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Freezing Ayoidance Mechanisms by Supercooling in
 Some Rhododentb'on flower Buds with  Reference
                to Water Relationsi･2

Masaya  Ishikawa  and  Akira Sakai
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   Excised florets of  seme  hardy Rhododendron species  did not  toleratc freezing at  
-50C

when  ice-inoculated due  to intracellular freezing. Florets {n intact December  buds,
however, could  be supercoolcd  to about  

-30eC.
 When  flower buds of  R, j'aponicum

were  slowly  coo]ed  with  daily decrements of  50a  to  temperatures  ranging  frem O to

-200C,
 the exotherm  temperatures  of  the florcts drastically decreased. This was

accompanied  by  a  decrcase in water  content  ef  florets and  peduncle and  an  increase in

that  ofscales.  The  water  in fiorets and  the  peduncle  is thought  to  migrate  to scales  and

oLher  tissues during the early  stages  of  freezing; the dehydrated floret has a  lowcr freezing

point which  enhances  its supercooling  ability  and  the  dehydrated peduncle hclps to

maintain  the  supercooled  state  of  the  fiorets, This hypethesis  would  explain  the  de-

pendence  on  the  cooling  rate  of  supercooling  in Rhodedentfron flower buds. Water

mjgration  within  flower buds was  observed  in othcr  hardy Rhetlodendron specics  with

some  variation  in ice formation site  and  the  quantity  ofmigratcd  water,  The  exotherm

temperature of  excised  florets was  inversely proportional to their watcr  content.  De-

hydration of  flewer buds by wincl  at  OeC  also  enhanced  their  supercooling  ability,

Mechanisms of  freezing avoidance  by supercooling  in Rhodedendron flower buds and  the

relationship  of  supercooling  to freezing tolerance are  discussed.

Key  words:  Cold  hardiness -  Extraorgan freezing -  Freezing avoidance  -

Rhodedendron -  Supcrcooling -  Watcr  relations.

   Plant tissues seem  to develop various  physiological strategies  against  cold  stresses

(Levitt 1972). One  strategy  is to avoid  fireezing stress  by  losing freezable water  and

tolerating  the desiccated state  as  seen  in seeds  (Levitt 1972, Junttila and  Stushnoff
1977, Ishikawa  and  Sakai 1978). Tolerance  for freezing by  extracellular  freezing,
however, appears  to be the  mest  common  strategy  in hardy  tissues,  Alternatively,

freezing avoidance  by  deep supercooling  has been  found in xylem  ray  parenchyma
cells  ofmany  temperate  broad-leaved trees (QJiamme et  al. 1972a, Gcorge and  Burke
1976, Kaku  and  Iwaya  1978, Sakai 1978), seeds  (Juntti.la and  Stushnoff 1977,
Ishikawa and  Sakai 1978), conifer  buds (Dereuddre 1978, Sakai 1979a), and  in over-
wintering  fiower buds. Prunus (Q3namme 1974, Rajashekar  and  Burke  1978, Burke

   Abbreviations: DTA,  diflerential thermal  analysis;  HTE,  high temperature  exotherm;  LTE,
low  temperature  exotherrn;  SEM,  standard  error  of  the mean;  FW,  fresh weight;  DW,  dry weight.

i
 Contribution No. 2254  from the  Institute of  Low  Temperature  Science,
2
 This is a  revised  form of  the  master's  thcsis  of  the  senior  author  (M.I.) which  is cited  in the  present

and  previous papers <Sakai 1979a, b, etc.).
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and  Stushnoff 1979, Proebsting and  Sakai 1979), grape (Pierquet et al. 1977),
blueberry (9uamme et al. 1972), and  some  Rhedbdendeon species  (George et  al.  1974,
Graham  and  Mullin 1976a, Graham  and  Mullin 1976b, Ishikawa 1979) have been
shown  to have  their flower primordia  avoid  freezing by  deep  supercooling.  In
addition,  flower buds ofsome  fifty species  in Ericaceae were  recently  found to employ
supercooling  as  a  strategy  against  cold  stress  by  the present senior  author  (M. I,,
unpublished  data). Further  surveys  may  show  that  flower buds  of  more  genera
and  families also  display this type ofcold  resistance, Thus, an  accurateunderstand-

ing of  the  nature  of  freezing avoidance  in flower buds seems  necessary  when  the

importance  of  flower buds in herticulture and  in the  life cycle  ofplants  is considered.

    Mechanisms ofsupercooling  in flower buds  have  been studied  by  several  workers

(George et al. 1974, Graham  and  Mullin 1976b, QLuamme 1978, Ishikawa  1979).
Dorsey (1934) observed  that  ice crystals  formed  in peach  flower bud scales  before
any  appeared  in the  florets, ( Luamme (1978) has suggested  that  the mechanism  of

supercooling  in peach  flower buds involves migration  of  water  from the bud axis

to the scales,  thus, forming a  dry region  which  may  function as  a  barrier against
ice growth  from  the  stem  while  water  in the  floret does not  migrate  during  the

cooling  of  the  fiower buds. Graham  and  Mullin  (l976b) have  suggested  that  the

water  content  ofRhodedendeon  florets is related  to  their exotherm  temperature  and

that  florets in hardier cultivars  have a  greater ability  to lose water  from their tissues

as  air  temperature  decreascs and  that  scales  may  function as  an  ice sink  for reduction
of  water  content  in the  florets. However,  few reports  have  ever  shown  that  scales

really  act  as  an  ice sink  for drawing water  from florets and  little is known  about

precise water  relations  in Rhodbdendi'on flower buds  cooled  to subzero  temperatures,

    The  cooling  rate  dependence ofsupercooling  in fiower buds ofPrunus  and  Rhedb-
dentfron is a  well-known  phenomenon  (George et al. I974, Ishikawa  1979, Burke  and

Stushnoff 1979); the  slower  the  cooling  rate,  the  greater the  extent  ofsupercooling,

However,  little is known  about  the  mechanism  ofthis  phenomenon  either,

    The  present study  was  undertaken  to clarify  the properties and  mechanisms  of

supercooling  in Rhodbdenthon flower buds  with  special  reference  to water  relations

during the  process offreezing,  as  a  step  to understanding  the  physiological adaptation

of  plants to cold  stress.

