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Abstract. Exposure of stratified apple (Malus domestics Borkh. cv. Golden Delicious)
seeds to 30C induces secondary dormancy. To determine if an increase in abscisic acid
(ABA) content was associated with the loss in germination capacity, stratified seeds (3,-
6, or 9 weeks at 5C) were held at 30C for 0, 3, or 6 days. Stratification at 5C either
had no effect or increased ABA content in embryonic axes, cotyledons, and seed coats.
Exposure to 30C after stratification either did not affect or decreased ABA content of
embryonic axes and seed coats; in contrast, cotyledonary ABA was increased. Seed
coats, cotyledons, and embryonic axes stratified for 3, 6, or 9 weeks at 20C contained
the same or higher levels of ABA in comparison with nonstratified seeds or seeds
stratified at SC. Changes in ABA levels were not consistently correlated with changes
in germination capacity during stratification or after exposure to 30C. These data
suggest that changes in ABA are not related to changes in dormancy. Chemical names
used: abscisic acid (ABA); butylated hydroxy-toluene (BHT); N-(trichloromethyl) thio-
4-cyclohexene-1,2-dicarboximide(Captan).
Table 1. Germination at 20C of apple seeds stratified for 0 to 9 weeks at 5C, before and after exposure
to 30C.
Since its chemical identification in 1965
(Ohkuma et al., 1965), ABA has become the
primary growth inhibitor studied in plants.
Pieniazek and Rudnicki (1967) first detected
the presence of an ABA-like inhibitor in dor-
mant apple seeds. Attempts to correlate the
levels of ABA with the induction of dor-
mancy in seeds have been inconclusive.
Rudnicki (1969) reported that inhibitory ac-
tivity in diffusates from seeds declined with
stratification. In contrast, Balboa-Zavala and
Dennis (1977) and Subbaiah (1987) ob-
served no relationship between the breaking
of primary dormancy and ABA content in
apple seeds. Balboa-Zavala and Dennis (1977)
measured ABA levels in stratified apple seeds
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during the induction of secondary dormancy.
They found that ABA levels in whole seeds
decreased during the period of high-temper-
ature exposure. To clarify the role of ABA
in the induction of secondary dormancy, we
zMeans followed by the same letter are not significa
c, d, e for all treatments except 3, 6, and 9 weeks a
by Duncan’s multiple range test, P < 0.05.
ySum 10 = cumulative percent germination for day 1 
100% germination on day 1.
xOnly data for 0 weeks were analyzed statistically.
wData not included in statistical analysis or mean
NSNot significant at P = 0.05.
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measured the levels of ABA in the seed coat,
cotyledons, and embryonic axes of stratified
and nonstratified apple seeds before and after
secondary dormancy was induced by expo-
sure to high temperature.

Seed source and methods of stratification.
Seeds were removed from Frazier Spur
‘Golden Delicious’ fruit at harvest, dried,
and stored at 5C. Subsequently, seeds were
soaked overnight in water, rinsed, placed in
150 × 15-mm plastic petri plates (400 seeds
per plate) on filter paper wetted with 0.5%
Captan solution, and held at 5 or 20 ± 1C
in the dark for 0, 3, 6, or 9 weeks.

Experimental conditions. After stratifica-
tion, seeds (15 per replication, three repli-
cations per treatment) were rinsed, placed in
100 x 15-mm petri plates containing the
same solution used for stratification, and held
at 30C for 0, 3, or 6 days. Seeds were then
dissected into embryonic axes (125; 54 mg),
cotyledons (200; 2.1 g) and testa plus en-
dosperm ( = seed coat; 100; 1.4 g) and ana-
lyzed for ABA content (three replications per
treatment). Seeds held at 20C were dissected
immediately after 20C exposure.

Evaluation of germination. The results are
presented as the percentage germination
summed over 10 days (Sum 10; 1000 indi-
cates 100% germination on the first day) (three
replications per treatment), according to the
method of Timson (1965).

