid freezing. 20ssibly
the differences in Killing temprratures would have been greater
had the fall been less rapid. Chandler (10) points out the great
injury even to dormant buds and twigs by a very rapid lowering in
temperature as comnared with slower fall., e lowered the temper-
ature to -20%:. in from 1 to 12 hoars with ranid freezing, while
in slo™ freezing 7 to 10 hours were reqgiired to reach that temper-
ature.

Readings were taken every J0 minutes, plants veing removed
from the freez2r at each reading, starting when the leaves ~irst
becime stiff. They were exnosed for ooserv:ition of injury at room
temperatu-e, 21 to 2706., out of direct sinlighte Hulf an hour
was usually safficient to oring out any injury.

A part of this work consisted in a study of the anatomy of
the plants used in 1926. 'he object was to determine such gener-
al differences as might exist vetween different treatments and
correlate them with cold resistance. The stem between the second
and third nodes, leaf petiole, and middle part of leaf blade were

selected for sectioning. The parrafin method was usedl throughout.
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groand, weighed, cut into ine niezes with a xnife and tho-on;-hly
mixed. A fifty ¢gram samole was taken for rate of denrdration de-
terninationse. Another portion was put in a tihtly corked »ottle,
ani saspended in an ice and salt mixture, at -18°0. “he containsr
with the freezing mixture wis insulated from room ternrature with
hair felt bpetween it and an outer vessel. .11 samples ware taxen
in the late afternoson and left in freezins mixture until the follow-
ing moming. <“The bottles were then removed, washed clean, dried
any the contents thawed by placing the bottle in warm water. .o
moistare was lost from the tissue pefore pressing, altho it was
wet and soggy. After thawing the material was pacized in a clean
steel cylinder and immedia‘ely pressed in an hydraulic press.
Pressure was .ua»nplied ouly fast eiough to kxeep the sap dripning,

this oneration takxing from 15 to 25 minutes. "'he 1926 sarples

(¢

crl

pde

were wtoped pverore placing in th nier in undleached mmslin,
which had pbeen boiled several hours in changes of distilled water
ani thorouchly driei. in 1925 a nressare of four tons, anid in
1926 one of 16 tons to the scuare inch was uced. he roasidue in
e2zh case was dry to the touch.

The expressed sup was at onze cantrifized for ten minutes at

1500 r.p.m. to remove deoris. _‘he 1li:zuid remaining was zept at a

terperature close to ¢%c. antil used.



The remzinder uf the procedare ani ap-aratus used for es-
tinating hydr.ohilic colloids w:s as used by "rist (12) pp. 15,
15, followi.g th2 methods of Gortner and his co-worxars, (20),
(21), (221, (40).

The sarnles of tissue for dr:'ing ware pat in 600 c.c.
beax2-s in an electric oven held at 90°C, eirhts were t-ien

at stated intervids.
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L3 1T,
“11ling “emocrature, Freezing “oint Jepression of sap and

Percenta~e Water in the Sap and Vissaie of "abbage ani “omatoes.

2 water in
[X Zxpress- (ven dried

Lreatment ¥illing Temp, ed sap tissue
CABBAGZE. 1925 oc,
Jatered freely
Alxaline soil 1 hr. at -5to=5% | .747 93.6 88.2
Slightly ecid soil [ 1 » =5 .815 93.2 86.8
Jotered sporingly
Alxaline soil 2 hr. et -6to-7 .834 94.1 90.0
Slightly acid soil | 1 ™ "4 to-6 | .883 94,1 90.0
Poor soil 1! hr. at -6 .806 | 93.4 10N
Treated with Va0 | 1 " ™ -4]to-5{ .980 95.5 [ 83.0
i
1326
Watered freely L hr. at -5 766 95,7 ’ 88.2
Yatered sparinly Lo 27 .896 90.3 | 83.0
ot bound Lo 5 .843 92.5 : 81.2
l
TCLATCLS 1925 |
Vatered freely
Alxaline soil * hr. at =3to=3" | .610 94.9 88.1
Slightly acid soil | 1} " n =2 653 94.2 85.7
Wwatered sparinsly
Alxaline soil 1 hr. at =3% .83 93.4 90.0
8li; htly acid scil [ 1 " " -3% .900 92.1 86.3
Poor soil # hre at =3 624 95.0 90.0
Treated with YallOg [ 1" " =2} .780 | 93.1 86.2
1925
—————
Watered freely + hr. at =3} .620 94,6 86.0
Watered sparingly i noon 3L .880 93.0 4.2
Pot bound At .621 94.1 85.4