Materials  and  Methods

    Plant materials  Flower buds of  Rhodbdendron j'tiponicum [Section Sinenses

(Kitamura and  Murata  l971) ] were  primarily used  in this  study.  R. dilatatum

(Sect. Sciadorhodin), R, mucrenatum  (Sect, Tsutsusi), R. obtusum  var.  kaemf!f2iri (Sect.
Tsutsusi), R. bracilyca7pum (Subgenus Hymenanthes), and  R. dauricum (Subgen.
Rhodorastrum), each  ofwhich  had diflbrent internal flower bud  morphologies  (Fig.
1) were  alse  used  to check  variations  in supercooling  properties in the genus Rhedb-
dendron. The  used  species  were  cold  hardy  and  successfu11y  overwintered  in Sapporo,
Twigs  with  flower buds ofR.  J'aponicum and  R. dauricum were  collected  from 6- to
9-year-eld outdoor  plantings at  the Agricultural Center of  Sapporo City and  the
remainder  were  obtained  from the  Botanical Garden  of  Hokkaido University during
the autumn  to spring  periods from I977 to 1980, Twigs were  stored  at  OeC in

polyethylene bags until  used.  Each  experiment  was  replicated  at  least twice  in a



The Japanese Society of Plant Physiologists

NII-Electronic Library Service

The  JapaneseSociety  of  Plant  Physiologists

Frecziiig avoidance  in Rhododendrnn flower buds 955

winter,  but the data ofdifferent  sampling  dates or  years were  not  averaged  because
efdifllerences  in the  water  contents  ofthe  samples.  The  data shown  in the present
paper are  mainly  those  obtainecl  during the  seasons  of  1978 to 1979. Similar results
were  obtained  in the  other  experimental  years.
    D(z7brential thermat analysis  (D L4)-Exetherin  responses  were  detected with

O.2-mm  Cu-const, thermocouples,  arnplified  40 times,  and  recorded  on  potentiometric
recerders  in the  10 to 2mV  range.  The  thermocouple  junction was  inserted
between the  scales  ofa  flower bud  with  a  5-mm  twig.  Temperature  ef  the  sample

was  recorded  with  another  thermocouple.  Samples were  cooled  either  by placing
the  vacuum  flask which  contained  the  samples  in a  freezcr with  programmable
temperature  or  by placing samples  in a  DTA  chamber  with  a  freezing attachment

(DTA-l500 L-S  Shinkuriko Co.), With  these  systems,  cooling  rates  ofO.5  to400Clhr

were  obtained.

    vaater content  determination To  determine the water  content  of  each  part of  a

flower bud, the  bud  was'separated  into the  fo11owing components:  outer  scales,

inner scales,  florets, primordial peduncle, bud  axis  which  is the base ofthe  primordial
peduncle  (peduncle and  axis  represent  the part of  the bud where  the florets and

scales  are  attached),  leaf buds  and  a  twi.g  of  2 cm  from the  flower bud axis  (Fig. 1),

Samples were  dried in an  oven  at  700C for 24 hr and  the  water  content  was  expressed

as  the  percentage ofdry  weight,  unless  otherwise  noted.

    Cold treatment-To  know  the  eflbct  of  cold  treatment  on  exotherm  temperatures

and  the  water  content  of  flower buds, twig  pieces of  15 cm  with  fiower buds  were

enclosed  in Polyethylene bags containing  a little snow  to prevent desiccation and

cooled  at  50C decremcnts daily (O to -200C).  Then  flower buds in the frozen state
were  excised  at  each  temperature  and  usually  three  to nine  ofthe  buds were  used  for
water  content  measurement,  Eight buds were  cooled  further to -450C  and  ex-

otherm  temperatures  were  recorded.  To  determine the water  content  ofthe  frozen
buds, each  bud  was  dissected into its components  in cold  rooms  at  -5  to -20eC.

Fig. 1 Diagrams  illustrating flowcr buds  of

R, ditatatttm; (d), R. douric"m. (A), bud  axis'

(IS), inner scale;  (OS), euter  scale;  (S), scalc,
(d). Buds  ofR.  m,ucrenatum  and  R.

spectively.