Extraction, purification, and quantifica-
tion procedures. All seed tissues were ly -
ophilized, then ground in liquid N2 and
extracted sequentially with 80% and 100%
ntly different from one another within sets (a, b,
t 20C; m, n for time; and r, s, t for days at 30C)

+ day 2 + . . . . + day 10; value of 1000 indicates

s for stratification time.
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T a bl e 2. Eff e cts of str atifi c ati o n t e m p er at ur e a n d s u bs e q u e nt e x p os ur e t o 3 0 C o n A B A c o n c e ntr ati o n
i n e m br y o ni c a x es, c ot yl e d o ns, a n d s e e d c o ats of a p pl e s e e ds.

zWit hi n s e e d tiss u es, m e a ns f oll o w e d b y t h e s a m e l ett er ar e n ot. si g nifi c a ntl y diff er e nt fr o m o n e a n ot h er,
b y D u n c a n’s m ulti pl e r a n g e t est, P < 0. 0 5. M e a ns f or ti m e a n d str atifi c ati o n t e m p er at ur e ar e o mitt e d
b e c a us e of i nt er a cti o n.
* * Si g nifi c a nt at P = 0. 0 5.

T a bl e 3. Li n e ar c orr el ati o n c o effi ci e nts (r) of e n d o g e n o us A B A c o n c e ntr ati o n i n a p pl e s e e d tiss u es
vs. ti m e at v ari o us t e m p er at ur es.

*, * * Si g nifi c a nt at P = 0. 0 5 or 0. 0 1, r es p e cti v el y ( F t est).

T a bl e 4. Li n e ar c orr el ati o n c o effi ci e nts (r) of g er mi n ati o n c a p a cit y vs. e n d o g e n o us A B A c o n c e ntr ati o n
i n a p pl e s e e d tiss u es.

*, * * Si g nifi c a nt at P = 0. 0 5 or 0. 0 1, r es p e cti v el y ( F t est).
a c et o n e c o nt ai ni n g 1 % a c eti c a ci d a n d 1 0 m g
B H T/lit er ( 1 0 s e e d c o at : 1 0 c ot yl e d o n a n d
1 e m br y o ni c a xis tiss u e : 1 0 0 s ol v e nt r ati o).
( ±) 3 H- A B A ( ≈ 5 0 0 0 c p m) w as a d d e d t o e a c h
s a m pl e f or d et er mi n ati o n of r e c o v er y. T h e
tiss u es w er e e xtr a ct e d b y s h a ki n g g e ntl y i n
d ar k n ess at 4 C f or 1 2 t o 1 6 hr. T h e s u p er-
n at a nt s ol uti o n w as dr a w n off wit h a P ast e ur
pi p ett e a n d m or e s ol v e nt a d d e d; t his w as r e-
p e at e d t wi c e. T h e e xtr a cts w er e dri e d u n d er
a str e a m of air a n d r e diss ol v e d i n a q u e o us
1 % a c eti c a ci d. All s a m pl es w er e filt er e d,
t h e n p urifi e d b y r e v ers e p h as e H P L C o n a
µ B o n d a p a c k C 1 8 ( 1 0- µ m p arti cl e si z e), 1 0
× 0. 8- c m c artri d g e c ol u m n ( W at ers Ass o-
1 7 6
ci at es, Milf or d, M ass.). T h e s a m pl es w er e
el ut e d b y m e a ns of a c o n v e x gr a di e nt ( c ur v e
5 o n t h e W at ers Ass o ci at es M o d el 6 0 0 S ol-
v e nt Pr o gr a m m er) fr o m 0 % t o 5 0 % et h a n ol
i n a q u e o us 1 % a c eti c a ci d. T h e r et e nti o n ti m e
of A B A w as 1 8. 5 mi n at a fl o w r at e of 2
ml· mi n - 1, as d et er mi n e d b y U V a bs or pti o n
of a ut h e nti c ( ± ) cis, tr a ns - A B A at 2 5 4 n m.
T h e fr a cti o n c o nt ai ni n g A B A w as dri e d a n d
m et h yl at e d wit h et h er e al di a z o m et h a n e.
Q u a ntifi c ati o n of t h e m et h yl est er of A B A
( M e- A B A) w as p erf or m e d wit h a V ari a n 3 7 0 0
g as c hr o m at o gr a p h y ( V ari a n, S u n n y v al e,
C alif.) e q ui p p e d wit h a 6 3 Ni- el e ctr o n c a pt ur e
d et e ct or. S a m pl es w er e diss ol v e d i n et h yl
H O R
a c et at e c o nt ai ni n g di el dri n as a n i nt er n al
st a n d ar d, a n d a n al y z e d o n a D ur a b o n d D B-
1 (J & W S ci e ntifi c, F ols o m, C alif.) g as c a p-
ill ar y c ol u m n ( 3 0 m × 0. 3 2 m m, fil m t hi c k-
n ess 0. 2 5 µ m). I nj e cti o ns ( 1 µ 1) w er e
s plitl ess. T h e i nj e ct or a n d d et e ct or w er e h el d
at a c o nst a nt 2 5 0 a n d 2 9 0 C, r es p e cti v el y.
I niti al c ol u m n t e m p er at ur e w as 6 0 C; aft er
i nj e cti o n t his w as i n cr e as e d t o 1 6 5 C at a r at e
of 4 8 C/r ei n, t h e n i n cr e as e d t o a fi n al t e m-
p er at ur e of 2 4 0 C at a r at e of 5 C/ mi n. T h e
c ol u m n c arri er g as ( h eli u m) fl o w r at e w as 1
ml· mi n - 1, a n d N2 w as us e d as t h e d et e ct or
m a k e- u p g as wit h a fl o w r at e at t h e d et e ct or
of 3 0 ml· mi n - 1. T w o ali q u ots w er e i nj e ct e d
fr o m e a c h s a m pl e a n d t h e a v er a g e v al u e w as
us e d f or st atisti c al a n al ysis.