Zillivg Terperatice and freezing 2oi-nt Denvessions

Data in Table 1V. snhow that the frecezi«g point may vary di-
rectly as the ®illing temnorature but that it does not censistently
do so. The differences In the freezing point of expressed sap are
larger ovetween lots of tomatoes than lots of cavbage yet the former
had ne-rly equal xilling temperutures. The lots treated vith sodium
nitrate nroved the most tender, but the cabbare so trezted huad the
lowest frecezing point of any lot. The freezing point was alwayrs

higher tor plants grovn on acid than on alkaline scil.

Relation between ¥illing Temperature nnd Percentaie of Total Inter,

Instances cun be found in Table IV. in wrich the percontace
of total water drops as the xilling temneratare lowers. This is,
however, the excention with cadbtares Tomutoes show this lowering
of wuter content consistently for lots »hich would b2 hard; in
plants trat can ve indi-ed to resist temper-ture lowering to any
dezree. Towever, tie tomatoes showedl very little :ifferences in
Killineg temnerature. There wus 8lso us gre.t a variati.n in w:ter
content among lots of hardy plants in different years or on differ-
ent soils as between lots receiving different treatments.

In the 1925 experiments the "freely watered" cabbaire hal a
lower water content than the "sparingly watered" lots. In 1926 tlris
wis reversed. Taxing all lots into consideration there is no con-
sistent relation between killing temperature ani percentacre of
total watere. Any correlation between the two, thren, would have
to be ccnsidered merel; incidental, at least as far as these exprr-

iments are concerned.
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2elation Between ¥illing Temneratare, 3ound Jater, andi
Percent e Solids in Juice and Tissue.

Treatmont.

CA33\% 1925

t-

watersl freelw

soil
acid soil

Alxaline
Slizhtly

watered smarinsly

soil
acid soil

Alxaline
Slightly

Poor soil
Treated with ITaIIO3

192

[e7)

Watered freely
7/atered smaringly
2ot bound
T0AT0LS

1925

Wutered freely

soil
acid soil

Alx :line
Sligntly

Jatered sparingly

Alxaline sovil

Slightly acid soil
Poor soil
"reated with alNo,

1925
watered freely
Watered Sparingly
Pot bound

Cxuliflower 1.
Cauliflorer II°

~T

5> solids in

3ound Exnress— (ven dried
“illing terpe witer ed Jiice tissue
Jtotal
On, water

1 hr. at -5to-5) 6.46 6.4 11.7
1" " 5! 6.09 6.8 13.2
1 hr, at -6to=7 4,50 5.9 10.0
1" " —4/to-6} 3.20 5.9 10.0
1L hr. at -6 2. 50 6.6 10.8
1 » n -4't0-5] 5.10 6.5 12.0
% hr. at =5 10.99 6.3 11.8
Froom =7 10.99 647 17.0
£ " " -5 3.45 '7.5 1808
;J;‘ hP. at -dtO—Z:’ 7.59 501 1119
1t nman 5.40 5.8 14.3
10 v =3l 7.20 6.9 13.7
L hr, at =3 6.0 10.0
1 n -2 5457 649 13.8
} hr. at -3} 7.45 5.4 14.0
L;' " " "3; 8.44 700 15.8
L o =3 6443 5.9 16.6
4/5 dead lhr.-8 6.5 5.9 12.0

dead 1 hr,. -3 9.1 6.1 15.0

# These nlants

were originally, I. tender;
had become badly pot bound before use.

11 hardy, out
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Bound ¥:itor, -1lling Temnerature and Percentace Solids.

The cabbage and cauliflower have a percentage of "bound water”
varying inversely as the killing temperature, with few exceptions.
Tomatoes show a greater percent:age of "bound" or colloidally held
water in "hardened" than tender lots, altho there is little or no
difference in kxilling temperature.