 C

(a))

  
  
  

  
  
  

(b), R. obttLsujn  var.  kaemfij}ri; (c),
Ieafbud;  (P), primordial peduncle;
    in some  cases  in (a), (c), and

they  are  similar  to (b) and  (a), re-

          R. .iapolticum;

       ; ,floret;(LB),

         Bracts are  not  shown

bracfp)caipum are  omitted,  as

'
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Then  each  part was  wrapped  with  aluminium  foil and  put into small  polyethylene
bags allowing  as little space  as  possible within  it to minimize  tissue water  loss during

rewarming,  After the  bags had been brought  to room  temperature  and  their tem-

perature had  reached  equilibriupe,  tissue weights  were  measured,

    Dehardening and  rehardening  treatment-To  deharden  flower buds, 15-cm-long
twig  pieces of  R. J'aponicum with  fiower buds were  put in water  in a  vase  in early

December  and  incubated ina  greenhouse  (10 to 300C) foramonth.  On  the  llth
day o'f dehardening, a  group･ of  twig  pieces was  rehardened  by being placed at  

-3

to  
-50C

 for 2 days and  another  group  was  further cooled  slowly  to -  I50C in 8 days,
DTA  and  water  content  determination were  done with  these  rehardened  and  de-
hardened flower buds,

    Desiccation treatment-In  desiccation experiments,  twigs  with  flower buds were

placed for 16 days at  OeC in a  chamber  where  a  gentle wind  was  blowing  while  other

twigs  were  put in polyethylene bags at OOC  as  the  control.  DTA  and  water  content

determination were  done with  these  buds. DTA  was  also  conducted  en  excised

fiorets which  had been rehydrated  after  being killed in an  oven  at  700C, to check  the

supercooling  ability  of  dead florets.

    Microscopic observatioas-Microscopic  observations  of  frozen buds were  conducted

in a  cold  room  held at  -5  or  -  10eC  to determine  the  localization ofice,

    Freezing irijury of  flower buds or  florets was  observed  with  a  binocular micro-

scope  ancl  browning was  rated  after  a  week  of  incubation at  room  temperature  or

at  5eC.

    Some  excised  florets were  ice-inoculated by being placed in a  mixture  of  water

and  ice and  cooled  slowly  to  -5  or  -100C  to  examine  their  ability  to tolerate

extracellular  freezing. This freezing process was  observed  with  floret petal and
receptacle  tissues  under  a  cryomicrescope,

    Fb'eezingpoint determination-Freezing points were  measured  by the  freezing curve
method.  A  homogenate  of  florets was  placed in,a small  glass tube  (5 mm  in dia-
meter)  and  cooled  at  O.6 to 2.90Clmin, The  temperature  ofthe  sample  was  measur-

ed  with  a  thermecouple.  The  sample  was  ice-seeded at  various  temperatures  (Ti)
with  a  touch  ofa  thin  copper  wire  which  had  been cooled  in liquid nitrogen.  When

the  ice-inoculation temperature  (Ti) was  higher than  the  freezing point (Tfp) of  the

sample,  no  exotherm  was  observed  (Ti in this case  was  termed･Tih).  When  Ti

was  lower than  Tfp, supercooling  was  broken and  the tempe!ature  ofthe  homogenate
rose  and  then  remained  constant  (Te) fbr a  few minutes,  forming  a  plateau on  the

freezing curve  (Ti in this case  was  termed  Tii). Thus,

           
oOC>Tih>Tfp>Te>Tii

The  I'reezing point, which  was  unknown,  was  expressed  as  the  temperature  range

between the lowest Tih (min Tih) and  highest Te (Max Te) obtained  with  a  sample.

Results

Basicfoatures of stipereooling  ofLf7orets

    Fig, 2A  shows  a.typical  DTA  profile ofa  flower bud  ofR.  j'oponicum cooled  at

50C/hr.  The  first exotherm  (HTE) at  
-5,1OC

 is considered  to represent  the  freezing
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Fig. 2 (A) A  typical  DTA  profile efa  flower bud ofR.japonicum  collected  on  Nov, 22, 1979. For

details, sec  text,  (B) A  DTA  profile ofa  fiower bud  ofR.  j'apenicum stored  at  -150C  for 50 days
and  cooled  to lower temperature  without  thawing.  Since scalcs  ancl  other  tissucs wcre  frozen, no

HTE  was  observed.  Supercooling of  the  florets was  not  broken during the storage  at  -15eC  for
50 days. Exothermic  responses  in (B) were  scaled  up  5 times  compared  to those in (A). Th{s is an
example  of  8 replicates.

Fig.
 3 Water content  of  flower bud  parts of  R. jopenicum of  December  1978 and  corresponding

exotherm  temperature  of  florets coolcd  at  50C decrcments to different temperatures  at  daily intervals.
O, outer  scale;.  e, inner scale;  A, floret; i,  primordial peduncle; v, bud axis;  [], leaf bud;  -,
twig; x,  whole  flower bud including scales,  florets, peduncle and  bud  axis.  The  corresponding

average  exotherm  tempcrature  of  about  80 florets (8 flower buds) cooled  at  the rate  of4  to  6"C/hr, is
given in parenthesis  at  the top  of  the figure (Mean± SEM). Three  to four buds were  uscd  fbr water
content  analysis  at  each  temperature.  The  data are  for one  ex4mple  out  of  five replicatcs.

of  scales  and  other  tissues which  tolerate extracellular  freezing, and  the  sharp  ones

(LTE), ranging  from -18.9  to  
-23.2QC,

 the  f}reezing of  florets. When  the bud
was  taken  from  thc  freezer after  the  fifth LTE  and  rewarmed,  five florets died while
two  remained  a]ive.  This confirms  that  the  LTE  indicates the killing temperature
of  florets as  shown  by  Graham  and  Mullin (1976a). Supercooling of  florets was

stable  and  at  
-15eC,

 they  remained  supercooled  without  nucleating  for periods as

long as 50 days (Fig. 2B), The  supercooling  ability  of  florets indicated by LTE
showed  seasonal  changes  (George et al. 1974, Graham  and  Mullin  1976b, Ishikawa
1979); from autumn  to winter  LTE  shifted  to lower temperatures  and  became
smaller  (data not  given).

