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In an earlier paper (7) the development of isolated
heart-shaped and older embryos of Capsella4 (> 80
,u long) when grown in a sterile nutrient medium
containing mineral salts, vitamins and 2 % sucrose
was described. It was also shown that supplement-
ing the basal medium with a mixture of growth sub-
stances like indoleacetic acid (IAA), kinetin and
adenine sulfate permitted development of still smaller
globular embryos (40-80 ,u long) in vitro. From this
evidence it seemed reasonable to assume that growth
substances play a role in the development of embryos
through various stages in their ontogeny. The pres-
ent study describes the effects of externally applied
IAA and other auxins, gibberellic acid (GA), kinetin
and adenine sulfate on the growth and morphogenesis
of heart-shaped and older embryos of Capsella cul-
tured in vitro. The effects of the conditions of illu-
mination on development are also briefly considered.
The results show that embryos of different develop-
mental stages and their respective organs show dif-
ferent responses to exogenous supplies of plant
growth substances.

- Materials and Methods

Embryos of C. bursa-pastoris Medic. were ob-
tained from plants grown in the greenhouse in a mix-
ture of equal parts of sand, perlite and leaf mold under
a supplementary incandescent illumination of about
200 ft-c light during the day time. The composition
of the basic culture medium and the methods of cul-
ture have been described previously (7). The growth
substances tested in the experiments were added to
the basal medium and autoclaved at 15 lb/in2 for 15
minutes. Six to 8 embryos of the desired stage were
routinely grown in standard 10-cm petri dishes con-
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from the National Science Foundation.
3 Present address: Department of Botany, University

of Malaya, Kuala Lumpur, Malaysia.
4 The different stages in the embryogenesis of Capsella,

in terms of increasingly older embryos (with their range
in length in microns given in parenthesis) are: early
globular (20-60); late globular (61-80); early heart-
shaped (81-150); late heart-shaped (151-250) * inter-
mediate stage (251-450); torpedo-shaped (451-700)
walking-stick-shaped (701-1000); inverted-U-shaped
(1001-1700) and mature embryos (> 1700). For de-
tails see Raghavan and Torrey (7) and Rijven (10).

taining 25 ml of the semi-solid medium. Cultures
were kept in a culture room at 25 + 10 and given 12
hours illumination daily by a combination of cool
white fluorescent tubes and incandescent bulbs giving
about 50 ft-c light on the surface of the cultures
(light-grown cultures) ; parallel sets of cultures were
kept in an incubator which was completely dark ex-
cept for brief periods of opening for examination
(dark-grown cultures). Transfers to fresh media
were made at intervals of 4 to 5 weeks.

The morphogenetic changes occurring in the em-
bryos were noted by periodic examination of the cul-
tures. Growth measurements were made at the 2nd
and 4th weeks from the start of the experiment, using
a dissecting microscope equipped with an ocular mi-
crometer. To get a clear picture of the effects of
growth substances on the growth of the different or-
gans in the embryos, the lengths of the cotyledons,
hypocotyl and root were measured separately and their
growth expressed in relative terms as the ratio final
length/initial length. The root was operationally
defined as the meristematic region at the proximal
end and the primary root which subsequently devel-
oped from it, the cotyledons as the leafy structures at
the apical notch of the embryos, and the hypocotyl as
the region between the root and the cotyledons. The
delimitation was arbitrary and difficult in early embry-
onic stages, but became easier in the later ones. Root
length measurements did not include length of laterals.

All experiments were repeated 2 to 3 times using
embryos of various developmental stages. In any one
treatment, embryos with initial lengths close to one
another within 100 , were used. Although quanti-
tative data on the growth of only the intermediate-
stage embryos (251-450 ,u long) are given, morpho-
genetic responses of embryos of other developmental
stages are included for each treatment. Photographs
of representative samples grown in the test substances
are given in figures 1 to 7. Statistical methods fol-
low Snedecor (12).

Results

Before the effects of the growth substances are
considered, a brief review of the responses of the
embryos when grown in the basal medium alone is
essential. Our early work showed that dark-grown
heart-shaped and older embryos of Capsella routinely
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RAGHAVAN AND TORREY-EFFECTS GROWTH SUBSTANCES ON EMBRYOS

Table I. Growth of the Different Organs of Intermediate Stage Embryos of Capsella in Basal Medium
in the Dark and in Light

693

Growth is expressed as the ratio of final length/initial length + standard error.

