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Promotion and inhibition of DNA synthesis have
been suggested as important causal events in the
growth-promoting action of GA2 and the growth-
retarding action of ABA, respectively (11, 12. 15).
We here report typical effects of GA and ABA
during lettuce seed germination after seed irradiation
that prevents detectable DNA synthesis as determined
by 2 criteria: Feulgen microspectrophotometry and
3H-thymidine incorporation into nuclear DNA.

Air-drv seeds of lettuce, Lactuca satiza 'New
York,' were given 1.3 Mrad 6oCo gamma-ravs anid
then sown in Petri dishes containing distilled water
or solution's of GA ("Gibrel," Merck) or ABA (Shell
Development Company) as indicated. Whereas
lower radiation doses are sufficient to prevent mitosis
during germination (7), the 1.3 Mrad dose was
necessary to inhibit nuclear DNA synthesis, as will
be shown in this report. In all cases the pH was
5.7, and the dishes were exposed to continuous tillumi-
nation with 900 j.uw/cm2 white light (Sylvania Gro-
Lux) at 200. After 5 days, germination of these
irradiated seeds (as the percentage of total number
of seeds sown) was 0 % in water controls, 84 % in
5 X 10-4 M GA, and 1.5 % in 5 X 10-4 M GA + 100
mg/l ABA. Thus germination of these seeds was
very sensitive to GA and ABA.

By Feulgen microspectrophotometry the relative
amount of DNA per nucleus was measured for indi-
vidual cells from (a) 'the apical 0.5 mm of the radicle
of unirradiated embryos before sowing, and (lb) the
protruded 1.1 mm of 5-day-old root tips from the

1 Research sponsored by the United States Atomic
Energy Commission under contract with the Union Car-
bide Corporation.

2 Abbreviations: ABA, abscisic acid (dormin, ab-
scisin II); GA, gibberellic acid; FUdR, 5-fluorodeoxy-
uridine. In microspectrophotometry the 2C amount of
DNA per nucleus represents the DNA content of a di-
ploid, telophase nucleus or of a diploid, interphase nu-
cleus before onset of DNA synthesis; the 4C amount of
DNA per nucleus represents the DNA content of a di-
ploid prophase, or diploid metaphase nucleus or of a di-
ploid interphase nucleus after completion of DNA syn-
thesis.

irradiated seeds that had germinated in 5 X 10-4 Al
GA. After histologic examination we chose the
1.1-mm length in (b) because lit contains the same
number of cells as the 0.5-mm length in (a). Be-
cause there was no mitosis, any DNA synthesis
during the 5 days after sowing of the irradiated
seeds in GA wvould have shown up as increases in
DNA contents in (b) compared to (a). Each slide
contained a squash of either the 0.5-mnm apical por-
tion of the radicle from anl unlsown seed (a) or the
protruded 1.1-mm root tip from an irradiated seed
after 5 days in GA (b). Eaclh slide also conitained
a squash of a normal root tip (1-S days old) colmi-
prised of cells in all stages of mitosis; the telophase
nuclei were used to determine the 2C nuclear DNA
level, and the prophase and metaphase nuclei were
used to determine the 4C nuclear DNA level. In
this way the DNA content of individual nuclei in
unsown seeds (a) and in roots from irradiated seeds
germinated in GA (b) could be directly measured
relative to the normal 2C and 4C nuclear DNA levels
on the same slides.

