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Introduction

Virtually nothing is known about the metabolism
associated with embryogenesis in higher plants, not
even the oxidative pathways involved in respiration.
This contrasts sharply with the situation in the field
of animal embryology where a large amount of data
dealing with the biochemistry of embryo development
has been collected (3). When embryogenesis is de-
fined as the result of maintenance, growth, and dif-
ferentiation (3), it becomes increasingly apparent
that it is important to understand the basic respira-
tory pathways operating in embryos and to examine
the possibility of pathway changes during the course
of development.

The experiments described below are concerned
with the relation of respiration to development of
the plant embryo. Three areas investigated were 1)
the normal respiration of the plant embryo, 2) the
characterization of the oxidative pathway involved
in respiration through the use of respiratory enzyme
inhibitors, and 3) the histochemical localization of
relative respiratory activities during the early stages
of embryogenesis.

Materials and Methods

The embryos used in this study were from Upland
Cotton, Gossypium hirsutum L. seed variety M8948.
which is a double haploid developed by Dr. James
Meyers of the Delta Branch Experimental Station.
Stoneville, Mississippi. The plants were grown in
a green house with a minimum temperature of 300.
Fluorescent lighting extended the day length to 18
hours. Cotton grown under these conditions flowers
all year. When the cotton flower opens, the stigma
is receptive to pollen for 1 day. The flowers were
hand pollinated and all stamens were removed. Fer-
tilization occurs approximately 18 hours following
pollination. The embryos were allowed to develop on
the plant with the individual bolls selected as nee(le(l.

Oxygen Uptake. Since only a limited number
of embryos can be removed from a boll within a
practical p)eriod of time, it was necessary to employ
the Cartesian diver microgasometer (7, 10) for the
quantitative portions of this work. The divers used

1 Revised manuscript received January 26, 1965.
2 This research was supported by grants from the

National Institutes of Health (CA-03656) and the Na-
tional Science Foundation (GB-1311).

3 Present address: Physiological Department, Carls-
berg Laboratorium, Copenhagen Valby, Denmark.

had a neck diameter of 1.0 mm and( a volumle of 10
utl.The divers were filled in the following manner.
The lowermost charge, placed in the bulb of the
diver, consisted of a 0.6 ul drop of 0.1 M NaOH.
The tissue seal consisted of a 0.5 IlI drop of 0.06 M

NaH2PO4-K2HPO, buffer at pH 6.8. This was
followed by the standard paraffin oil seal of 0.6 ,ul.
The final charge was the mouth seal for which the
volume was calcu!ated from the length of the seal
when the diver was at equilibrium in the flotation
vessel.

Respirationi as measured by 02 uptake, was de-
termined for the early developmental stages of the
embryo. Embryos in these stages of development
were excised from intact bolls. Fol,lowing excision
the embryos were immediately washed in 3 changes
of the phosphate buffer solution to remove any resid-
ual endosperm. The amount of endosperm ad-
hering to the external surface of the embryo
following the washes was negligible. The isolated
embryo was transferred with a braking pipette to
minimize the possibilities of injury. Before placing
the embryo into the diver, a silhouette of the embryo
profile was photographed. The embryo was then
placed directly into the tissue seal of the diver. This
was accomplished by completely filling the diver neck
with the tissue seal solution, placing the embryo onl
top, and allowing it to fall to the bottom meniscus
by gravitational force. The excess liquid was re-
moved and the exact volume of the tissue seal deter-
mined wvith the aid of a horizontal microscope
equipped with a calibrated ocular micrometer. The
remaining seals were added, and the diver was in-
troduced into the flotation vessel. After an initial
period of equilibration, measurements were begun.
All experiments were carried out at 30°. In the
experimental system employed, 7 flotation vessels
could be used at 1 time. A maximum of 6 experi-
mental divers and 1 control diver, filled in an identi-
cal manner but without an embryo, were run si-
multaneously. The range of developmental stages
(fig 1 a-1) for which 02 uptake data was obtained
iclutded globular embryos (75-100 ,. in lenlgth)
through torpedo stage embrvos (750 px inl lenigth).