Dark Light

Organ lInitial Final length/initial Initial Final length/initiallength, length + standard error length, length + standard error

2 wk 4wk 2 wk 4 wk

Root 42.0 34.8 ± 7.9 150.4 ± 19.2 37.0 15.4 ± 2.0 25.3 ± 2.4
Hypocotyl 170.0 4.8 ± 0.1 7.1 ± 0.5 139.0 8.9 ± 0.6 12.1 ± 0.9
Cotyledons 202.0 4.0 ± 0.1 5.5 ± 0.4 152.0 7.4 ± 0.9 9.2 ± 0.6

developed a long primary root and a few lateral roots, 0.001 mg/liter. In addition, embryos of different ages
and a shoot system composed of linear leaves. In grown in media containing IAA showed striking
heart-shaped through walking-stick-shaped embryos morphogenetic responses depending on the auxin
(from 81-1000 ,L long) grown in light, elongation of concentration.
the primary root was suppressed (fig 3a). However, The effects of IAA on the growth in length of the
in embryos > 1000 u long (walking-stick-shaped, in- different organs of dark- and light-grown interme-
verted-U-shaped, and mature embryos), root growth diate stage embryos are summarized in figure 8. In
was not inhibited in light and such embryos formed the presence of low concentrations of IAA, primary
an elaborate shoot system composed of green em- root, hypocotyl and cotyledons of dark- or light-grown
bryonic leaves [fig la; also cf fig 9-12 in (7)]. embryos were appreciably longer than in embryos

Data are presented in table I on the growth of the grown in the basal medium. High concentrations of
different organs of intermediate stage embryos dur- the auxin drastically inhibited growth in length of
ing 4 weeks in culture in the basal medium. In dark- these embryonic organs.
grown embryos the roots grew rapidly in 3 to 4 weeks Typical morphogenetic response of dark-grown
and always surpassed in length hypocotyl and cotyle- embryos of all ages to low concentrations of IAA
dons. In light-grown embryos, growth in length of (0.0001 and 0.001 mg/liter) was a rapid elongation
the hypocotyl and cotyledons was consistently greater of the primary root. This was most evident between
than in dark-grown embryos, but the root elongated the second and fourth week (fig 2a-d): thereafter
only slightly. growth of the root was negligible. At these concen-

Effects of IAA and other Auxins. Rijven (10), trations, IAA only slightly enhanced the growth of
and more recently Veen (18) showed that low con- the hypocotyl and shoot in the dark. Higher concen-
centrations of IAA have a slight, but significant pro- trations of auxin inhibited growth of the primary
motive effect on the growth of torpedo-shaped em- root, hypocotyl and shoot. The cessation of hypo-
bryos of Capsella. Our studies, besides confirming cotyl elongation was followed by thickening of the
this observation, show that growth of embryos of all root end which finally became a brownish mass of
ages is promoted by IAA treatment at 0.0001 and tissue (fig 2e). Under conditions of severe growth

<D
FIG. 1 to 7. Representation of embryos of Capsella cultured in the basal medium supplemented with growth sub-

stances; unless otherwise indicated, all embryos were photographed after 8 weeks in culture.
FIG. 1. Inverted-U-shaped embryos grown in light in media containing IAA; a, control; b, c, and d, respectively, in

0.0001, 0.1 and 10.0 mg/liter IAA. Arrow points to the root end of the embryo. X 4.
FIG. 2. Torpedo-shaped embryos grown in dark in media containing IAA; a, control, b, c, d, e and f, respectively,

in 0.0001, 0.001, 0.01, 0.1 and 10.0 mg/liter IAA. Arrow points to the root end of the embryo. X 4.
FIG. 3. Late heart-shaped embryos grown in light in media containing IAA; a, control; b, c, d and e, respectively,

in 0.001, 0.1, 1.0 and 10.0 mg/liter IAA. X 4.
FIG. 4. Effect of GA on the morphogenesis of dark- and light-grown intermediate stage embryos; a, b, embryos

grown in dark in 0.1 and 1.0 mg/liter GA, respectively; c, d, embryos grown in light in 0.1 and 1.0 mg/liter GA,
respectively. X 4.

FIG. 5. Effect of kinetin on the morphogenesis of light-grown early heart-shaped embryos; a, grown in medium
containing 0.0001 mg/liter kinetin showing precocious expansion of the leaf; b, grown in 1.0 mg/liter kinetin showing
callus formation; c, same as in b, but photographed after 10 weeks to show formation of secondary leaves from the
callus. a, b X 4; c X 2.5.