The radicle and root tips were fixed overnight in
Carnoy's fixative (3), then washed in 3 changes of
45 % acetic acid, and then squashed in 45 % acetic
acid on slides 0.99 mm or less in thickness. Immedi-
ately before staining, the squashes were postfixed in
3 parts absolute ethyl alcohol: 1 part glacial acetic
acid for one-half hr. After thorough draining and
drying, the slides were heated to 600 and then im-
mersed in 1 N HCl at 60' for 12 min (optimum
hydrolysis time). The squashes were then stained
for 1 hr *in freshly prepared Schiff's leuco-basic
fuchsin. After three 10-min washes in "sulphur
dioxide water" (3), the slides were washed 5 min in
running water and air-dried. Just before use, the
squashes were mounted with Cargille's oil of refrac-
tive index 1.54. Total absorbancy integrated over
the area of the nucleus was determined with a
scanning microspectrophotometer (Zeiss Model
UMSP-I). Because the high intensity of stain pro-
duced high absorbancies at the 565 nm maximum,
off-peak measurements were made at 520 nm, thereby
giving point absorbancies mostly between 0.3 and 0.5.
The reliability of such off-peak measurements has
been established by Fand and Spencer (4).
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The resuilts of tlle microspectrophotometry are
shown in Fig. 1. All the v\alues for niuclei in the
unsowni embryo anid in the rootlet of seedlilngs from
1.3 Mrad-irradiated, GA-treeated seeds came fromii
interphase iniuclei, since miiitotic stages are absent
fromn these pllants. All lntuclei examined in UllnSOwnII
embry-os had a 2C DNA contenit. This finidinig is
similar to that of Bruniori anid D'Amnato ( ),w?ho
foutlnd onl\- 2C nlutclei in 14 of 15. unsown lettuce
enibr\-os; the fifteentlh lhad somiie 4C nuclei. Feinbrun
and Klein (5) founid that in 'Graand Rapids" letttuce
seed germinated oll 3H -thv-midine. all nuclei were
labeled with tlle exceptioln of a few epidlermal nluclei;
thlerefore. it miay be ilnferred tllat the vast miiajority
of nuticlei in tlleir lettuce seed also had a 2C DNNA
contelt.

The D)NA level was 2C or less for all except 4
nuclei fromii the rootlet of seedlintgs fromii the irradi-
.ated, GA-treated seeds. This observation indicates
thalt DNA syinthesis was absent or negligible in the
elongating liortion of these seedlings during the first
5 dcla-s after sowing. Tlle four 4C nutclei in the root
tips fromii the seeds irradiated and then gernlinated in
G-A nmay actually have beeln initially present before
irradiation and germinication, becaause 4 of 300 (Fig.
lb ) versis 0 of 300 (Fig. la) is nlot a statistically
significant difference (X 2 p 0.13).
Bruniori nld D'Amiato ( I ) and Feinlbrunll and KTleini
(5) also suggest the preselnce of a few 4C nuclei in
unsown- lettuce emibryos. Een if these 4 nuclei (id
nnderoo DNA doublin-g du ri ii g germination of the
irradiated seeds in the GA solution. the amiounlt of
DNA sy-nthesis is still rather smiiall per embryo:
moreover, somiie of these germninated seeds, all of
which re(qtiired GA for germination, are still entirelv
2C anid therefore could niot have uindergone any
doubling of DNA in their cells. \We do lnot imply
that either 1.3 Mrad or GA have lno effect onl DNA
itself; in fact the gaimma-rays do seenm to cause
degrada,tion of DNA, as shown bv the nuticlei con-
taining less than the 2C level in Fig. lb. Ouir con-
cluisions pertain onlv to the a(bsence of significant
nuclear DNA synthesis.

Autoradiography was also used to verify absence
of nuclear DNA synthesis in botlh seeds alnd seedlings
in 5 X 10- \ GA.Irr4adiated seeds and(l the seed-
ligs inl5X 10- M GA, whleln 0, 1. 2, 3. 4, 5. 6, and
7 day.s old. were exposedl for 24 lhr to a soltutioin also
contaillillng 0.006 mg/iiil of ,H-tlhvmidine (50 xc/ml;
specific radioactivity 2.0 c/nimmiole). Tllose seeds not
yet germinated vere cut tlhrouglh the widest part of
the cotyledons to assurle that the 3H-thvmidine
reached the radicle. Unirradiated seeds anid seed-
ling-s of the samie ages were also exposed for the
same time to 3H-tlhvmidiie soluitionis of the sanme
concentration. Fixation was overnight in Carnoy's
fixative (3). The radicles and root tips were then
stained by means of the Feulgen reaction, sqluashed
on slides, coated Nith Kodak NTB 3 liquid emulsion,
alnd stored in darkness at 4°. After 7 day s the slides

w-ere developed. By this criterionl also, no nuclear
DNA synithesis occurred in seedlings fromli thle irradi-
ated. GA-treated seeds, because grainis over iuticlei
were absenit or negligible (i.c., no greater in iiiinuber
tlhani over nearby cytoplasm). By contrast, unirradi-
atedI seeds acnd seedlinigs of tlle same ages showed
heavy labeling of nutclei (Fig. 2). The absence of
'H-thymidine incorporation into nticlei suggests that,
within the time period studied, the alpparent radiationi-
indtuced degradationi of nuclear DNA (cf. figs la
anid lb) is not follo,wed by "repair synthesis" of
DNA ( 10).