Ability to tolerate.freezing

    Excised florets ofoverwintering  flower buds in R. j'ciponicum did not  tolerate freez-
ing at  

-50C
 when  ice-inoculated in contrast  to the  high ability  to avoid  freezing of

those  in whole  flower buds (Table l). Similar results  were  obtained  with  florets of
R. diiatatum, R. obtusum  var,  kaemflfliri and  R, dauricum. Observation ofthis  freezing
process in petal and  receptacle  tissues of  a  floret under  a  cryomicroscope  showed
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Table  1 Survival of  cxcised  fierets of  R. j'aponicum with  d{ffbrcnt treatments  after  freezing by ice

inoculation at  O to -50C  (Dec. 1978)

Survivala (%)
Trcatment

ooc -50C -loec

Florets of  buds stored  at  OeC

Florets  of  buds storcd  at  -I5aC

Florets  desiccated at  OOC

100

loe

O (100)b

57

50

O (90)b

o

o

a
 15 to  20 florets derived from diHlerent flewer buds werc  used  for each  survival  determination.
b Survival of  excised  florets at  each  temperature  when  not  ice-inoculated is given in parenthesis.

that  most  of  the  cells  did not  freeze extracellularly  even  when  massive  ice had  formed

around  them,  but firoze intraceLlularly, resulting  in death ofthe  florets. Nearly half

of  the  florets with  lower water  content,  due  to  either  storage  of  flower buds at

-  150C or  drying at  OOC in air,  resisted  -50C.  But this was  probably  due  to freezing

avoidance  by  freezing point depression since  the  freezing point turned  out  to be

about  -l  10C withfiorets  stored  at  -150C  (Table 5). Floret tissue did not  seem  to

have the  capability  to freeze extracellularly.  This is very  unusual  because in usual

overwintering  plant tissues,  ice inoculation at  high subzero  temperatures  induces

extracellular  freezing. Interestingly, floret tissues which  did not  telerate fteezing at
-5eC  when  ice-seeded, could  resist  abQut  

-300C
 (Fig. 3) in intact buds  by

avoiding  freezing by supercooling.  These tissues did not  seem  to employ  two

physiological strategies,  freezing avoidance  and  tolerance,  at  the same  time,

CZ)oling rate dapendency of supercooling  of.f7ower buds

    Although exotherm  temperatures  for excised  florets were  not  greatly aflected

by the  cooling  Tate  (George et al. 1974), those  fbr excised  whole  buds shifted  markedly

to lower temperature  as  the  cooling  rate  decreased, -  1O.2 to -  19,20C in R. J'aponicnm
and  -11,6  to  -19.40a  in R. daurioum (Table 2).

Table  2 Effect ofcooling  rate  on  the exotherm  tcmperatures  ofexciscd  flower  buds  and  excised  florets

of  R, j'aponicum and  R. dtturicum (1978)
Excised florcts Excised whole  buds

R, J'oponietim (Dcc. 6) a R. j'opommtm (Oct. 25) R. daaricum (Dec. 6) 
'

Cool{ng  rate

  (oCthT)
ETb  Cooling rate

(ac) (OCIhr)
ETc(oC) Cooling rate

  (octhr)
ETd<eC)

2,2to  2.8

34.0 to 41.0

-16.5+O.6

-14.7+O,6

O.7 to  2.2

3.5 to 4.7

6.7 to 9.5

mi9.2+O.3

-12.3+O.4

u10.2+O.2

2.1to  2,2

9. 0 to 11. 1

-I9.4+O.4

-IL6+O.8

"
 Date  of  collection.

b
 Exetherm  temperature  (mean±SEM),  mean  of  30 to  40 fioreLs.
C
 Mean  of4  to 8 buds  (about 10 florets in a  bud).
d
 Mean  of20  to  30 buds  (1 fioTet in abud).
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EViict of cold  treatment on  L  TE  and  water  content  of.t7ower bucts

    To  investigate the  eflect  of  cold  treatment  on  supercooling  ability,  twigs  with

flowcr buds of  R. j'aponicum were  subjected  to temperatures  decreasing 50C  a  day
from OeC  to -200C.  Exotherm temperature  of  the florets markedly  shifted  to

lower temperature,  especially  from -18.5  to -25.0eC  when  they  were  cooled  from
O to  -50C  at  which  the  scales  and  twigs  froze, and  finally to  -29.80C.  The  size

of  the  exotherm  became smaller,  accompanied  by a  continuous  decrease in water

content  of  floret and  peduncle  (Fig. 3), Thc  water  content  of  florets decreased
from  246  to 142%  during freezing at  -5aC  for a  day, while  that  of  the outer  scales

incr¢ ased  from  102 to 123%  and  that  ofthe  inner scales  from  157 to  182%.