FIG. 6. Effect of kinetin on the morphogenesis of light-grown walking-stick-shaped embryos. Explanation for let-
ters as in figure 5. Arrows point to the callus from which leaves or roots arise. a, b X 4; c X 2.5.

FIG. 7. An inverted-U-shaped embryo grown in light in medium containing 20.0 mg/liter adenine sulfate showing
expanded embryonic leaves. Note the suppressed primary root, and the secondary roots arising from the stump of
the primary root. X 4.
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FIc. 8. The effects of increasing concentrations of IAA on the growth of the different organs of intermediate stage
embryos grown in the dark (shaded) and in light (unshaded). The numbers in the graph indicate the average initial
lengths (in microns) of the different organs. Vertical lines at each point rel)resent 2 X stan(larcl error. For each
concentration, values at 2 weeks (left) and 4 weeks (right) are given.

inhibition as in 10.0 mg/liter IAA, unorganized

growth occurred, resulting in the formation of callus
involving nearly the whole embryo (fig 2f).

In light-grown embryos, the responses to IAA
were similar to those in (lark-grown embryos except
for two clear differences. At low auxin concentra-
tions, elongation of the hypocotyl and cotyledons was

enhance(l. This effect was also apparent in somewhat
older embryos; in light-grown walking-stick-shaped
and older embryos (> 1000 ,u long) the hypocotyl
elongated dramatically in the presence of 0.0001 to
0.001 mng/liter IAA, carrying the cotyledons well
above the surface of the nediumn and stimulating ger-
mination (fig la, b ). The cotyledons expanded

rapidly- and turned green: later on, new leaves were

pro(luced. The second difference concerned the sen-

sitivitv of the root to auxin in light. While light-
grown heart-shaped through walking-stick shaped
embryos showed almost no root elongation in the
basal medium, in the presence of IAA the roots elon-
gatecl about as well as in the dalrk. The most effec-
tive concentrations for this response were 0.001 to

0.01 mcrgliter for heart-shaped and intermediate stage
embryos, and 0.0001 to 0.01 mg/liter for torpedo-
shaped and older embry-os (fig 3a, b ).

The effects on embryo dlevelopIment in vitro of
naphtlhalenecacetic acid ( NAA indloleacetonitrile

(IAN ) and 2,4-dichllorol)lpenoxyalcetic acid (2,4-D)
were also studied. Both NAA and IAN caused little
increase in growth over the controls even in the low-
est concentration tested (0.0001 mg/liter) and in-

hibitecl growth of the primary root system in light-
and clark-grown walking-stick-shaped and older em-

bryos. However, paralleling the responses shown by

IAA, they promoted growth of the root in light- anl(l
lark-grow n torl)edlo-shal)e(l and younger embryos at
concentrations of 0.0001 and 0.001 nmg/liter. In con-

trast, 2,4-D inhibited growth of the root in light- and

dark-grown embryos of all ages at all concentratiolls.
\Vith resI)ect to the growth of the hvlpocotyl an(l

cotyledons, NAA, IAN, and 2,4-D elicite l responses
of the same magnitude as (lid TAA. At higher conl-
centrations the effect of all auxins was one of inhibi-
tion. It consisted in thickening of the cotyledons and
hypocotyl leading to callus formation.

Effects of GAI. Veen (16, 18) showed that GA

greatly increased the growth of torpeclo-shape 1 em-

bryos of Capsella and stimulated root meristenm ac-

tivity in embryos grown in vitro. We found that ad-

clition of GA to a medium lacking IAA promote(l
growth in length of embryos of all dlevelopmental
stages cultured in the light or clark. Walking-
stick-shaped, inverted-U-shaped and mature embryos
showed optinmum response at 100.0 mlg/liter, torpedo-
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FIG. 9. The effects of increasing concentrations of
GA on the growth of the different organs of intermediate
stage embryos grown in the dark (shaded) and in light
(unshaded). The numbers in the graph indicate the
average initial lengths (in microns) of the different
organs. Vertical lines at each point represent 2 X stan-
dard error. For each concentration, values at 2 weeks
(left) and 4 weeks (right) are given.

shaped embryos at 10.0 mg/liter and heart-shaped and
intermediate stage embryos at 0.1 and 1.0 mg/liter,
respectively. Embryos 100 to 200 ,u long were least
sensitive to GA and responded by an initial increase
in length without any morphogenetic changes.