I d e ntifi c ati o n of A B A b y g as c hr o m at o g-
r a p h y- m ass s p e ctr o m etr y ( G C- M S). T h e
pr es e n c e of A B A i n s a m pl es of e a c h s e e d
tiss u e w as v erifi e d usi n g a H e wl ett- P a c k ar d
5 8 9 0 G as C hr o m at o gr a p h y ( P al o Alt o, C alif.)
c o u pl e d t o a H e wl ett- P a c k ar d 5 9 7 0 M ass S e-
l e cti v e D et e ct or ( M S). S a m pl es w er e p uri-
fi e d b y H P L C as d es cri b e d a b o v e, m et h yl at e d,
t h e n diss ol v e d i n et h yl a c et at e a n d i nj e ct e d
o nt o a C hr o m P A K ( 1 2. 5 m x 0. 2 5 m m,
fil m t hi c k n ess 0. 1 9 µ m) c a pill ar y c ol u m n f or
G C- M S a n al ysis. I nj e cti o ns ( 1 µ 1) w er e o n-
c ol u m n, wit h t h e i nj e ct or p ort m ai nt ai n e d at
2 5 0 C, a n d t h e c ol u m n c arri er g as ( h eli u m)
fl o wi n g at a r at e of 1 ml· mi n- 1. I niti al c ol u m n
t e m p er at ur e w as 8 0 C; t his w as i m m e di at el y
i n cr e as e d 2 0 C/ mi n t o a fi n al t e m p er at ur e of
2 3 0 C. T h e M S w as o p er at e d at a n i o ni z ati o n
p ot e nti al of 7 0 e V wit h a s o ur c e pr ess ur e of 6
t o 7 × 1 0- 5 T orr. M ass s p e ctr a w er e r e c or d e d
b et w e e n 5 0 a n d 5 0 0 m ass u nits.

St atisti c al a n al ysis. T h e e x p eri m e nt w as
arr a n g e d i n a t w o-f a ct or (t hr e e ti m es of str at-
ifi c ati o n x f o ur t e m p er at ur e tr e at m e nts) f a c-
t ori al d esi g n. A n al ysis of v ari a n c e ( A N O V A)
w as p erf or m e d a n d D u n c a n’s m ulti pl e r a n g e
t est w as us e d t o d et er mi n e m e a n s e p ar ati o n.
S e e ds t h at w er e n eit h er str atifi e d n or e x-
p os e d t o 3 0 C w er e als o c o m p ar e d wit h t h e
f a ct ori al tr e at m e nts usi n g a s e p ar at e A N O V A
o n d at a f or all 1 3 tr e at m e nts. Si m pl e li n e ar
c orr el ati o ns w er e r u n t o d et er mi n e t h e r el a-
ti o ns hi p b et w e e n e n d o g e n o us A B A c o nt e nt
a n d g er mi n ati o n c a p a cit y d uri n g str atifi c a-
ti o n at 5 C or aft er e x p os ur e t o 3 or 6 d a ys
at 3 0 C.