Inihibitiont of Respirationt. Fluoroacetic aci(d aind
miialoniic acid Nvere used to investigate the respiratory
l)ath,xvaxys operatinig in the developinig embryo. F"or
the inhibition studies use was made of the side drop
technique (9) employed with the Cartesian diver.
In the case of fluoroacetate a single side drop, 0.3
,ul in volume with a concentration of 0.026 M, was
used (final concentration after mixing with tissue
seal 0.01 M). Two side drops were employed for
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FIG. 1. Outlinie drawinigs of emnbryos
photographs of the developmental stages
study [globular stage (a) through torpedo

k

made from
inicluded in

stage (1)].

the malonate study. One si(le drol), nearest the tissue
seal, containe(d 0.3 A, of 0.026 so(lium maloniate
(final concenitrationi of the malonlate as 0.01 Nr fol-
lowing mixture with the tissuie seal). The second
si(le (Irop w\as 0.3 ,ul of 0.36 Mi so(liu1im sUccinate (fin1al
concenitrationi of the succiniate follo\\-ing miiixture with
the miialonate-tissue seal wsas 0.1 \M). The embryonic
stages stuidied and the hacndlinig techniques were the
samce as descril)ed for the O.tuptake investi-ationi.
Inhibitory side drops were intro(luced after a perio(l
of neasurement of nlormiial respirationi (miiiilnim
60 r]in). The si(le drops (fluoroacetate or mcaloinate)
Were mixed witlh the tissue seal by placing an over-

l)ressure on the diver (9). After a slhort period of
equilibration ( 10-20 mintutes') readings were re-

sumed. In the case of miialonate inhibition experi-

ments, the succinate side drol) asi'mxe(l in the
same manner following at least a 60-miitnute measure-

ment of the imalonate effect.
Localizationi of Respiiratory Activity. In additioll

to the quantitative measuremenits of respiration, a

study of the distribution of respiratory activity in the
developing embryo as miiade. Nitro blue tetrazo-
litlm has been showxv to be a senisitive indicator for
sUccimiC (lehydrogenase activity (11). TI'his is ap-

parently true at the level of the electron mlicroscope
(14) and, with proper precautions an(d a(lequate
controls, at the level of the light microscope ( 1, 5. 6).
For miiicroscopic localizatiolns of enzyme activity
hole emnbryos, correspondinig to the (developl)ental

stages studied in the 0, uptake experiments, were

inicubated int nitro blue tetra7zoiulmi medium ( Nitro-
BTlsr Dajac Laboratories) at 37' for 30 minuittes.
T'lhe incubationnmediumil consiste(d of equal pairts of
0).1 M\i sodiumI1 succin1ate, 0.1 M\ 1phosphate buffer PH
7.2, and 1 mg/nml aqueous nitro-BT. Controls w-ere
I ) embryos preincubate(l for 31) mintutes in 0.01(l\M
mlalonic acid followed bvy incubation in nitro-BT with
or without a(lditionlal succiniate, 2) embryos in which

lipid extractioni ha(l been carrie(l oUt in cold acetoIne

('2 ) followN-ed by incubation in the nitro-BPT miieditum.i,
and 3) embryos that lhadl been heat inactivated.

FollowN inig inicubationl and after s(ftlashinlg or cryo-
stat sectioniing (30 ju at -18X). embryo plrel)aratiolis
wx ere microscopically exaliniiledl.

Determinationl of Cell uumibcr. The grow\thi rate
of the cottonl embryo varies at ulifferenlt timiles of the

year. For this reason embivro area (mm2) was usedl

in this study as a measure of dlevelol)ment inistead of
emilbryo age. Embryo cell numbers Nxxere deteriiinle(d

by 1) photographing silhouettes of embryo profiles,

2) miiakinlg Fetulgeni squaslhes of the emhryos. 3

photographing the squashes, and 4) miiaking couilts
of the nutimber of niuclei present fromii photographic
cnlargemiielnts. As the cells are all unlitucleate, this
couin1t represenited the total number of cells l)resenlt.
The area of the embryo vas (Ietermiinie(l froim the
silhouette photograph tIsilng an optical )1lanimeter.
It wN-as founldl that embryos with the samle area agree(d
closelv in cell number ai(l were at the samlie stage of
miiorphological development. Tshis ma(le it possil)lC

to accurately determiinie the cell number of experi-
mental embryos by simpl)ly measriiig their areas ( fig

2).

