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ABSTRACT CF THE DI SSERTATI ON

A Detailed Sudy of Adventive Enbryogenesis in the Rutaceae

by
Edwar d Babat unde Esan

Doct or of Phil osophy G aduate Program in Botany
University of California, R verside, June, 1973
Pr of essor Toshi o Murashi ge, Chairman

This research expl ored the nechani smunderlying the regul ati on of
adventive enbryogenesis in plants, using nenbers of the Rutaceae in
tests.

A hi stol ogi cal conparison of Ethrog citron, a nonoenbryonic culti-
var, and Ponkan mandarin, a pol yenbryonic cultivar, disclosed no
information rel evant to the research objective. FEnbryogenesis in vivo
in the nmonoenbryonic cultivar followed the pattern typical of nost dicot
plants. No nucel | ar enbryogenesis occurred in the citron. The zygote
of the pol yenbryoni c mandarin was not seen to divide. Mristenatic
activity began in the nucellus prior to zygote division and resulted in
adventive enbryogenesis all round the enbryo sac. No enbryos forned
fromthe nucel lus epiderms. The nultiplication of enbryos in the

mandarin occurred largely by buddi ng of existing enbryos, rather than



continued differentiation anong nucel lus cells.

The hi stogenic pattern of pol yenbryogeny in Ponkan nandarin
nucel lus culture was the sane as that in vivo. Nucellar enbryogenesis
invitro in the nmonoenbryonic citron cultivar was confined to the mcro-
pylar region. GCallus formation was not a prerequisite for adventive
enbryogenesis in either cultivar. GCccasionally, a suspensor was
observed in nucellar enbryos.

Fruits obtained during the fall and wi nter nonths provided best
nucel l us explants and those of spring nonths poorest. Best explants
wer e obt ai ned when a transverse incision was nade in the nucellus at
sone distance fromthe nicropylar region for the purpose of renoving
enbryos. Maxi mum enbryogenesi s occurred when the nucel | us expl ant was
placed in culture with its chal azal end enbedded in agar. Light was not
necessary for enbryogenesis in vitro.

Nucel | ar enbryos were obtained in ovul es excised fromflower buds
of several nenbers of the Rutaceae, without prior pollination.

Test of effects of exogenous substances on nucellus cultures was
conducted with the nmonoenbryonic cultivars, Ehrog citron and Ponderosa
| enon, and the noderately pol yenbryonic cultivar Eureka | enmon. Enbryos
were obtained in an agar nedi um containi ng only Mirashi ge- Skoog salts
and sucrose. No addition of hornmonal substances or extracts of natura
conpl exes showed significant benefit.

O 31 nenbers of the Rutaceae exanined, all except one produced
adventive enbryos in their nucellus cultures. The menbers differed only

in degree of expression of polyenbryogeny in vitro.

Vi



The mcropylar half of a nucellus was clearly nore prone to
undergo nucel | ar enbryogenesis than the chal azal hal f. Reciproca
grafts of mcropylar hal ves of pol yenbryoni ¢ and nmonoenbryoni ¢ cul tivars
resulted in no influence on enbryogenesis by the one type on the other.
In grafts nade between the micropylar half of the nucellus of poly-
enbryonic cultivars and the chal azal half of a nmonoenbryonic cultivar
enbryogenesis in the nornally pol yenbryonic cultivar was narkedly
suppressed. This suggested that an enbryogeni ¢ suppressant was invol ved
in the difference observed in degree of pol yenbryony anmong the Rutaceae
and between the nicropylar and chal azal regions of a nucell us.