    Since twigs  with  flower buds wcre  put in polyethylene bags which  were  water

saturated  with  a  small  ameunt  ofsnow,  there  was  no  significant  change  in the  water

content  of  whole  flower buds during the  cold  treatment.  Therefore, the decrease
in water  content  in fiorets and  primordial peduncles was  not  due to desiccation, but

to migration  ofwater  within  the  flower bud. The  combined  dry weight  ofinner

and  outer  scales  in an  average  flower bud used  in this experiment  was  94 mg,  which

was  about  four times greater than  that  of  florets (22 mg).  That  of  the  peduncle

(2.3 mg)  was  one-tenth  that  of  florets. The  decrease in water  content  of  florets
during cooling  from O to -50C  was  about  four to five times  greater than  the

increase in scale  water  content  (Fig. 3). These  calculations  indicate that  the

estimated  absolute  decrease of  water  in florets coincided  with  the increase in scales.
Thus, water  in the  floret and  peduncle seemed  to have moved  to the scales  during

cooling  from O to -5eC  in a  day, When  the  same  cold  treatment  was  conducted

on  twigs  with  flower buds whose  flerets were  excised,  causing  as  little damage  as

possible to  scales  and  other  tissues, no  significant  increase was  observed  in scale

water  content.  This is indirect evidence  that  floret water  migrated  to the

scales.

    The  same  cold  treatment  was  also  conducted  on  twigs  with  flower buds  of

R. dilatatum, R. mucronatum,  R. obtzasum  var.  kaemptlrri, R. bracdycaipum and  R, dauricum,

each  ofwhich  has different internal flower bud  morphology  (Fig. 1). Water  content

of  the  florets of  the  species  sampled  generally decreased with  the cold  treatments

the extent  ofthe  decrease tended'te  be greater when  the,initial fioret water  content

was  higher as  in early  winter  and  spring  (Table 3). Florets ofR.  dauricum of  April 12
froze during co]d  treatment  down  to -150C  and  the  decrease in the  floret water

content  was  not  great. Water content  ofthe  peduncle  and  the axis  decreased during
the  cold  treatrnent  in R, J"tiponicum, R. ditatatum and  R, ebtusum  var.  kaemf2fbri while

in the other  species,  it did not  change  so  much.  The  extent  ofthe  decrease tended
to be greater with  higher initial peduncle  and  axis  water  content.  Scale water

content  generally increased during the  treatment,  but there  were  some  variations;

the  increase w'as  larger in inner scales  than  outer  ones  in R,j'oponicum, an  increase in

outer  scales  and  a  slight  one  in inner scales  occurred  in R. dilatatum and  R, obtusum

var,  kaemjofleri, and  increases in both inner and  outer  scales  were  fbund in the  other

species.  The  inner scales  ofR.  dilatatum on  April 3 even  showed  a  decrease in water

content.  Microscopic observation  of  frozen flower buds at  
-15aC

 generally sup-

ported these  increases or  decreases in scale  water  content,  which  will  be mentioned
later,
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Table  4 Eflbct of  dehardening and  rehardening  on  water  content  and  exotherm  temperature  of

flower buds ofR.  joponicum of  Dccember  1978Mfater

 centent  of  fiower bud  parts 
b

Treatmenta OutcrscaleInnerscaleFlorets
 Peduncle Bud  axis

 LTE  of

fiower buds `

Control (stored at  OOC)

Dehardened  fbr l1 days

Dehardened  fbr 25 days

 'Rehardened

 for2 days
'Rehardened

 for 8 days

102961391401861572153022363102463054I5285253118207333

 69105

100150221

 78104

-  16. 7± O, 5

-  10. 7+O.  3

 -9. 0+O.  7

-16.1+O.6

-20.7
± O.4

a
 For detai]s, refer  to Materials and  Metheds,
b Mean  of  3 to  4 buds.
C
 Mean ± SEM,  mean  of5  to 6 flower buds; cooling  rate  was  about  9 to l20C/hr.

ELt7iict of dehardening and  rehardening  on  water  content  and  L  TE  ofj7ower butts

    When  flower buds of  R, J'diponicum were  dehardened  by  incubation in a  green-
house, the  water  content  of  each  part of  the  fiower buds increased, especially  that  of

the  primordial peduncle (Table 4), As the  incubation time  increased, LTE  shifted

to higher temperature  becoming diMcult to  recognize  because it overlapped  with

HTE,  as  florets, scales  and  other  tissues tended  to freeze at  the same  time, After
1 1 days ofdehardening,  some  twig  pieces with  flower buds were  rehardened  by being

placed at  subzero  temperature.  After 2 days of  rehardening,  florets supercooled

to  the  same  extent  as the  control.  At  the  same  time,  water  content  of  the  scales

increased and  that  of  the  floret and  pecluncle decreased. The  decrease in water

content  ofpeduncle  and  bud axis  was  drastic and  might  have played an  important
role  in enhancing  the  supercooling  ability  of  florets as  well  as  the  reduction  in floret

water  content,

Ihternat observatien  ofltfrozenj7ower buctf

    R. J'aponicum flower buds in early  December,  kept at  
-50C

 for one  day, showed

a  large amount  ofice  within  both  outer  and  inner scales  (Fig. 4), The  distribution
ofice  within  a  scale  was  not  even;  more  ice had  formed in the basal part of  the  scale.

Also, less ice was  found in scales  ofmore  desiccated buds  in midwinter,  When  the

scales  were  observed  in the thawed  state,  they  looked double-layered or  bag-shaped
since  an  air cavity  had  developed  within  them.  An  interesting fact is that  winter

flower bUds have much  larger air  space  in the  scales  than  early  autumn  buds  which

had  not  been  subjected  to severe  frosts. As flowef buds experience  subfreezing

temperatures,  a  large air  cavity  seems  to form in the  scales  as  a  resu]t  ofice  accumula-

tion. Ice crystals  were  also  observed  within  the outer  and  inner scales  of  fiower
buds  of  other  Rhodbdencbon species  except  for the  inner scales  ofR.  dilatatum, which

were  brown-colored and  had iittle air  space  (Table 3). The  amount  ofice  varied

with  the s.pecies,  but was  approximately  proportional to the  increase in the water

content  of  the  scales.  Inner scales  ofR,  obtusum  var.  kaemf)fiiri exhibited  a  slight

increase in water  centent  during the  cold  treatment,  but ice crystals  were  observcd
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Fig. 4 A  cross  section  of  a  flower bud of  R.