0,./

0 005 010 015 0 2 a 0.25 0 30 3 35 .)4J2 O~~~~~~ 2~~~~~ 2~~~
Fi(;. 2. The cell nutlmbers as complaredl to the area

of the embryos.

Results

Oxygen Uptake. The experimental (lata fromii 0.,

uptake stu(lies show that the rate and(I amount oi

0., consumptioni per embryo inicreases with the size

A-ll morphological development of tlle embryo (fig
3). In the torpe(lo stage the -radual decrease in

the rate of 0., consumption tow\ardIs the enid of the

period of mleasuremiienlt is probabl)y due to substrate
depletion ratlher thanl O.2 Iimiiitationi sinice the voltume
of the (liver alloNws adequate ami1oun1ts of 0., to l-e
present over the timiie spani of the experiments.

The average amount of O. consumiie(l per lhour
ilncreases linearly as a ftunictionl of inicreasing enmlbrvo
size (fig 4 ) On a per embryo basis the )., conl-
sulmiiptionl of globular embryos (0.0017-0.02 mm12) x\-as

about 2.5 X 10- /j, per lhotur. This inicreased throtulgh
the heart all(n torl)edo stages \witll the latest torl)e(lo
sta-e stui(lied (0.38 mm21n')l2having had an 0., collnsumllp)-
tionl of about 92 X 10 utl per hotur. Thle ol(lest
stage measuire(l in this investig,ation is still a relative-
1v immiiiiatture emibryo with referelnce to the total mor-

phological dlevelol)ment coml)risinIg eill)rvogeynesis.
In ordler to calculate the 02 uiptake onl a pelr

cell basis, tuse was nmade of the previotuslv calculated
cell numbers (fig 2) A comiiparisonl between thc

)., consumption per cell ail(I the ( ). consuml)tion of

/ u))
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FIG. 3. 0., uptake in the globular, heart, anid torpedo

stages of emb-ryo development.

the NNvhlole emibryo can be madle (fig 4). Expression
of this data oni a per cell basis showNs that the 0.,

uptake is highi initially (globula~r stage, 21.6 X 106

Mxl/hr), drops rapidly (miiddIle hieart stage. 6.0 'X 10-,
/11/hr), levels off (early and( miiddle torpedlo stages.

3.4 X 10-1 AI/hr), and miaintains this level through
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Fic. 4. Average 0., uptake per embryo per hour
(left ordinate) and average 0., uptake per cell per
hour (right ordinate). Developmental stages with cell
numbers indicated are shown at the top.

the later torpedo stages (3.2 X 10f6 pJl/hr). These
chaniges contrast markedly with the results obtained
when calculated on a whole embryo basis.

Inihibitiont of Respirationi. Fluoroacetic acid
causes complete inhibition of O., conisumptioni in all
stages studied (fig _-5). Upon the additioni of the
acid, O. uptake stops imminlediately in globular stage
emlbryos. Inhiibitioni of 0, up)take in the heart stage
is coml)plete altlhough it occurs mlore slowlv thani ill
the globular stage. Even miore gradual inhibition

40-

sx x- - torpedo

30-

20 /

I
i /x_A-A:--.AAA- A heart

oN 10! /"'
Xx// - globular

0 60 120 ISO

time minutes

FI;. 5. Effect of fluoroacetic acid on O., uptake (finial
conic of inihibitor 0.01 M.). Arrows indicate addition of
the fluoroacetic acid.

xvas observed in the torpedo stages. The (lata from]
imianiy embryos indicated that the nmore advance(d the
stage of development the less immediately sensitive
wvas the embryo to fluoroacetic acid. This change
in senisitivity is probably due to penetration differ-
ences associated with increasinig growth anid tissuie
coml)lexity. Regardless of how gradual the respoilse
wvas, the final effect of fluoroacetic acid was to
completely inhibit respiration in all stages studied.