The effects of different concentrations of GA on

the elongation of the root, hypocotyl and cotyledons
of intermediate stage embryos are summarized in
figure 9. In dark-grown embryos, the most striking
effect of GA was a stimulation of growth of the
primary root at low concentrations (0.1 and 1.0 mg/
liter; fig 4a, b). Elongation of the root which nor-

mally occurred after 2 to 3 weeks of culture was

observed in 4 or 5 days in the presence of GA. A sec-
ond effect of GA was in the elongation of the hypo-
cotyl which raised the seedlings a few millimeters
above the level of the medium. In intermediate stage
embryos, elongation of the cotyledons was stimulated
at low concentrations of GA for the first few weeks
and thereafter the cotyledons were arrested in their
development. These morphogenetic responses were

also observed in embryos of other developmental
stages cultured at optimum concentrations of GA.

Like IAA, low concentrations of GA reversed the
light inhibition in growth of the primary root system
in heart-shaped through walking-stick shaped embryos
and restored the growth of the root nearly to the dark
rate (fig 4c, d). GA also enhanced the growth of the
hypocotyl in light, but growth of this organ lagged
behind its dark-grown counterpart. Although there
was slight expansion and greening of the cotyledonary
leaves at the apex, GA clearly suppressed growth of
embryonic leaves in light-grown embryos. The only
exception to this were light-grown walking-stick-
shaped and older embryos grown in media containing
100.0 mg/liter GA. Here the cotyledons rapidly ex-

panded and became green, followed by the production
of 2 to 3 pairs of leaves. Such plantlets appeared
like normal seedlings. At high concentrations of GA
all organs of intermediate stage embryos were mark-
edly inhibited in their elongation whether in light or

in dark.
These results show that while GA had the same

effects as auxin on root development in the embryos
in vitro, it differed from auxins in its effects on shoot
growth. In optimum concentrations of GA, embryos
of different ages exhibited a graded response with
respect to the relative growth of the primary root
system. Thus, walking-stick-shaped, inverted-U-
shaped and mature embryos formed long primary
roots with abundant laterals, while intermediate stage
and torpedo-shaped embryos formed primary roots
with fewer laterals. Progressively smaller embryos
formed less elaborate roots. Clearly, the response to
GA is markedly dependent on the developmental stage
of the embryos, GA concentration and the illumina-
tion.

Effects of Kinetin and Adenine. The primary ef-
fect of kinetin on embryos grown in vitro was sup-
pression of root growth (17, 18), but the degree of
response depended upon the age of the embryos.
Elongation of the primary root in dark-grown heart-
shaped embryos was completely suppressed at kinetin
concentrations of 0.0001 to 1.0 mg/liter; in inter-
mediate stage embryos small root meristems 500 to
800 p long were formed in the lowest concentration
of kinetin tried (0.0001 mg/liter) while higher con-
centrations inhibited their growth. Figure 10 shows
the predominantly inhibitory effects of kinetin on

growth of root, hypocotyl and cotyledons of dark- and
light-grown embryos of intermediate stage. Torpedo-
shaped and older embryos grown in kinetin (0.0001-
0.01 mg/liter) escaped inhibition and had long pri-
mary roots which appeared normal. Kinetin (0.1 and
1.0 mg/liter) also promoted initiation and growth of
embryonic leaves in the dark-grown embryos. Leaf
initiation was not, however, accompanied by inter-
nodal elongation so that short and stunted plantlets
resulted. Further, the plantlets formed in media con-

taining high concentrations of kinetin were charac-
terized by extreme epinasty, but in contrast to the
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light-grown embryos, embryos in dark rarely pro-

liferated to form callus.
In light-grown embryos, kinetin uniformly in-

hibited the initiation and growth of the primary root
system. Concentrations of 0.0001 and 0.001 mg/liter
kinetin promoted precocious leaf initiation. Usually
one large leaf appeared in early and late heart-shaped
embryos, but in older embryos a more sustained effect
was noted resulting in 2 or more expanded leaves
(fig Sa, 6a). At concentrations of 0.1 and 1.0 mg/
liter kinetin was particularly striking in its stimula-
tory effect on callus formation in embryos of all ages
(fig 5b, 6b). A thickening of the cotyledons and
hypocotyl appeared after 7 to 10 days of culture and
within 4 to 5 weeks unorganized tumor-like masses

had(ldeveloped by the transformation of nearly the
whole of the embryo into a callus, comprised of large
and irregular cells and scattered nodules of tracheids.
During further periods of culture, several pairs of
leaves and secondary roots appeared on the callus giv-
ing the appearance of small plantlets (fig 6c, 5c).
These responses are not apparent in the elongation
measurements given in figure 10.