.ia.bonicttm (Dec. 1978) ceoled  slowly  to -100C

in 3 days, then  cut  ancl  photographecl under  a

dissecting microscope  at  -10eC. Thc  ice
labeled (l) is within  the  inner scales  (IS) and

outer  scales  <OS) of  the  flower bud. (F) is the
floret. × 20, Similar ice was  also  observed  in
the  buds cooled  to  -5eC  in a  day.

within  the

scales  did
 inner scales.

net  function asOn

 the other

an  ice sink,hand,
 inthe case  ofRdilatatum,the  inner

IiVeezing Points and  exotherm  temperature of excised.florets

    During the  cold  treatment,  the  freezing point of  florets markedly  decreased

(Table 5), probably  due to the  decrease in floret water  content,  The  supercooling

ability  ofthe  florets was  enhanced  with  the  increase in their freezing point depression.

    The  exotherm  temperature  of  the  excised  florets was  in inverse proportion to  their

water  content  (Fig, 5). A  similar  relatienship  was  observed  in florets desiccated in air
at  OOC and  rehydrated  florets which  had been killed at  700C, Dead  flerets seemed

to retain  their ability  to supercool,  No  exotherms  were  detected in florets with  10
to 30%  (fresh weight  basis) water.  These results  show  that  the  floret itself has the

potential  to supercool.

Table  5 Efl'ects ofco]d  treatment  on  freezing point ofhemogenized  florets and  exotherm  tempcrature

of  exciscd  florets and  whole  buds efR,  J'oponicum in December  1978

Treatment
Freezing pointa  COC)
min  Tih---Max  T.b

Exothermtemperature(oC)

Excised floretC Whole bud 
d

OOC  sterage

-1OOC
 storage

-  l5eC storage

-1.2-- LL8

-6.0-. -7.8

-9.8---I1.5

-I8.6+o,7e

-30, S+  1, 1

-18. 5,± O. 4

-27,O+O.3

-28,2+O.4

abcdaAL  least 6 measurements  were  made  with  each  sample.

For dctails, refer  to Materials  and  Methods.

Cooling rate,  400Cfhr. Mean  ef6  to 8 florets,

Cooling ratc,  4 to 60Cthr, Mean  of' 8 flower buds.
Mcan ± SEM.
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Fig.5  Relations]iip between  water  content  and  exothcrm  temperature  of  excised  fiorets of  R.
j'`iponicum (Dec. 1978). o, florets excised  from  flower buds stored  at  OOCi e, flercts frem those
stored  at  

-150C;
 A, florets desiccated in air  at  OOC; ]iL, rehydrated  florets after  having been heat¢ d

at  70eC  and  ki]!ed. Exotherms  were  not  observcd  in florets with  10 to 30%  water  content  on  fresh
weight  basis.

Fig. 6 Water  content  of  flower bud  parts of  R. j'a.bonicu)n (Dec. 1979) and  corresponding  exotherrn

temperature
 of  florets desiccated at  OeC for different lengths of  ('ime. O, outer  sealc;  e, inner

sca]e;  A,  fleret; i, pecluncleand bud  axis;  O, leafbud; -,  twig,  Corresponding exotherm  tempcr-
ature  of  florets cooled  at  the rate  of  50Cthr is given in parenthesis (Mean± SEM).

Efact of desiccation on  water  content  and  exotherm  temperatare in Y7orets

    Fig. 6 shows  the  changes  in water  content  and  floret exotherm  temperature  o'f

flower buds of  R. J'oponicum during desiccation treatment,  The  water  content  of

each  part of  the  flower bud  decreased, especially  that  of  the  florets, but remained
higher than  that  of  the  other  tissues even  after  16 days of  treatment.  The  mean

exotherm  temperature  ofthe  florets decreased from -21.8  to -34,70C.  Tfie lower
water  content  in the  florets causecl  by desiccation rcsulted  in increased supercooling
ability,  similar  to that  observed  in the  colcl  treatment.

                              Discussion

Migration of water  in .fiorets andpeduncles

    The  pre$ent results  with  Rhodbdencfron fiower buds seem  to substantiate  the  idea
that scales  serve  as  an  ice sink  for drawing  water  from florets (Graham and  Mullin
l976b), and  the  fo11owing process can  be postulated. During  freezing ofa  flower
bud,  cell  water  migrates  from  the  floret mainly  to the  scales  or  to other  freezing
tissues, resulting  in a  rise in cell sap  concentration  which  in turn  causes  freezing
point depression and  further enhances  the supercooling  ability  of  the. fiorets. The
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reduced  water  content  in the  pcduncle  and  bucl axis  might  play an  important  role

in maintaining  the  supercooled  state  ofthe  florets. This hypothesis seems  to reason-

ably  account  for the  foLlowing features of  supercooling  of  florets.