The results of adding malonic acid (fig 6) were
similar to those obtained with fluoroacetate. The
globular and heart stages reacted more quickly to
the inhibitor than did the torpedo stage. Again.
more advanced stages were less iniiiiiediately selnsi-
tive to the inhibitor. None of the embryonic stages
studied showed malonic acid resistanlt respiratioln.
The addition of succinate, however, caused ani indi-
cation of the resumption of °2 uptake in all stages
(fig 6). This, coupled with the histochemical evi-
dence (see below), leads to the conclusion that a
reversal of the malonic acid inhibition wvas effected.
How,,ever, more quanltitative data are required.

Localization of Rcspirationi. The distribution of
respiratorv activity was determined by the histochemiii-
cal localization of succiniic dehydrogeniase activity.
In the cotton ebl)ryo the localization is a l)artictulate
one corresponding- to the iimitoclhonldrial distril)utioll
withini the cells. This was evident in the reactioni for
the cells coimiprising the basal portion of the hypocotyl

767



IPLANT PHIYSIOLOGx

embryo (fig 9) was strikingly small when compared
to the activities found associated with the cotyledons
and sulbapical portions of the embryo. Control em-

0o s / torpedo l)ryos pretreated with malonic acid showed no re-
action for enzmlle activity. The same results were

MO-- Obtaine(l in heat inactivated emlbryos as ill those pre-
75 treatedl with malonate. Lipid-extractedI embryos pro-

;-i(ledl a re-action pattern identical to the ulltrmete(l em-
/l)rv)s, inl(licating that the (linitroformiazall deposition

,0 / corresl)on(ledl to the mitochondria and(l wxas not all arti-
/ fact cause(l by the lipophilic properties of the dinitro-

/ m S heart formazan (6. 12). Embryos which lhad been inhi-251,I+^-^- *-*'-* bite b1y malonic acid treatment aiitl then incubated
A in nitro-BT medium to w-hich sUccinate had beep/;/m S qfobsular added showed recoverv as indicated 1) dinitroforma-

) ' ' ' 60' ' ' ' e20' ' l - - 'zanl Cdeposition.
time minutes

1PI;G. 6. Effect of malonic acid (in) followed by suc-
cinic acid (s) on O., uptake. Final concentration of
mialonate 0.01 Ai, final concentration of succinate 0.1 Al.

(fig7) and for the cells of the cotyledons (fig8). In
general, the intensity of the reaction in the cotyledons
appeared to be less than that for the cells comprising
the hvpocotyl. The activity in the apex of the

FIG. 7-9. Photomicrographs of succinic dehydro-
genase localization. Nitro-BT reaction is deep purple-
blue as seen with the light microscope. FIG. 7. Locali-
zation of succinic dehydrogenase activity in cells of the
hypocotyl. Torpedo stage embryo: a) light microscope,
ii) same section under phase (X400). FIG. 8. Localiza-
tion of succinic dehydrogenase activity in cells of the
cotyledon. Torpedo stage embryo: a) light microscope,
b) same section under phase (X400). FIG. 9. Localiza-
tionIof succiniic delhydrogenase activity in cells of the
apical regioll. Torpedo stage embryo: a) light micro-
scope, 1)) sane section under phase (X400).
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FIG. 10. A diagrammatic representation of the dis-
tribution of succinic dehydrogenase activity in the early
stages of embryo development.

The distribution of enlzymie activity for the earls

stages of embryogenv is shown ill a diagrammatic
representation (ffig 10 a-g). Enzyme activity was
evenly distributed throughout the globular stae
embryo (fig 10 a) with a slightly more intense re-

action in the rudimentary suspensor. Ill the earl!
heart stage embryo (fig 10 b), enzyme activity xvas

found to be associated with the developing cotyledons
as Avell as Avith the basal portion of the hvpocotyl.
This pattern of activity continued through the middle
and late heart stages (fig 10 c, d) and included peri-
pheral extensions which eventually linked the hypo-
cotvl with the cotyledons. At this point ill develop-
ment a large U-shaped pattern of enzyme activity
was found. In the torpedo stages (fig 10 e, f) lo-
calization of activity was still in the cotyledonary and

hypocotyl portions of the embryo while little locali-
zation was associated with the embryonic shoot apex.