N o nstr atifi e d s e e ds a n d t h os e h el d at 2 0 C
f or 3 w e e ks g er mi n at e d v er y p o orl y; s e e ds
h el d at 2 0 C f or 6 or 9 w e e ks di d n ot g er-
mi n at e ( T a bl e 1). Str atifi c ati o n at 5 C gr e atl y
i n cr e as e d g er mi n ati o n c a p a cit y, alt h o u g h n o
diff er e n c e w as e vi d e nt b et w e e n 3 a n d 6 w e e ks
( T a bl e 1). As e x p e ct e d, h ol di n g c hill e d s e e ds
at 3 0 C f or 3 or 6 d a ys c o nsist e ntl y r e d u c e d
s u bs e q u e nt g er mi n ati o n at 2 0 C, t h e eff e ct
i n cr e asi n g wit h ti m e h el d at 3 0 C.

G C- M S of t h e e xtr a cts of s e e d c o ats, c ot y-
l e d o ns, a n d e m br y o ni c a x es c o nfir m e d t h e
pr es e n c e of A B A. M aj or fr a g m e nts ( 1 2 5, 1 3 4,
1 6 2, 1 9 0 m/ e) a n d i nt e nsiti es w er e i n cl os e
a gr e e m e nt wit h t h os e of s y nt h eti c ( ±) ci s,
tr a ns- A B A ( d at a n ot s h o w n).

T h e c o n c e ntr ati o n of- A B A i n t h e e m br y-
o ni c a xis w as si mil ar t o t h at i n n o nstr atifi e d
T S C I E N C E , VO L . 2 6( 2), FE B R U A R Y 1 9 9 1



s e e ds, r e g ar dl ess of tr e at m e nt, wit h t w o e x-
c e pti o ns. T h e c o n c e ntr ati o n w as c o nsi d er-
a bl y hi g h er aft er 6 w e e ks at 5 or 2 0 C ( T a bl e
2). S u bs e q u e nt e x p os ur e t o 3 0 C ( T a bl e 2)
d e cr e as e d A B A l e v els i n a x es of s e e ds str at-
ifi e d f or 6 w e e ks (si g nifi c a nt li n e ar tr e n d,
T a bl e 3), b ut n ot i n t h os e t h at h a d b e e n str at-
ifi e d f or 3 or 9 w e e ks. T his r es ult e d i n a
si g nifi c a nt t e m p er at ur e × ti m e i nt er a cti o n.

I n t h e c ot yl e d o ns, A B A c o n c e ntr ati o n w as
si g nifi c a ntl y hi g h er i n s e e ds h el d at 2 0 C t h a n
i n all ot h er tr e at m e nts, r e g ar dl ess of ti m e of
s a m pli n g ( T a bl e 2). T h e c o n c e ntr ati o n at 5 C
w as n ot si g nifi c a ntl y diff er e nt fr o m t h e c o n-
tr ol ( n o nstr atifi e d) v al u e, alt h o u g h li n e ar
r e gr essi o n i n di c at e d a si g nifi c a nt n e g ati v e
tr e n d ( T a bl e 3). H ol di n g s e e ds at 3 0 C i n-
cr e as e d A B A c o nt e nt of t h e c ot yl e d o ns ( T a-
bl e 2) o nl y i n s e e ds str atifi e d f or 6 w e e ks;
h o w e v er, li n e ar r e gr essi o n w as si g nifi c a nt
o nl y i n s e e ds str atifi e d f or 3 w e e ks ( T a bl e
3). Si g nifi c a nt t e m p er at ur e × ti m e i nt er a c-
ti o n r efl e ct e d t h e c h a n g e i n A B A c o nt e nt at
2 0 C vs. l a c k of c h a n g e i n ot h er tr e at m e nts.