    The  cooling  rate  dependency  of  the  exotherm  temperature  of  florets in intact

buds, which  is well  known  (George et  al. I974, Ishikawa ]979, Burke  and  Stushnoff

1979), might  be explained  as  fo11ows. As  an  intact flower bud is cooled,  scales  and

other  freezing-tolerant tissucs freeze first as  represented  by HTE  in DTA.  If the

bud  remains  ]onger at  these  temperatures,  then  the  water  in the  florets and  the

peduncle might  have enough  time  to be withdrawn  into the  scales  and  other  tissues.

But  ifthe cooling  ratc  is fast, enough  floret water  might  remain  to break supercooling

at  a  higher temperature  and  the  high water  content  in the peduncle  and  bud axis

might  make  it diMcult to  maintain  the  supercooled  state  of  the florets, Thus, the

seemingly  unique  character  of  supercooling  in florets of  intact buds can  now  be

understood;  the faster the  cooling  rate,  the less they supercool,  which  is unlike  the

usual  property ofplant  tissues (Aoki 1950, Kaku  1964) where  the faster the  ceoling

rate,  the  lower the  temperature  is to which  they  supercool.

    Burke  and  Stushnoff (1979) observed  that  prefreezing for Prunus flower buds

shifts  the  exotherrns  of  flower primordia  to lower temperature  and  reduces  their size.

This phenomenon  seems  also  to be explainable  by water  migratien  from flower

primordia  to scales  or  other  tissues as  observed  in Rhedodendeon flower buds. On

the  other  hand, Quamme (l978) postulated that  in supercooling  of  peach  flower

buds, water  in flower primordia  does not  migrate  and  instead water  in the  bud  axis

is withdrawn  into the scales,  forming a  dry region  which  may  function as  a  barrier
against  ice propagation  from  the stem  during cooling  of  the  buds, However, we

think  that  ifthe peach flower bud  is placed at  a  low temperature  like -1O  or  
-150C

for a  long time,  the  flower primordia  water  would  migrate  to the  scales  or  other

tissues  as  in the  case  ofRhodbdendren  flower buds. One  exception  is that  in the case

of  Prunus fiower buds, the  effect  of  prefreezing disappears at  the  moment  they  are

thawed  (Burke and  Stushnoff 1979), that  is, a  rapid  return  of  withdrawn  water

seems  to  occur,  In Rhododendion flower buds, the  water  withdrawn  during pre-
freezing teok  3 days to return  to the florets (data not  given),

    The  increase in the  supercooling  ability  of  florets in Rhododencb'on flower buds

from autumn  to winter  (Graham and  Mullin 1976b, Ishikawa 1979) can  be explaincd

by  a  combination  of  water  movement  from  the  fiorets and  the peduncle  to other

tissues during the  stages  of  freezing and  to the atmosphere  by wind  desiccation.

Florets in midwinter,  well-adapted  to subfreezing  temperature,  seem  to have  already

Iost a  considerable  amount  of  their water  and  cold  treatment  down  to -150C  does

not  appear  to cause  a  great water  migration  from the florets and  peduncle to the

scales  (Tahle 3). More  extensive  water  migration  seems  to occur  in autumn  to  early

winter  and  in spring  than  in midwinter;  when  the  water  content  in the  floret and  the

peduncle is rather  high, a  sudden  attack  of  frost might  be overcome  by the  migration

ofwater  from the  florets and  peduncle  to the scales and  other  tissues, This seems  to

be a  unique  adaptation  ofRhodbdenthon  fiower buds to subfreezing  temperatures.

Mechanisms of smpercooling  in florets of Rhododendron

    In considering  the  mechanisms  of  supercooling  in Rhodbdendron florets, one

important  factor is the  potential ability  ofthe  fiorets to supercool  (Fig. 5), as  suggested
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by Gcorge et  al, (1974). Also, water  migration  from florets and  peduncle  tQ other

tissues may  play a  role  in further enhancing  the  supercooling  ability.  Thirdly,
florets require  some  barriers against  external  ice inoculation since  they  did not

tolerate  freezing even  at  -50C  when  sceded  with  ice. Scale and  floret surfaces

look glossy due to cuticle  and  both the  cuticle  and  the scales  probably  protect the
florets from external  ice crystals.  Barriers against  internal ice propagation at  the

attachment  region  of  the florets are  also  needed.  Seme  morphologicai  structure  of

vascular  tissues might  be involved in the  prevention of  internal ice inoculation.
Another  possibility is that decreasing water  content  in a  primordial peduncle  or  bud
axis  during the cold  treatment  might  create  a  dry region  which  would  serve  as  a

barrier against  internal icc propagation. In the  case  ofsupercooling  ofwheat,  nedes

are  considered  to clelay ice propagation  (Single 1964), but the  barriers in flower
buds of  R, j'oponicum are  expected  to stop  ice propagation completely  since  florets
can  remain  supercooled  at  

-150C
 for 50 days (Fig. 2B), The  expected  barriers

might  also  play a  part in withdrawal  of  water  from the  florets to the  other  tissues.

Still unknown  is whether  the  water  migration  occurs  in the  form of  vapor  through

the  surface  of  the  florets or  as  liquid water  by way  of  vascular  systems.