The enbryogeni ¢ suppressant was graft transnissible and diffusable
through agar. |Its effect was irreversible. This substance(s) also

suppr essed enbryogenesis in callus cultures of the wild carrot.
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I, INTRODUCTION

The seed-bearing plant produces a special structure, the ovule, in
which the new offspring develops and through which it is dispersed. The
ovule matures into the seed. The most common situation is one in which
only one embryo develops per ovule, i.e., monoembryony. There are a
number of plant families, however, in which there are seeds with more
than one embryo, i.e., they are polyembryonic. The polyembryonic
situation can arise through either sexual or asexual means. The more
common sexual methods resulting in polyembryos occur by way of twinning
of the zygotic embryo and multiple fertilization involving several eggs
or embryoc sacs per ovule. The concern of this investigation is, however,
not embryogenesis through sexual means, It is restricted to asexual
embryogenesis; even then, it considers only those instances in which
typically embryogenetic events are evident. For example, Yarborough
(1932, 1936) described foliar embryos in Bryophyllum and Sedum. These
are not correctly embryts; they are, instead, buds which arise in the
leaf margins of these plants. Their histogenic and morphologic charac-
teristics are not those of an embryo. Accordingly, this research will
not include a consideration of foliar embryos.

The term adventive embryogenesis is used in this investigation to
denote all forms of asexual embryogenesis. Under in vitro culture
conditions it is evident that asexual embryogenesis can occur from

somatic cells of virtually any plant organ. However, under natural



conditions adventive embryogenesis appears to be more restricted to the
cells of certain tissues or organs, particularly nucellus, integuments
and other tissues of the ovule. The term apomixis has been used to
denote this process of asexual embryogenesis as it occurs in the ovule,
and four major categories have been recognized (Battaglia, 1963;
Gustafsson, 1946-1947; Johansen, 1950; Maheshwari and Sachar, 1963;
Nygren, 1954).

The aim of this investigation has been to explore in some detail
the process of adventive embryogenesis in plants, with special reference
to the asexual embryogeny which occurs in the nucellus of the subfamily
Aurantioidae of the Rutaceae. The process has been studied under both
in vitro and in vivo situations, It is hoped that the information
obtained from this study of the Rutaceae will be applicable in inter-
preting adventive embryogenetic phenomena in other plants. This research
has been accomplished in three parts: (1) observation of histogenesis
in monoembryonic and polyembryonic Citrus ovules in vivo and in vitro,
(2) assessment of requirements for nucellar embryogenesis in vitro, and
(3) determination of a'Poaaible regulatory mechanism underlying advent-
ive embryogenesis. In the first part a comparison was made of the
development of the nucellus, between the normally monoembryonic Ethrog
citron (Citrus medica L. "Ethrog') and the typically polyembryonic
Ponkan mandarin (C. reticulata Blanco 'Ponkan'), In the second, the
influence of diverse nutritional and environmental factors on adventive
embryogenesis in nucellus cultures was determined. In the third and
final part, it is shown that a basic regulatory mechanism in adventive

embryogenesis involves a suppressive agent, rather than an embryogenic



gtimulant. .
'~ The phenomenon of polyembryony, specifically multiple embryos of
somatic cell origin, has much significance in agriculture. In the
citrus industry 1t has provided clonal rootstocks (Webber, 1903, 1931,
1932; Toxopeus, 1930; Swingle, 1932, 1933, 1948; Chandi, 1935; Naik,
1947; Hofmeyr and Oberholzer, 194B; Johnston, 1948; Batchelor and |
Cameron, 1950; Oberholzer and Hofmeyr, 1955; Majsuradze, 195%, 1962;
Hodgson, 1961; Cameron and Frost, 1968), Furthermore, citrus plants
derived from nucellaf enbryos have been free of most citrus viruses and
related pathogens, even 1f the mother tree may have been infected

(Cameron et al., 1957; Weathers et al., 1957; Rangan et al., 1968,

1969; Bitters et al., 1970). There are disadvantages, particularly in
plant hybridization. In the highly polyembryonic citrus, for example,
the zygotic embrycs are umable to survive the competition with the
asexual embryos; hybrids are therefore not easy to obtain when maternal
parents of highly polyembryonic characters are used in the breeding
program (Webber, 1900, 1931, 1940). Another disadvantage experienced
with citrus trees of n%cellar origin has been their prolonged juvenility
(Webber, 1931; Hodgson and Cameron, 1938; Cameron et al., 1957).

Juvenile citrus plants are excessively vegetative, extremely thorny, and

proeduce fruits of poor quality.



II. REVIEW OF LITERATURE

Since adventive embryogenesis leading to polyembryony under
natural conditions in most plants occurs in the nucellus, the term
nucellar embryony has been most often used. It was coined by Ernst
(1918). Other terms have also been used, including extra and false
embryony (Frost and Soost, 1968), sporophytic budding (Winkler, 1934),
somatic embryony (Halperin, 1970), and nucellar budding (Strasburger,

1878).