I n s e e d c o ats, A B A c o n c e ntr ati o n w as a g ai n
c o nsist e ntl y hi g h er at 2 0 C t h a n i n n o nstr at-
ifi e d s e e ds or i n s e e ds h el d at 5 C f or 3 or 6
w e e ks. T h e c o n c e ntr ati o n als o i n cr e as e d i n
s e e ds h el d at 5 C, t h e i n cr e as e b ei n g si g nif-
i c a nt o nl y aft er 9 w e e ks ( T a bl e 2). Li n e ar
r e gr essi o n i n di c at e d p ositi v e tr e n ds i n A B A
c o nt e nt at b ot h t e m p er at ur es ( T a bl e 3).
Tr a nsf er of str atifi e d s e e ds fr o m 5 t o 3 0 C
r e d u c e d A B A c o nt e nt aft er 3 a n d 9 w e e ks
b ut n ot aft er 6 w e e ks of str atifi c ati o n at 5 C;
o nl y s e e ds tr a nsf err e d t o 3 0 C aft er 9 w e e ks
s h o w e d a si g nifi c a nt li n e ar d e cr e as e ( T a bl e
3). I nt er a cti o n w as a g ai n si g nifi c a nt.

A B A c h a n g es w er e n ot c o nsist e ntl y c or-
r el at e d wit h g er mi n ati o n c a p a cit y d uri n g
str atifi c ati o n or aft er e x p os ur e t o 3 0 C ( T a bl e
4), s o m e r el ati o ns hi ps b ei n g p ositi v e, s o m e
n e g ati v e.

N eit h er str atifi c ati o n at S C n or s u bs e q u e nt
e x p os ur e t o 3 0 C gr e atl y aff e ct e d A B A c o n-
t e nt ( dr y- w ei g ht b asis) of e m br y o ni c a x es ( 5 6
t o 1 7 9 n g· g- 1) or c ot yl e d o ns ( 1 3 t o 4 0
n g· g - 1). S u b b ai a h ( 1 9 8 7), usi n g G C- M S, als o
r e p ort e d t h at A B A l e v els r e m ai n e d f airl y
c o nst a nt d uri n g str atifi c ati o n at 5 C i n e m-
br y o ni c a x es ( 5 0 t o 1 0 0 n g· g - 1) a n d c ot y-
l e d o ns ( 5 0 t o 7 0 n g· g- 1) of ‘ N ort h er n S p y’
a p pl e s e e ds. B al b o a- Z a v al a a n d D e n nis ( 1 9 7 7)
m e as ur e d A B A l e v els (fr es h- w ei g ht b asis)
d uri n g str atifi c ati o n at 5 C i n s e e d c o ats,
c ot yl e d o ns, a n d e m br y o ni c a x es of ‘ D eli-
ci o us’ a n d ‘ M cI nt os h’ a p pl e c ulti v ars. T h e
dr y w ei g ht of t h e c ot yl e d o ns is ≈ 6 8 % a n d
s e e d c o ats 4 6 % of t h eir fr es h w ei g ht; t h er e-
f or e, l e v els (fr es h w ei g ht) i n t h e c ot yl e d o ns
( 4 4 t o 1 0 8 n g· g- 1) a n d s e e d c o ats ( 8 6 t o 2 5 7
n g· g - 1) r e p ort e d b y B al b o a- Z a v al a a n d D e n-
nis w er e ≈ 3-f ol d a n d 1. 3- t o 2-f ol d hi g h er,
r es p e cti v el y, t h a n t h os e o bs er v e d i n o ur st u d y
a n d S u b b ai a h’s ( 1 9 8 7). H o w e v er, B al b o a-
Z a v al a a n d D e n nis r e p ort e d A B A l e v els f or
e m br y o ni c a x es ( 1 5 8 2 t o 9 0 3 2 n g· g - 1 fr es h
w ei g ht; dr y w ei g ht 5 6 % of fr es h w ei g ht) t h at
w er e ≈ 1 0 0 ti m es gr e at er t h a n l e v els o b-
s er v e d i n o ur st u d y a n d S u b b ai a h’s. T h es e
v er y hi g h v al u es ar e pr o b a bl y i n a c c ur at e d u e
t o t h e v er y s m all s a m pl es ass a y e d ( ≈ 3 7 m g
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fr es h w ei g ht), mi ni m al s a m pl e p urifi c ati o n,
a n d r e d u c e d s e nsiti vit y i n q u a ntifi c ati o n d u e
t o t h e us e of a p a c k e d G C c ol u m n wit h a n
e xtr e m el y s h ort r et e nti o n ti m e f or A B A ( 1. 5
r ei n). Artif a cts c o ul d e asil y h a v e aff e ct e d t h e
v al u es o bt ai n e d b y B al b o a- Z a v al a a n d D e n-
nis. T h e y e xtr a ct e d m u c h l ar g er s a m pl es of
c ot yl e d o n ( 3 2 0 m g) a n d s e e d c o at ( 2 4 5 m g)
tiss u e, a n d t h e A B A v al u es r e p ort e d f or t h es e
tiss u es ar e i n cl os er a gr e e m e nt wit h t h os e
r e p ort e d i n o ur st u d y a n d b y S u b b ai a h ( 1 9 8 7).