"Pot bound" and "poor soil" lots of cabbage srow a very low
percenta e of bound water, altho the xilling temperature is equal
to or greater than tender 1ots or those showing much ;re:iter nercen-
tages of bound water,

Plants treated with sodium nitrate were tender et the; showed
a relatively hi.her amount of "bound water".

These d.ta show chiefly a negative correlation between "bound
water”" and «illing temnerature, altho exceptions occur.

There i1s little relation between '"bound water'" and nercentage
solids in tissue anlil juice.

'Tne percentage of bound water is low throughout on acid soil,

as compared with that of plants on alkaline soil.
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Tioure 1.

———

Jehydrat ion 2f T&blbage Tissue.

- 0.
50 tm. swrples ut 95°C,

10 ¢

90

80

70 /C// P

60 /C
50 éf/,/////

40 14//,/

vl Cabbage.
// Tender
. 0 Pot Bound
<0 /f//.//
¢ o] 4
Total tf?xb’
water O
losto
& 1 1 2} 3> 4L 5, 6l 17% =22}

Time in hourse.



100
90
80
70
60
50
40
30
20
g4
Total 19
Water
lost, 0

13%)

Dehydration of Tomito Tissue.

50 gm. samnles at 950,

//',"l
/l’;‘
i
//l/'
/7
i
Hardy
Tender
Pot bound _——— -
1, anl
+ 1 1} =2t 3L 4} 5r 63 17} oo

Jime in hours.
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FPigure J.

Dehydration of Cabbage and “orato /issue.
50 gm. samnles at 95%,

100
90 ;j}

80 ’
70

2’ ///
60 ﬁ/;?’ /
V4 /i)/
50 / ?
/ // fabroae,
40 4{ 7/ sardy
/ Tender _ _ _ _ _ _ _ _
30 47(;‘7/ Tomato.
e 7/ Hardy
20 -~ ’/// Tender
/ 4 — -—
% 10 //’“ v
Total ,,/;7
Water 0 e —
lost.

1 13 2% 3% 4% 5% 6} 17 221

Time in hours.

~
“



Relation 3etween Rate of lehydration, Zound Jater,

and "illing Temperature.

The graph in ®ige. 1, shows the rate of dekydration of cu:bdaje
tissue. Although the variations in all dehydrations, incliding
this, were not large, the order from the greitest to the least
w:8 tender, pot bound, hardy. There is no relation to bound water
nor any significant relation to killing temnerature.

Data similar to the above is given tor tomzto tissue, in Fig.
2. The results are the sume as for cabbuge excent that the rate of
dehydration of pot bound and hardsored plants is almost id-ntical,

In Fig. 3. are presented the rates of Aehrdration for hard;r and
tender cavvage and tomatoes. The order from the greatest to the leust
rapid in loss of w:.ter is tender czbohage, tender tomato, hurdy tom—
ato, hard;y caosva;es The latter at first lust water facter tlon
the hardy tomato. There is no definite correlution vetween rate of
dehydration and bound water, or betwsen rate of dehidration and

%illing termperature,
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Anatomy.

In nlates 4 to 9, inclusive, are shovn pne se°ries of cabbage
and one of tomitc tissue. Other sections are not included because
of lack of snace. ‘owever, these show differences similar to the
sections included.

The chief points of difference vetween the tenier and hardy
tissies are in size of cell, thickness of cell wall and compact-
ness of cells., These are mich the same as differences noted by
Sruner and Veaver (6), Pool (44), and others as existing vpetween
tissues of xerophytic and mesophytic nlants,

The leaf petiole of the hardy caobage show smuller, much
thicker walled cells in the cortex. These are also more closely
nacxed together than is tre case in the tenfer c.bbiges In the
latter the cortex cells are loosely arransed. “he n.t boundi nlonts
occupy an intermediate position. _he cells of tiie -enidermis of
the leaf petiole exhibit like ~onditions but more marxed even than
in the cortex. he collench;yma directly velow the enidermal layer
is so smzll celled in the hardy tissue as to give tre aprearance of
a double or triple lavered enidermis. "he not bound w»lants have
even smaller, more closely packxed cells in the epidermis :nd sub-
enidermis than the hardy tissue. .