Historical Background

Polyembryony in seed-bearing plants is not a recent discovery.
The first observation is credited to Leeuwenhoek, who in 1719 found two
embryos in some seeds of the orange (Coulter and Chamberlain, 1903;
Maheshwari, 1950). Reports of similar occurrences during the next 150
years were surveyed and summarized by Braun (1859), who recorded 63
plant species which shdwed multiple seedlings arising from germinating
seeds. Among the 63 species were Mangifera indica and several of Citrus.
Strasburger (1878) was first to observe that the multiple embryos
in a polyembryonic seed arose from the nucellus. Strasburger studied
the phenomenon in Citrus aurantium, Coelobogyne ilicifolia, Funkia ovata,

and Northoscordum fragrans. He noted that the cells in the micropylar

region became rich in cytoplasmic contents, divided particularly actively
and ultimately formed several embryos that pushed their way into the
embryo sac. Strasburger's observations have since been confirmed

4



repeatedly in the Rutacéae by many investigators (Biermann, 1896; Osawa,
1912; Frost, 1926, 1938; Toxopeus, 1930; Webber, 1931; Mauritzon, 1935;
Chakravarty, 1936; Bacchi, 1943; Vasiljcova, 1951; Furuaato, 1952, 1953;
Johrli and Ahuja, 1956, 1957; Yang, 1968),

) Although nucellar embryony is most prevalent in the Rutaceae, its
occurrence in other familifes has also been known fot nearly as long.
Schacht is credited for having first reported it in the Anacardiaceae in
1859 (Arndt, 1935). Strasburger (1878) and Cook (1907) disclosed that
the extra embryos in tﬁg.ﬁﬁacardiaceae arosélin the nucellus. This
disclosure of the Anacardiaceae has been confirmed by numerous investiga-
tors (Belling, 1908; Webber, 1931; Juliano et al., 1933; Juliano, 1934,
1937; Cook, 1938; Darlington and Janaki-Ammal, 1945; Gurgel; 1952;
Sachar and Chopra, 1957; Sturrock, 1968). In the Cactaceae polyembryony
wag first reported by Braun (1859), and 1ts nucellar origin was dis-
closed by Ganong (1898) and confirmed by Montemartini (1899), Hull
(1915), Schnarf (1929), Archibald (1939}, and Maheshwari and Chopra
(1955). Cook (1907) was first to report polyembryony in the Myrtaceae.
He suggested thﬁt the qpltiple embryos in Eugenia jambos seeds arose
from the nucellus. Cook's suggestion was confirmed subsequently by
Tiwary (1926), Pijl (1934), Johnsoan (1936), and Gurgel (1952).

Nucellar embryogeny is not confined to dicotyledonous planta., It
has been reported in a number of monocotyledonous specles, Strasburger
(1878) described nucellar embryogenesis in the Liliaceae, specifically

Funkia ovata and Northoscordum fragramns. Nucellar embryony in other

genera and specles of the Liliaceae, as well as Iin other monocotyledonous

families, has been reported since (Jeffrey, 1895; Tretjakow, 1895,



Hegelmaier, 1897, 1903; Haberlandt, 1925; Halperin, 1970). 1In the

Orchidaceae, nucellar embryos were first seen by Strasburger (1878) and
subsequently confirmed by Leavitt (1900) and others (Suessenguth, 1923;

Afzelius, 1928, 1932; Swamy, 1946, 1948).