However, there was an increase of activity associated
with the subapical portions of the embryo which
corresponded to the elongating axis. A more ad-
vanced stage of development (fig 10 g), for which
there is no quantitative data at present, showed an

increase in enzyme activity in the developing radicle
and in the longitudinal axis of the embryo. The shoot
apex continued to be an area of relatively low activi-
ty. There \vas a decrease in activity at the base
of the expanded cotyledons in this stage although
enzyme activity continued to be associated fvith most
of the cotyledonary tissue. Files of cells showing
a more intense reaction occurre(l within the cotyle-
dons themselves and corresponded to the (-veloping
procalmlbitil in these areas.

To

x

CL

C',

/ o8R

12

la

5

2

m ,17

a :I.C.

n



FORMIAN A.ND JENSEN-RESPIRATION AND E.MBRYOGENESIS IN COTTON

Discussion
02 uptake studies with numerous animal emiibryos

show that the amounit of 02 consumed by the whole
embryo increases linearly with size (4). The results
of °2 uptake experiments with embryos of cottoni
indicate a similar pattern. These data constitute the
first quantitative informationi for the early develop-
mental stages of a plant embryo. If 02 consump-
tion is expressed on a per cell basis, the pattern is
strikingly different than that for the whole embryo.
Inistead of an increase in the amount of 02 takenl ulP
per cell there is a decrease. Thus, the total 0o
uptake per embryo is correlated with an increase in
the total number of cells comprising the embryo.
Similar patterns have also beeni reported for animlal
embryos (4).

The histochemical localization of succinic dehy-
drogenase activity emphasizes an important aspect
of the relationship between respiration and embryo-
geny. That is, with growth, differentiation, and
increasing needs for energy, there are differences in
respiratory activity within the embryo. This is
demonstrated by the differential nature of the locali-
zation of enzyme activity (figs 7-9, 10 a-g). The
cell's of the embryo in which high enzymatic activity
was localized are associated writh those areas of the
embryo where active growth and differentiation are
taking place. This is in agreement with other studies
demonstrating the close correlation of increases in
respiratory activity with differentiation and active
growth (2, 8, 11, 15). Cells with greater respiratory
activity can also be expected to have greater 02
uptake rates. The result is that cells with greater 02
tiptake rates are masking the lower rates of others.
Therefore, except for the relatively undifferentiated
emiibryonic stages in which distribution of activity was
found to be equal, the 0 uptake rates per cell must
be viewed as average figures. Only as such do they
have value when comparing the different develop-
mental stages of embryogenesis.

The 02 uptake studies and localization of enzyme
activity support the idea that the tricarboxylic acid
cycle is operating in all the stages of the embryo
studied. Although no experimental evidence is avail-
able concerning the immediate stages following the
first division of the zygote, aerobic respiration may
be expected to occur here as well. This assumption
is based upon the observation that the mitochondria
have a normal appearance at all stages of embryo-
genesis and that the physical location of the develop-
inig embryo within the ovule is not one in which 0,
can be expected to be limiting.

Data from the inhibition studies lend further sup-
port to the idea that the tricarboxylic acid cycle is
the only respiratory cycle operating in the stages
studied.

Summary
Respiration rates as measure(l by oxygeni uptake

wsere determined for young stages of Gossypiutin hir-
sittum7i L. embryos, (globular through torpedo). Oxy-

gen uptake increased as embryo size increased. How-
ever, when oxygen uptake was averaged on a per
cell basis, the amounts decreased with development.
Through the use of inhibition studies, characterization
of the respiratory pathway was made. The tri-
carboxylic acid cycle appeared to be the only path-
way involved in the oxidation of substrates to carbon
dioxide. Cytocheniical localization of succinic de-
hydrogenase activity revealed an association between
enzyme activity and those parts of the emiibryo in
which growth and differentiation were taking place.
The shoot apex and other relatively quiescent portions
of the embryo had characteristically low levels of
associated enzyme activity.
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