Like kinetin, adenine (adenine sulfate) inhibited
growth in length and formation of the primary root
system in both light- and dark-grown embryos at all
concentrations tested (0.1-40.0 mg/liter). In em-

bryos > 700 FL long a secondary effect of adenine sul-
fate at concentrations above 10.0 nigliter was the

initiation and growth of several secondary roots from
the stump of the suppressed primary root. In the
presence of adenine sulfate, the first few pairs of
leaves in light-grown embryos were characteristically

deep green, nearly sessile, flat and oval with an obtuse
apex (fig 7). In(dark-grown embryos, there was no

appreciable expansion of the leaves although several
leaf prinmordia overlapping one another were visible
at the terminal bud. Adenine sulfate was ineffective
in inducing growth of the leaves in torpedo-shaped
and younger embryos. The leaves appeared without
any accompanying internodal elongation resulting in
short and stunted plantlets.

Discussion

The effect of a combination of IAA, kinetin and

adenine sulfate in initiating growth and differentiation
in isolated globular embryos of Capsella in vitro was

shown earlier (7). The present report shows that
organ initiation and development in heart-shaped and
older embryos can be controlled by supplementing the
medium with substances like auxins, gibberellin,
kinetin or adenine. A summary of the results of these
experiments is given in table II; however the chang-
ing response of embryos of different developmental
stages to the concentration of any growth substance
is not fully evident from such a table.

The effect of applied auxin in the initiation and
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Table II. Effect of Growth Substances on the Growth and Differentiation of Dark- and Light-Grown Embryos

Supplements
to the basal Organ Dark Light
mnedium

None (cf Root ++ < 1000,ulongO
Table I) > 1000 A long + +

Hypocotyl + ++
Cotyledons + ++
Leaves + ++

Low (0.0001- High (0.1-
0.01 mtg/liter) 10.0 mg/liter) Low High

IAA Root +++ -1 ++ -1
Hypocotyl + - <1000 A long + -

Callus > 1C09 ,u long + + - Callus
Cotyledons + - l ++ -
Leaves ++ - J ++ - J

Low (0.1- High (10.0-
1.0 mg/liter) 100.0 mg/liter) Low High

GA Root +-+- +++
Hypocotyl + + + < 1000 Alcng + or 0 + < 1000 /Along-or 0

> 1000 A long + + + > 1000 A long + +
Cotyledons ++ 0 ++ -orO
Leaves - - - < 1000 A long-

> 1000 , long + +
Louw (0.0001- High (0.01-

0.001 mg/liter) 1.0 mg/liter) Low High
Kinetin Root < Torpedo-shaped - - - - 1

> Torpedo-shaped + + - - -
Hypocotyl - - - - Callus
Cotyledons
Leaves 0 + + ++ ++

(Precocious (Secondary
expansion) leaves)

Low (0.1- High (20.0-
10.0 mg/liter) 40.0 mg/liter) Low High

Adenine Root - - -

sulfate 'Hypocotyl - - -

Cotyledons - - -

Leaves - < Torpedo-shaped - - < Torpedo-shaped -
> Torpedo-shaped + + > Torpedo-shaped + +

(Primordia)
* Explanation of signs: +, stimulation; 0, no effect; -, inhibition.

growth of the root system in embryos grown in vitro
has been described by several authors ( 1, 2, 5, 8, 11 ).
The stimulation of root growth in low concentrations
of IAA suggests that initiation and continued growth
of the root system in embryos may involve the posi-
tive action of auxin. The complete inhibition of root
formation in embryos < 1000 ,u long when grown in
the basal medium in light and the reversal of this
inhibition by IAA indicate that light causes inactiva-
tion of an auxin-like substance necessary for the for-
mation of the root system. The observation that the
light-grown heart-shaped and intermediate stage em-
bryos required a higher concentration (0.001 mg/
liter) of IAA for development of the root system than
dark-grown embryos of comparable age, is also con-
sistent with the idea of a light-dependent destruction
of auxin in the embryos.