Extent of Occurrence of Adventive Embryogenesis Among Spermatophytes

Adventive Embryvogenesis in Vivo

Natural occurrence of adventive embryogenesis has been reported in
at least 27 families of seed-bearing plants. These families and their
genera and species, together with the plant tissue or organ in which
adventive embryogenesis occurs, are listed in Table 1. Over 85X of the
reported cases indicated nucellus origin of the adventive embryos, The
other major sources of asexual embryos are the integuments and the
suspensor. As revealed through the literature, the Rutaceae contains
the greatest number of genera and species which show nucellar embryony.
In the Celastraceae, all of the reported cases have been limited to one
genus, Euonymus, and all arose from the inner integument. In contrast,
all diversities with ratpect to tissue of origin has been observed in
the Liliaceae and Orchidaceae., Generally, nucellar embryony has
appeared to be confined to the tissue in the micropylar region and only
few cases of adventive embryogeny in the chalazal region of the nucellus

have been reported,

Adventive Embryogenesis in Vitro

The number of families which have the capacity to manifest embryo-

genesis from somatic cells can be extended substantially when
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Table 1 (continued)

AT T G AT S L R L A L U I el S T T T L T g St Bie B 4 SRS T DT T ey RAEN e T C soay B ARt eI Tl S~ §E S0 oA e

Tissue or Organ
Plant Source of Embryos Remarks Reference

Mangifera Nucellus All around embryo sac in Juliano, 1934
indica (cont.) Strawberry variety

Udorata " All cells abutting the Sachar & Chopra, 1957
odorata . embryo sac

Amaryllidaceae
Cyanella e de Vos, 1950

capensis

Araceae
Spathiphyllum " Schurhoff & Jiissen,

partinii 1925

Betulaceae
Almus Nucellus Could occur without fertiliza- Woodworth, 1929, 1930
rugosa tion; all round embryo sac

Bombacaceae
Bombacopsis Embryos formed from single Duncan, 1970
glabra cells after zygote divided,
but adventive embryos outgrew
zygotic embryo

Pachira 4 Baker, 1960
oleagineae

Burseraceae
Garuga - Ghosh, 1970

pinnata



Table 1 (continued)

Plant

Tissue or Organ
Source of Embryos

Remarks

Reference

Buxaceae
Sarcococca
hookeriana

pruniformis

ruscifolia

Cactaceae

Opuntia

aurantiaca

dillenii

ficus—indica

leucantha

rafinesquii
vulgaris

Nucellus

Spontaneous adventive
embryogenesis; egg degenerates
& nucellus becomes massive

Pollination & fertilization
required; endosperm formed,
but no zygotic embryo

Micropylar half only;
endosperm essential;
no zygotic embryo

Orr, 1923

Wiger, 1930, 1935

Simonet & Miedyrzecki,
1932

Archibald, 1939;
Schnarf, 1929

Maheshwari & Chopra,
1955

Montematini, 1899
Montematini, 1899
Hull, 1915

Ganong, 1898
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Table 1 (continued)

Tissue or Organ
Plant Source of Embryos

Remarks

Reference

Funkia
ovata (Hosta) Nucellus

Nothoscordum

fragrans

Smilacina
racemosa

Trillium
undulatum

Tulipa
gesneriana

Suspensor & nucellus

Loranthaceae
Loranthus

europaeus Embryo

Malpighiaceae

Malpighia
Sp. Nucellus

Myrtaceae

Eugenia
Bp.

grandis

Only in chalazal region

Splitting

Fagerlind, 1946;
Strasburger, 1878

Darlington & Janaki-
Ammal, 1945; Halperin,
1970; Strasburger,
1878

MacAllister, 1913
Swamy, 1948

Beth, 1938; Ernst, 1901

Braun, 1859

Subra Rao, 1940

Gurgel, 1952

Johnson, 1936

Z1



13

T . ST o - aosuadens
6%6T ‘Lmmng . e .. . enyreInu pjusmndajul . ds
u : . - BUIXNDT -

¥95doucy .
FrUapEURAD .

. 48T *aoBanqemais _ | o SNTT20oTN _ 3 CFREIR
R e . . : 3uX30q0720)

JVIADEPTIYIIQ

7T TOGT 700D o o . o | 1osuadsng . BUSADE
o P - . ey dAN
S SR o " aesdeovyduly

_ ll- | £96T ‘Yoon ” spoos JurTivuluwial uy smiog snyTa0NnN __ o -

paaruilTod ssatun padoTsaap
13y3any ou !uotieujprod

ve6T ‘TITd L 21033q Paiinddo UOTILTITUI - SATTIINU § sjuamnBajuy : "
9761 ‘Aiemrr | . o soqueT
S . oeg ofiqua punolw S - SR
a9z6T ‘Axestl ST792 23ea[ONUTq ur . Tvuetoqual
9Z61 ‘Aaeail . snTTaonN Ti15M00q
, o S ~ (*3ucp) ETu=Tng
= ERER S AR
aouarajey - . . - . s3aemay _.. o  sofaqmg 3o @201nog JuBTd

ued1pn 10 INgST]