The cabbage stem cross-sections {not included) show similar and
evident differences. hese are not quite as marked as in the leaf
petiole. -he pot bound plants have, in this case, smaller, thicker
walled, more closely packed cells than even the hardy lot.

Tomato sections 4o not differ marxedly from the cabbage, in com-
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parison with eacr other. 'he fibro vuscul.r system as shown in
cross section, arnnears to de largsr in the tender thon either of
the other two tissues,

In comrering hardy and tender tissues, there are certainly
differences wh:ich appear to be correlated with the "hardened”
condition. These are similar to those noted by other wecrxkers as
being ass.cisted with xeronlk; tic or mesophytic conditions. “'his
would be erpected from the treatments the plants received. 1t is
evident from a study of the gross anatcmy of these plants, thrat
there are distinct differences which may pe uzssociated with cold
resistance, These differences are not csuses of hardiness nor
can th™>y ue tuxen as measares of cold resistance. Pot bound nlants,
relatively tender, approached tlie hardy lots veryr closely in
structure, and tomatoes 1id =0t ditTer gre:xtly from cadboge in

comparisons between lots.



Trom the material suomitted in the review of literature it
is clexr that the weight of evidence suppnorts changes caused by
water loss from the cell as the reason for death by low temperature,
There is consideriple evidoence vointing tc important changes in the
protoplasm of tre cell resulting frtm death by freezing.

The salient points of ths ~old resistince wroblem, from thre
water relations standnoint are firstly: 1Is increzced witer re-
taining power, cf hardy plants, the im:ortant factcr or is it the
amount of freezatle water? For exwurmle, in a hardy tisczue, which
ras a ™icher water retaining power thon a more tenier one, this
hariy tissie c:.n be muje rore tenier by allcwing it to irdbioe wuter,
Is tre original water retalning power crang2d? If not, this hardr
tissue would shor a hicher percenta e of freeznvle wuater, out it
would be “ue entirely to the higner water content. 3Jecondl;r:r Is
waiter content always the imnortant factor®t rirdly: oes de.th
resilt from chaxges within the cell caused by its lowered wuiter
content or are these cnanges caused by ice pressure from without
the cell?

Crandler, Carricx, Potter, .i0sa, Salmcn and Fleming, 3ecch ani
‘llen, Irmscher, and otrers found that with variocus plantsg hardiness
cculd be increased by decrewsing the water content and the rirst
three, trhat increasing the —ater countent decreased hardiness. his
wis in most cases accomplished gaickly so that in all proonbility
little change other than that of wuater content occurred. “handler

did not find triz to hold true for many of the tonler tissies he
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used, Other workers have Tound increased water content corre-
lited with a condition of decreased hardiness, while some in-
vestigators have *ound increzsed dry mattor in hardy plants. is
has been vointed out (pn. 8.) this latter micht be considered
anothe= way of stating decreased water,

The worx renorted in this paper inlicites very little Aiffer-
ence in the total witer content of hardened andl non~hardaned
tissae and no reﬁula; relation ovetwern it &ni the xilling terrer-
atire. It is clear then that undzar some conditions the amouant of
total wiater is not the imvortant factur in cold resistunce. Some
condition other thon water content mide the fifference in cold
resistance opetween both similarly treated lots of different xinds
0f plants and different lots of the same plant,

It has been demonstrated by Strausbaugh, also 3each and /llen,
that woody tissucs, of cortain tender varieties are less retentive
of water than corresponding tissues of lardy varieties. 3Boswell
found this to be true with cabbsge and tomato tissue, in which
case the same variety was hardened to resist cold. The findings of
this work do not bear out that point of view excent with cabdage,
It is significant that rate of dehydration had no relation to the
percentace of bouni witer, This arrees with the worx of “rist (12)
in which re foimd that bound water 41d not rarallel the water con-
tenl or rate of iehrdration.