The results also show a general promotion in
growth of the hypocotyl and shoot system by low con-
centrations of IAA. Of interest is the fact that auxin
is more effective in light- than in dark-grown em-

bryos. If the growth of the shoot is assumed to re-
quire a lower range of auxin in the medium than
initiation and growth of the primary root, a light-
activated destruction of auxin -will also explain the
better growth of the shoot system in light-grown
embryos, while, conceivably in dark-grown embryos
this growth may be inhibited by supraoptimal concen-
trations of auxin.

More effective than auxin in promoting growth of
the root system in embryos in vitro was GA, a sub-
stance known for its pronounced effects on stem and
leaf expansion in many species of vascular plants
(13). Most workers seem to agree that GA exerts a
detrimental effect on the growth of roots, although
some reports have pointed to the contrary (2, 19).
While promoting growth of the root system in Cap-
sella embryos, GA inhibited formation of embryonic
leaves and the characteristic GA-induced leaf and
shoot responses seen in other plants were not observed.
Similar effects of GA in organ initiation have been
reported by Brown and Gifford (2) in pine embryos.
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A nuimiber of morphogenetic studies in(licate that
kinetin promotes shoot and bud initiation, but inhibits
the growth of roots in higher plants (6). Our re-

sults show that kinetin produces these sanme responses
on the sho-ot and root systemiis of the cultured em-

bryos. With respect to the development of the shoot
systenm in the embryos, kinetin was mlore active in
light thain in (lark; on the other hand, in dark-grown
embryos, growth of the root was only weakly inhibited
in the presence of low concentrations of kinetin.
Similar effects of kinetin in the presence or absence
of illumlination have been reported (4, 14). The
structural feature of kinetin responsible for callus
formation does not appear to be due solely to the
purine nucleus, since adenine which is the purine
component of kinetin W<as ineffective in inducing
callus growth in the embryos.

Embryos of different ages tend to fall in respect
to their responses, into 3 broacl categories hicll will

be tentcatively designate(d as proembryos (embryos
< 80 u loing, comprising early anid( late glibular
stages), immature embryos (81-700 ,u long, conmpris-
ing early heart-shape(d through torpedo-shaped enm-
bryos) andl dlifferentiated emlbryos (> 701 ,u long,
comprising walking-stick-shaped through nmature em-

bryos). Results of experiments with auxins and

other growth substances, testedI individually indicate
that it is unlikely that there is a single essential conm-

p-ound1 necessary to induce growth in proembryos.
Rather, continued growth and developmlent of pro-
embryos was possible clue to interaction of a balancedl
mixture of IAA, kinetin and adenine sulfate. Still
younger emlbryos, clown to the minimun size of about
20 u long, hlave n-ot Yet respon(led to the manipulation
of hormiionie mlixture, but it seenms possible that the
balance of the same hormlones, perhaps sup)plemented
by others, is also critical here. This picture of the
complex horm--onal ancl nutritional recluirements of
younger emlbryos fits in with the evidence fromi other
studies on the culture of plant embryos (3, 9, 10, 15).

Oince differentiation h1as started, the immature aInd
differentiate(d enmbryos are capable of developing into
nornlal plalnts even in a me(liunm lacking the growth
substances, evi(dently drawing on endogenous hormiione

supplies. In both inmature ancl differentiated embryos,
growtlh of root, leaves and(I shoot was inhibitedl or

promoted by IAA, kinetin or a(lenine sulfate. Thus,
marshalling of the cells into different organs in these
embryos mi<ay be determined by the sanme set of factors
that control differentiation in the proenmbryos. Based
on the age changes in sensitivity to supplied growth
substances one may infer a progressive increase in
endogenous auxin levels fronm early globular to later
stages of differentiate(d embryos and a concurrent de-
crease in endogenous GA levels. Veen (18) has sug-

gestecl a simlilar patterned distribution of kiniin in in-
ducing n-orphogenetic changes in embryos of Cap-
sella, although he found no evidence for IAA or GA
in such a role. It thus seems clear that earlv embryo-
genesis involves a complicate(d and rapidI se(luence of
changing horimional interactions. It will, however, be

necessary to examine hormiional levels (luring embryo
dlevelopment more directly in order to (letermine how
these hormones act in organ initiation (luring develop-
ment.