(penutjuod) T aTqel



14

£T6T

06T *Mo2qany

 [S6T *SS6T ‘snyoomy

*yInfuasgang
fopeT *Tewmy

=fRruer § uolI¥ugraeg

6961

6961

‘9ppT © Lmsag

006T ‘3I3Tnmay

‘gy6T © Lmemg

ZE6T "RZ6T ‘snITaz3v

uofdex Tezepeyd Ul ATUQ

ENTIE2 INCUITA
Buippnq ofiqua Jo uoyjonpug
VYN % 1-S'%°C ‘a—+%°C

suctTEax

TezeTey> puw zeTAdoioTm e
wopjeuypITod InOoyiTm paIerIiul

mnﬁvvun £q san3dQ

B2TNAO JUBIRIITP

uT Inooo sofiqma DTI0BLZ
pue aajjusdape ‘umopivuryrod
jneyl A 81InID0 UOTIBFITUT

vorieurTTed Inoylrtm paIETITUL

: . saTTeong

-awﬁuual_a sjusenfajzuy

..mﬁaauu:ﬁ

Jusuniajuy rauuy

: ~ Josuadsns §
enyreonu ¢ jusunSejuy

...msﬂauu:z

sTiex01sed

BITTWIY>TY
PBIDESO0Y

ST euaty
CRATRLTEL |
DEITETNOUNUEY

CRUPER]
SoUeI1dg

mu;uﬁwuﬁmm.u

BI3TU
B913[10IN

ERLERERET|

sy1ewoay

e ————
e

soiiquyg JO 32INOG
ue8ip 10 anssTl

rerd

(penutaIuod) T 31qe%



15

B131W

€E6T ‘0E6T ‘snadoxog N ¥oypadl
€96T ‘1aueys 3§ eipuRy) u Fusjedseioped
6S8T ‘uuemiatg i WTOWT T

8c6T ‘eleys,

-T0%0S ‘€961 ‘T®TION . Towy T
6T6T ‘ulysug W sypuels

6581 ‘unelg = eueunoap

Z161 ‘®mEsQ i Ejpeaesyq

/8T ‘a98i1nq
-581318 {1ZT6T ‘EmESQ

f6S8T ‘uneag 19687
‘uuemiatqg ‘CHET ‘TuooEg " WNIJIUEBINE
sSni3T)
LS6T
‘9661 ‘®lnyy 3 j1Iyor
fogeT ‘Aazmarayey) snyTaanyN ER e
9¢ - —
aepaleIny
SE6T “sa8anog snyT2onu § JuswnBajuy Iauul suejdel
BTTTIUa304d
20uUl31333y syIpway sofiqug Jo 22Inog Jueld

ue31p 10 2nsSsTL

(penutiucd) 1 aTqel



16

9681 ‘uuruiarg

ZS6T ‘emIR

geeT1efens, tovos /56T
‘g{110dmey fQEeT ‘uOISULEBY
» wosBpoy fg9zsT '3Isoxj

06T “£06T ‘0067 ‘4681
‘129934 T(76T ‘ITduins

f¢eeT *rsmpayuaddp Laegsaonau uoyipulTred oz.

bggT ‘uBSZQ hdﬂﬂ sr8110 2130342 faurjusmatr)
.noan ¢19qien § uoaswE) £31911eA dTUCLIqUIOUOK

ge61 ‘efexs, jonos

T xuna 3o 2ur¥ura £q pasesadur
mmma.muzoa0umm:usm\ ..hﬂomuaammaonuouwumwa

“ NTUsln

" BUERINER]
[ 1] [ 1]
snTTSdnY . SISUILTE
ofique g rosusdsng "
" PIE[No}Iel
" Teypexedopnasd

96T “IaqUBYS ¥ BIPUBY) “ PIe D ]SPATIUS
LEBT
“3YTTaN EY6T “Tyoomd " JETpeied
0C6T . ~ e
*gnadoxo], fzTgT ‘BMEEQ » . . ~ §Tiiqou ’
8961 ‘Juex o
‘0L6T *'Te 18 esemesl SNTT2oNN TEPTEPNSIEU
{*7u0d) SNAITH
ERLERERE) o sy Temoy sodiquy JO 93Ino0g JueTd

ueZ10 10 2nsSST]L

(panugjuod) T maﬁmh.