Sinice by the 2 differenlt criteria. tthere was little
or nio ntuclear DNA synithesis durinig germliinationi of
the irradiated see(ds in GA, the lprolmlotion of germiii-
ination by GA h,ere is unrelated to any effect on
nuclear DNA synfthlesis. In these seeds germination
involves anid is measured by expansion of the very
samie cells shown lhere to lack DNA svnthesis. This
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FIG. 1. Frequency distributions of DNA contents of
individual nuclei from (a) radicle of unsown seed, (b)
root of irradiated seed germinated in GA, and (c) root
of normal seedling. (a) Three hundred nuclei were
measured. Fifty are from eachi of 6 radicle tips; only
interphase nuclei were present. (b) Three hundred
nuclei wvere measured; 50 are from each of six 5-day-old
tips; only interphase nuclei were present. Four of the
nuclei, from 4 different tips, have the 4C level of DNA.
Those nuclei having less than the 2C level of DNA,
presumably reflecting destruction of DNA by the irra-
diation, were distributed amiong all 6 root tips exam-
ined. (c) The telophase nuclei indicate the normal
2C level of DNA; prophase and,metaphase nuclei indi-
cate the normal 4C level. Presumably the 2C and
4C levels of DNA are represented by approximately 8.5
and 17 absorbancy unlits, respectively.
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expansion is similarly stimulated anid inhibited by
GA and ABA, respectively, in irradiated lettuce seeds
cut so as to remove mechanical restraint of the
endosperm (utnpublished results). The prevention of
germination by ABA in the presence of GA cannot
be attributed to prevention of nuclear DNA synthesis,
since there was none to inhibit. Although we have

no evidence for significant cytoplasmic DNA svn-

thesis, our data cannot rule out the possibilitv of
cytoplasmic DNA synthesis as clearly as nuclear
DNA synthesis. Since all or nearly all the nuclei
in the lettuce embryo are initially at the 2C DNA
level, the normal mitotic divisions during germination
of unirradiated seeds must involve DNA doublings.
From the very great burst in mitotic frequency that
typically accompanies the onset of normal germination
(7) there is little question that, with nonirradiated
seeds, GA and ABA would have exerted their ex-

pected effects on nuclear DNA synthesis associate(l
with these mitoses. The results in this present comll-
munication show that such effects on nuclear DNA
synthesis are not necessary for the actions of these
chemicals on lettuce seed germination.

From experiments with 3H-thymidine similar to

those reported in Fig. 2, we find no detectable nuclear
DNA synthesis in the aleurone of Himalaya barley
endosperm halves treated with GA. Since amvlase
formation in this system is stimulated by GA and
since this stimulation is counteracted by ABA (2).
we infer that the actions of both GA and ABA on

amylase syn,thesis in barley aleurone also proceed
without actions on nuclear DNA svnthesis. [There
are other examples of hormone action without con-

current mitosis (8, 13). One should not assume,

however, that absence of mitosis implies absence of
DNA synvthesis. The widespread occurrence of 4C
and 8C n,uclei among plant cells that have ceased
dividing indicates the frequent occurrence of nuclear
DNA synthesis apart from the nornmal miLotic cycle
(14). Even after large doses of radiation one cannot

assume absence of nuclear DNA synthesis solelv from
radiation-indutced mitotic inhibition (6).]

The foregoing discussion pertains to insitances of
GA action in systems lackiilg nuclear DNA svnl-

thesis. Since in most svstemis, including eveni lion-
dividing ones, nuclear DNA synthesis does occutr,

we might ask the following quiestion: When DNA
synthesis does occur, to what extent does it contribuite
to GA sensitivity? In earlier papers we disculssed
the "relative GA effect," defined as

increase in length (%) with GA treatment

increase in length (%) of water controls
as a valid expression of GA sensitivity (9, 13). The
relative GA effect, in contrast to absolute differences
in elongation, is not reduced by treatments that
presumably greatly reduce DNA svnthesis in 2 dif-

ferent sy-stems: (a) leaf growvth in wlheat seedlinfgs
from grain that hiad been exposed to gamma rays
versuts normal, unirradiated plants [see Fig. 1 of (8)
and Fig. 2 of (9)], and (b) lentil epicotyl elongation
in the presence of FUdR v'crsts controls not treated
with FUdR [see table I of ( 12) or table Vl of
(11)1. Therefore, when DNA synthesis occturs, it
does not seem to contribute to sensitivitv to GA.
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