Yewton (41) fo:nd that sun was strongsly reld against pressure
in green tissues of wheat plants in lute all, when sich was not

the case in early fall. Other reports trom diltometer experiments.,
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indizate that oy th.t methdd more witer i
tendar. In another paper Yewton revorts hydrophyllic colloid con-
tent to oe direztly pronortional to hardinasse. "The writer's work
snows no relation cetveen cold resistanze and bound water (hydro-
pn1lis colloid content) us measured by the methods used. It is
clear that conditions other thon those affecting cold resistance
can change the percentage of bound water. 1so the hardened con-
dition may give an increase in bound witer over succialent tissue
without increasing the cold resistance, as the tomato plants show,
The conclusion seem justified in view of the data sibmitted, that
where the percentage of bound witer varies directly as the hardin ss,
this relation may be only incidental. 1t is vossible, howsever,
that t™ere may be nsed for farther standardization ani nerfecti) ng
of techniguz in exoressing s from tissies. Yewton, 3rown and
Y.artin (60) in a recent paper have showm the ifferences whicz
exist in s9p extracted “rom identicul tissues at various nressures.
“mong other variations the greaiter ths pressure, the lower was
the vercentage of sclids, although electrolytes in the sap in-
creaseds They udvise a pressure that causes the pressure gaige on
a h;ydrwlic press to vparel; resister. 1t is st..ted in their paper
that there is no proof that the extract is a true representative
of the cell sap, even wnen expressed and carried at 0°C. Carrick's
work would indicate that this difierence may be considerable.

The imbibition theory, in which cold resistance is credited
to cell colloids, is not entirely satisfactory in accounting tor
greater injury through ravid temperature fall; »rotection from
death by cold due to ranid drying of the tissue; or increased

tenderness on greater water content. The data suobmitted in this
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work snow that increasedl witer c ntent iIs not always accomn inied
by increased tenderness nor did the imbibitionul treory hold good
as un exnlanation of cold resistance. This does not exclude

cert .in factors from standing as measures of cold resistance,

vet it does not necessuarily follow that sach factors uzre more than
iniications 0of the hardened condition. MNoreover, as previously
mentioned, it remains to be proved that san extracted is repre-
sentative of the cell sap or that such samples are suitable .or
intercomparison. Julce from tissues v:rying in cold resistance
micht pe reusonably expected to be affected in different degrees
and ways by laboratory methods.

Refinement of method, saich as will reiuce discrganiz:tion of
anl changes in the material used, is iesiraule before consistent
results can ve hoped for.

The theory of ice pressure as a cause of death throich low
temp -ratare apnareatly exnlains more of the finlincs of hardiuess
and correlated studies than any other. Ilowever, it Joes not
necessarily follow that freeziny to deusth alwayrs results {rom the
same cauise, Or that the suame fastor or group of factors are always
responsible. Jifferent methods of inducing resistan-e to low tem-
perature apparently oring into play different factors which are

responsible for this result.
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There was little correlation ani no ronsistent relation bLe-

tween nercent .ge of water in the tissus, freezing point
depression of exnressed sup, rate of tissie deh;drution

aunl the xilliug temperature with cabvage and tomato ~laats.

The percentac> of bouni water (by method used) showed no corre-

On
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4

lation with the rate of tissie dehydration and if anything,
negitive correlzaticn with the xilling temparature.

acid soils the freezing point depression of exoressed sap

is higher, the "bound water" lower and with one exceptiom,
the vercentase of total water lower and solids higher tran
on alkualine soils.

is evident from tre resalts obtained by different investigators
thit there is need for standardizition ani perfection of
m2thods of extracting juice from nlant tissues, with the aim,
if possible, of maintaining mo~~ nearlr normal conditions.
stuiy of the gross auaatomy of t e nlants used in 1925

showed distinct differences oatween hardy and tender plants
altho these 1-e nat necescarily cruses of tenderness or

hardiness.
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PLATE 4.

Cross-section of Leaf Petiole of Hardy Cabbage.



.)LATE 5 .

Cross-section of Leaf Petiole of 'ender Cabbage.
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PLATE 6.

Oross-section of Leaf Petiole of Pot Bound Cabbage



PLATE 7.

Cross-section of Leaf Petiole of Hardy Tomato.
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PLATE 9.

Cross-section of Leaf Petiole of Pot Bouind ‘omato.
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