17

ZI6T ‘emeso f0L6T
‘7€ 33 esemem] {9761

‘3s013 '6GQT ‘uurmiagg

9€6T ‘SEeT ‘A3aearviyey)

0061
‘aaqqeM 96T ‘®IYD %
ojesnang fgzeT ‘Is01jg

6S8T ‘uneag
6S8T ‘uneag

66T ‘SBuom f9g6T

‘qneal ‘cyeT ‘A3xeyseN
£896T ‘9961 ‘ezpransfel
TL6T “0L6T ‘8961
‘azpeurdey {9067 ‘EpaNl
YZ66T “TSHT ‘To3any
6967 ‘®Payp % ojesnang
8961 ‘0961 ‘olesning
‘69617 ‘yBurs % mepuruy

968T ‘uurmIatg

®31e110J713
sNaiouod

TI37uUs0y
FO130X2
BABIANK

*ds
Bl12Un310J

" negssnl

mNdIBJ0UB]ISED
ETNoaquasy

~-
snyTaonyN sp1iqiy pue safoads
P2TITIUAPTUN SNOTIEA

snTT2ony STAESINA
(*3uo0d) SNIIT)

aou21239y

sy1emay

sofiquwg jo @22anog juetd
ue81Q 10 INnsSSTL

(panutpiuod) T IT9ePL



18

7961 “rES3Q

[ T421
f13eundg {gpel ‘uoz

' .~37aneq {gpeT ‘oFuo]

SERT ‘uozifaney

unojjenio] maadsopus pue
sIsausfoliqma snosuviuodg

*ds

Jedunq

BIiETT
WN]AXOYIUEY

: cenl - s dee et
‘oz FINey :gGYT ‘uneag : R 38 CERFUEN
) eyseldTi]
SE6T fuozITIneH : snTToINN - BTEITOITIA]
- : eaT91d
CRLCEERE | sy Iemoy sofiquy JO 271In0§ JueTa
- ueS1Q 10 2nseLL A

{penuy3uod) T 2TqER]



19

observations are carried out under tissue culture conditions. The
reports of adventive embryogenesis in cell, tissue or organ cultures of
spermatophytes are summarized in Table 2. The total number of famil{ies
shown to manifest somatic embryogenesis in vitro is not the significant
aspect of this tabulation, since only 23 families have been recorded.
While a few of the families shown in Table 2 appeared earlier in Table
1, 15 of the 23 families in Table 2 represent plant families which have
not been reported to manifest adventive embryogenesis in vivo.
Adventive embryogenesis in vitro has been reported to result from
diverse plant parts, including embryo, stem, leaf, mesophyll, root,
cotyledon, hypocotyl, mesocotyl, flower, anther, microspore, ovule,
endosperm, nucellus, megagametophyte, pericarp, epidermis, and phloem.
In some plants embryo initiation has been reported to occur directly
from the explant, whereas in others it has been described as occurring
in the callus which arises from the tissue or organ. For the most part,
adventive embryogenesis in vitro has occurred under relatively primitive
culture conditions. Embryogenesis has occurred in either a chemically
definable medium of very simple composition or in an undefinable medium
containing endosperm fluids, yeast extract and other complex addenda.
In either case, little has been established regarding the regulatory
basis of adventive embryogenesis. The numerous reports do indicate that

totipotentiality is widespread among plants.
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Histogenesis Associated with Adventive Embryogenesis