    As shown  in Table 3, some  species  did not  exhibited  a  great decrease in the
water  content  of  the peduncle  and  the  axis  during the celd  treatment.  However,
there  is a  possibility that  a  dry region  which  might  help the  florets to supercool  forms
within  the peduncle  and  the axis  if the  necessary  critical  dry region  occupies  such  a

small  part ofthe  peduncle  and  the  axis  that  formation ofit  does not  greatly change
the  water  content  ofthe  peduncle  and  axis,  Generally, the  postulated water  migra-

tion  from florets and  peduncle  te  scales  seems  to be applicable  to the  hardy  species

investigated in the  present study.  The  variations  in the  decrease of  the peduncle
and  axis  water  content  or  in the  ice accumulation  site, however, indicate that  a  more

detailed analysis  regarding  bud  morphology  is necessary  to elucidate  the  barriers
against  internal ice inoculatien and  to understand  the difll:rences in supercooling

properties among  species.  Also, further research  is requirecl  to see  ifthe phenomena
observed  here is applicable  to  less hardy  species  ofRhodbdendren,

Comparison ofILfreezing avoidance  bj, supercooting  inYlorets and.freezing  tolerance

    In comparing  freezing avoidance  by deep supercooling  in Rhodbdendron fiorets
with  tolerance  of  extracellular  freezing in other  hardy tissues, one  important feature
is that water  is withdrawn  fropi cells  or  tissues to some  othcr  space  or  cavity  where

it freezes and  consequently  they  are  more  or  Iess dehydrated. In the  case  of  ex-

tracellular freezing, ice is usually  formed just outside  th.e cell.  On  the  other  hand,
with  freezing avoidance  in florets, ice forms in more  distant regions  and  no  ice crystals
appear  within  the  floret tissues. In this sense,  supercooling  in florets could  be called
extraorgan  freezing and  extracellular  freezing would  be intraorgan or  intratissue
freezing, Even  in extracellular  freezing, water  sometimes  moves  to some  special

space  where  ice masses  are  forrned as seen  in the vascular  bundle ring  region  ip
frozen root  oftable  beet (Terumoto 1960), but in that  case,  ice is eventually  formed
within  the  root  and  the  phenomenon  could  be intraorgan or  extratissue  freezing.

    Whether  there  is a  limit to the  ability  of  fiorets to avoid  freezing is another

interesting point, In  an  attempt  to check  this, DTA  and  water  content  determina-
tion  were  done with  flower buds  ofR.  j'apenicum planted in Shotoshibetsu in inland
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Hokkaido where  minimum  air  temperature  was  -320C  in Feb., 1980 and  the  twigs

protruding above  the snow  level were  highly desiccated because ofthe  winter  sun  and

frozen soil. The  floret water  content  decreased to as  low as  24%  (fresh weight  basis)

in late February, and  the  flerets in situ  survived  such  severe  cold  and  winter  drought.
In DTA  of  rhese  florets, no  exotherms  were  detected down  to  -50eC  in agreement

with  the  result  shown  in Fig. 5, but the florets did not  survive  the artificial  cooling

to -500C,  The  reason  for their death is considered  to be that  the  very  little free

water  remaining  in the  florets caused  intracellular freezing and  the  amount  was  too

small  to be detected by DTA  or  that  the florets were  not  able  to tplerate  further

dehydration caused  by water  migration  from  them  to the scales  upon  cooling  to

-50eC,  In the  case  ofsupercooling  in rice  and  wheat  seeds  (Ishikawa and  Sakai

1978), seeds  with  water  content  below 17 to 19%  (en a  fresh weight  basis) seemed  to

have  no  freezable water  ancl  consequently  showed  no  exotherm  in DTA  and  survived

immersion  in liquid nitrogen.  Likewise, ifthe florets ofR,  J'aponicum could  lose all

freezable water  (water content  being below about  20%)  and  tolerate the  consequent

extremely  dehydrated state,  they  would  survive  even  immersion in liquid nitrogen  as

seen  in seeds,  prefrozen hardy twigs  (Sakai 1965), and  prefrozen hardy conifer

buds  (Dereuddre 1978, Sakai 1979b). ,

    Considering these features of  frcezing avoidance  in Rhodbdendron florets, super-

cooling  of  the  florets seems  considerably  clifferent from that  ofxylem  ray  parenchyma
cells  in temperate  broad-leaved trees, The  supercooling  ability  of  the  latter is

unaflbcted  by the  cooling  rate  (Q)uamme et  al. 1972a), thus  probably  involving no

water  migration,  and  has a  Iower limit of  around  
-400C

 (Q;uamme et al, 1972a),

which  cerresponds  to the  homogeneQus  nucleation  temperature  ef  pure water  in a

finely dispersed state,  Therefore the  term  
"supercooling"

 seems  apprepriate  in

xylem  ray  parenchyma cells, but not  necessarily  fbr the precise description of  the

strategy  employed  by florets to  survive  cold  stress  since  it involves water  migration

and  subsequent  dehydration  as  in extrace]lular  freezing.

    As demonstrated in Fig, 5 and  6, the  degree of  desiccation of  florets is an  im-

portant factor in cold  hardiness ofRhododendron  flower buds, that is, the  colcl  hardiness

is easily  aflbcted  by environmental  factors like cooling  rate,  humidity in air  and  snow

coverage,  These  facters must  be taken  into consideration  in estimating  the  cold

hardiness of  Rhododendron flower buds. The  potential hardiness of  flower buds of

Rhododenthon seems  to lie in the  ability  to lose water  frem florets and  peduncle  or  bud

axis  in respense  to temperature  drop and  to tolerate  extreme  dehydration.

   The present authors  wish  to express  thcir  sinceve  thanks  to Mr.  Y. Hanazono  and  Mrs. K.  Naka-

hira of  the  Botanical  Garden  of  Hokkaido  University and  to  Mr.  H.  Sanpei of  the Agricultural Centev
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