Summary

The effects of certain growtlh substances on the
growth and morphogenesis of heart-shaped and olcler
embryos of Capsella buirsa-pastoris Medic. in v-itro
were stu(die(l. In(loleacetic acicl at 0.0001 and 0.091
mg/liter promote(l growth of the primicary root, hypo-
cotyl-and cotyledons an(d inducecl initiation of embrv-
onic leaves in both light- and dark-growNn embryos ot
all ages. Higher conceintrations of indoleacetic aci(l
were prop)ortionately less effective and 1.0 and 10.0
mg/liter caused callus formatian. The responses of
embryos to naphthaleneacetic acid, in(loleacetonitrile,
and 2.4-dichloropheneoxv-acetic acid were similar.
Gibberellic aci(d was mlore effective than the auxins ill
promoting elongation of the root and hypocotyl in
light- aand dark-grown enmbrYos. Gibberellic acid in-
hibited shoot initiation at the apices of emiibryos of all
ages except in light-grown walking-stick-shaped and
ol(ler embryos. Kinetin (0.0001 to 1.0 mlg/liter ) was
inhibitory to growth of the primary roots an(d at
0.0001 and 0.001 mg/ liter promotedlprecocious exl)al-
sion of the enmbryonic leaves. In 0.1 and 1.0 mig liter
kinetiin, light-grown embryos formledI callus wh-llich
subsequently (lifferentiatecl leaves anAI secondary
roots. Aclenine sulfate also inhibite(d root growth in
embryos of all ages, and iniducecl prec'cious leaf ex-
pansion in wvalking-stick-shaped and ol(ler enlbryos.
The p)ossible role of a changing balance of plant lhor-
mones (luring norild enbryogenesis is (liscusserl.
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Oxidation of Externally Added NADH by Isolated Corn Root Mitochondria 1.2

William P. Cunningham 3
The Plant Research Institute, The University of Texas, Austin

Introduction

The permeability of mitochondrial membranes and
the accessibility of external substrates to intramito-
chondrial enzyme systems have been suggested to be
mechanisms for the control of cellular metabolism
(16,17,19). Lehninger (9) showed that the oxida-
tion of extra-mitochondrial NADH could be enhanced
by osmotically damaging mitochondrial structure.
Linnane and Ziegler (11; see also 5, 8, 10) have
shown that intact mitochondria isolated from beef
hearts will not oxidize externally added NADH,
while mitochondrial fragments will. Other workers
(3, 14, 18) have reported that mitochondria, which
they consider to be well preserved, are able to oxidize
external NADH.

Bonner and Voss (2) have stated that mito-
chondria isolated from a number of plant tissues are
able to oxidize external NADH while structurally
intact. They suggest that this ability is a phenomenon
common to plant tissues, and that it represents one of
the few marked differences between plant and animal
mitochondria.

Contradictory reports of the activities of intact
mitochondria can often be traced to a lack of agree-
ment on the criteria which most truly indicate intact-

' Received Nov. 22, 1963.
2 This research was supported in part by United States

Public Health Service Grant RG-7289. It represents a
portion of a dissertation submitted to the Graduate School
of The University of Texas in partial fulfillment of the
requirements for a degree of Doctor of Philosophy.

3 Present address: Department of Biological Sciences,
Purdue University.

ness. Schneider (15) has pointed out the directness
and sensitivity of electron microscope observations in
the determination of the identity and state of cellular
organelles. Studies of NADH oxidation in isolated
mitochondria, particularly plant mitochondria, have
rarely included electron microscope observations
among the evidences for structural intactness or dis-
ruption. This report presents some electron micro-
graphs of mitochondria isolated from a plant tissue
and discusses the relationship between oxidative activ-
ity and structure.

Materials and Methods

Preparation of Mitochondria. Mitochondria were
isolated from 5 mm apical segments of Zea mays L.
seedlings freshly grown in the laboratory from the
single cross hybrid line, University of Texas 854x857.
Dry seeds were washed with a mild detergent, rinsed
thoroughly in distilled water, rolled in filter paper
saturated with distilled water, germinated, and grown
for 5 days in a darkened cabinet at 250. The roots
were harvested by removing the seedlings individually
and excising the root apices with a razor blade. The
root segments were gathered as they were cut in a
beaker stored in an ice bucket. All further isolation
operations were carried out at 0 to 4°.

The segments were washed several times in cold
0.5 M sucrose, drained, and minced with a razor blade
on a glass plate. The material was divided into
batches, each of which contained about 1 g fresh
weight of root tips, and each batch was homogenized
for one minute with 10 ml of 0.5 M sucrose solution
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