Histogenesis in Vivo

Rutaceae. Strasburger (1878) was first to describe the sequence
of histogenetic events associated with nucellar embryogenesis in the
Rutaceae. In Citrus aurantium he observed that the nucellus cells in
the micropylar region, and especially the more deeply seated cells,
became richer in cytoplasmic material and stained more intensely than the
other cells of the ovule. These deeply staining cells were also isodia;
metric, They divided rapidly and produced cell clusters which eventually
invaded the embryo sac. From these cell clusters arose the adventive
embryos by a process which Strasburger described as nucellar budding.
Subsequent to Strasburger, Biermann (1896) described in less detail the
same process in C. vulgaris Risso, Osawa (1912) presented a more
elaborate account of the same events from observations of C. aurantium,
C. nobilis and Poncirus trifoliata. Still later investigations have
described nucellar embryogenesis in further genera of the Rutaceae,
e.g., Xanthoxyllum (Longo, 1908; Schnarf, 1929; Mauritzon, 1935; Desai,
1962b), Fortunella (Webber, 1900; Frost, 1926; Furusato and Ohta, 1969),
Murraya (Chakravarty, 1935, 1936), Aegle (Chakravarty, 1936; Johri and
Ahuja, 1956, 1957), and Ptelea and Triphasia (Mauritzon, 1935). In each
case the histogenetic pattern of embryogenesis has been identical to
that described by Strasburger. Additional reports from studies of the
Rutaceae by Bacchi (1943), Yang (1968), Iwamasa et al. (1970), and
Kapanadze (1971) have only served a confirmatory purpose. There has yet
to be a report describing nucellar embryogenesis in the chalazal region

of a Rutaceous ovule.
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In paésing, meﬁtion 1 made of polyembryony associated with the
sexually derived embryo, In the Rutaceae, for the most part these poly-
embryos of sexual origiﬁ océﬁr in the normally monoembryonic types and
arise by budding or cleavage of the zygotic embryo (Swingle, 1900; Frost,
1926, 1943; Traub et al., 1937; Ozsan, 1964; Ozsan and Cameron, 1963;
Cameron and Garber, 1968). : E ST :

Other families. Straasburger's (1878) report showed that nucellar

embryogenesis in other plent families occurred by histogenic processes
similar co that in the Rutaceae. His description of nucellar embryogeny
in the Anacardiaceae, Euphorbiaceae and Liliaceae differed from that of
the Rutaceae only by the smaller numbers of asexual embryos produced per
ovule ian the former families, .
: Ganong's work (1898) describing similar histogenEticlﬁ;tterns of
nucellar embryogenesis in the Cactaceae has been confirmed by other
investigations (Montemartini, 1899; Hall, 1915; Schnarf, 1929; Mahesh-
warl and Chopra, 1955}. According to Ganong, nucellar embryogenesis in
the Cactaceae included cells of the more superficial layers, as well as
the deep-seated layersjof the nucellus, Ganong referred to the more
auperficial nucellus layers as nucellar walls., Tiwary (1926) observed
adventive embryogenesis occurring also in superficlal layers of the
nucellus of Eugenia and he referred to such locations as nucellar pads.
Murbeck (1902) was first to describe the confinement of adventive
eﬁﬁfyogenesis to the chalazal region of the nucellus of Rosaceae. Sub-
sequently, Suessenguth (1923) and Swamy (194B) reported on similar

restricted nucellar embryony in the chalazal region of the ovules of the

Crchidaceae and Liliaceae, respectively.
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The occurrence of adventive embryos in the micropylar and chalazal
regions as well as the lateral flanks of the nucellus has been reported
in two families: Anacardiaceae (Juliano, 1934; Sachar and Chopra, 1957)
and Betulaceae (Woodworth, 1929, 1930).

Maheshwari and Rangaswamy (1958) described multiple embryo forma-

tion in Mangifera indica through cleavage of the nucellus; this cleavage

of the nucellus occurred at the time when the nucellus was still in its
primordial stage of development within the flower bud. This observation
has now been confirmed by Bouman and Boesewinkel (1969).