A B A l e v els w er e n ot aff e ct e d b y 3 or 6
w e e ks of str atifi c ati o n at S C ( wit h o n e e x-
c e pti o n, a x es at 6 w e e ks); h o w e v er, a l ar g e
i n cr e as e o c c urr e d i n s e e d c o ats fr o m s e e ds
str atifi e d f or 9 w e e ks. T his r es ult w as u n-
e x p e ct e d a n d its si g nifi c a n c e is n ot k n o w n.
S u b b ai a h ( 1 9 8 7) f o u n d hi g h l e v els of A B A
i n t h e t ests a n d e n d os p er m ( e q ui v al e nt t o s e e d
c o at i n o ur w or k) of n o n str atifi e d ‘ N ort h er n
S p y’ a n d ‘ L a n d e’ a p pl e s e e ds. Str atifi c ati o n
at 5 C d e cr e as e d A B A l e v els s u bst a nti all y;
t his tr e n d w as als o r e p ort e d b y B al b o a- Z a-
v al a a n d D e n nis ( 1 9 7 7) i n ‘ D eli ci o us’ a n d
‘ M cI nt os h’ c ulti v ars.

T h e s a m e or hi g h er l e v els of A B A w er e
f o u n d i n s e e d c o ats, c ot yl e d o ns, a n d e m br y-
o ni c a x es aft er 3, 6, or 9 w e e ks at 2 0 C t h a n
i n n o nstr atifi e d s e e ds or s e e ds str atifi e d at
5 C. I n c o ntr ast, S u b b ai a h ( 1 9 8 7) a n d B al-
b o a- Z a v al a a n d D e n nis ( 1 9 7 7) r e p ort e d t h at
A B A l e v els dr o p p e d si g nifi c a ntl y i n s e e ds
h el d at 2 0 or 5 C. T h e r e as o n f or t his c o ntr a-
di cti o n is n ot k n o w n.
L e v els of A B A di d n ot c h a n g e c o nsis-

t e ntl y i n a n y of t h e s e e d tiss u es d uri n g e x-
p os ur e t o 3 0 C aft er str atifi c ati o n at 5 C.
H o w e v er, b e c a us e of t h e hi g h er m et a b oli c
r at e at 3 0 C, a st u d y of t h e t ur n o v er r at es of
A B A a n d its m et a b oli z es w o ul d b e r e q uir e d
t o f ull y e v al u at e t h e r ol e of A B A i n t his h e at-
i n d u c e d str ess pr o c ess.

I n c o n cl usi o n, o ur d at a d o n ot s u p p ort t h e
h y p ot h es es t h at c h a n g es i n A B A c o nt e nt ar e
r es p o nsi bl e f or t h e br e a ki n g of d or m a n c y b y
c hilli n g or f or t h e i n d u cti o n of s e c o n d ar y
d or m a n c y b y hi g h t e m p er at ur e.
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