In some families, adventive embryogenesis is known to occur in
tissues of the ovule other than the nucellus, Tretjakow (1895) pub~-
lished one of the earliest reports of adventive embryogenesis occurring
in the integument of Alljum odorum. Leavitt (1900) noted that the inner
integument served as a source of embryogenic tissue in Spiranthes cernua.
Integumentary embryony has now been confirmed through observations of
many plants, including A. odorum (Haberlandt, 1925), Eugenia jambos

(Pij1, 1934), Potentilla reptans (Souege, 1935), S. cernua (Swamy, 1948),

and Euonymus sp. (Haumgva, 1970). The histological events in integu-
mentary embryony are apparently comparable to those of nucellar embryony.

While embryogenesis resulting in polyembryos from suspensor cells
is more correctly one of multiplication of the sexual rather than the
somatic embryo, it is nevertheless an adventitious method of embryo-
genesis and is worthy of mention. The first report of multiple embryos
arising from the suspensor can be attributed to Jeffery (1895).

According to Jeffery sometimes the suspensor of an Erythromium ameri-

canum embryo remains meristematic and develops into a parenchymatous
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mass from which numerous embryos can bud off. In other species,
adventive embryos have been reported to occur by budding directly from
the suspensor, without prior formation of a parenchymatous mass (Hall,

1902; Crete, 1938; Swamy, 1943; Mohan Ram, 1959).

Histogenesis in Vitro

Rutaceae. Rangaswamy (Rangaswamy, 1958, 1959; Maheshwari and

Rangaswamy, 1959) was first to culture successfully the excised nucellus.
He cultured the micropylar half of the nucellus of Citrus microcarpa, a
usually polyembryonic cultivar. The proembryos which had already been
initiated in the explant developed into a multitude of seedlings. Ranga-
swamy noted that the cells first proliferated into structures which he
termed pseudobulbils and from which embryos subsequently arose.
Sabharwal (1961, 1963) extended Rangaswamy's work to other polyembryonic
Citrus cultivars: C. reticulata and C. aurantifolia. According to
Sabharwal, the embryos arising in vitro were initiated from cells of
existing proembryos or embryos, and not from previously uninvolved
nucellus cells, This observation by Sabharwal has been substantiated by
other investigators from work with still other polyembryonic members of
the Rutaceae (Singh, 1963; Button and Bormnman, 1971; Kochba et al.,
1972). Callus formation and pseudobulbil initiation were always
reported to precede embryo differentiation.

Rangan et al., (1968) were first to describe the initiation of

embryos in nucellus explants isolated from normally monoembryonic Citrus:

C. limon L. Burm 'Ponderosa' and C. reticulata x C. sinensis.(Temple-

tangor). In contrast to the observations made on cultures of naturally

polyembryonic materials, the embryos in the nucellus of monoembryonic
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Citrus arose directly from the nucelluas and without an intermediary
callus or pseudobulbil stage. This work with in vitro cultures of the
nucellus of naturally wonoembryonic Citrus has since been extended to
diverse other monoembryonic species and varieties Including C. auranti-
folia 'Bearsslime,' C. grandis, C. limon 'Meyer,' C. reticulata
'Algerian’ (Rangan. et al., 1969; Bitters. et al., 1970).

Other families. In the last 15 years there have been reports of
adventive embryogenesis in tissue and organ cultures of diverse plants.
The most thoroughly studied of these has been the embryogenesis in
tissue cultures of Daucus carota . Steward et al. (1958) were first to
ébservu the D. carota phenomenon, and many have subsequently conducted a
variety of experiments with the system (Bergmann, 1959, 1960; Reinert,
i959; Kato and Takeuchl, 1963; Steward. et al., 1963, 1964; Konar and
Nataraja, 1964, 1965c, 1969; Halperin, 1964, 1966; Halperin and Wether-
ell, 1964, 1965; Vasil and Hildebrandt, 1966a, 1966b, 1967; Nakajima and
Yamaguchi, 1967; Backs-Husemann and Reinert, 1970; Rac and Narayanaswamy,

1970, 1972; Constabel et al., 1971; Takebe. et al., 1971; Konar et al.,

1972a, 1972b), -y
According to Steward et al., (1958, 1963, 1964), embryogenesis in
carrot tiassue cultures occurs by a sequence of events which simulates
very closely that of sexual embryogenesis in vivo; a single isolated
cell, mimicking the zygote, undergoes ontogenesis to give riqe te an
embryo. This interpretation of Steﬁérd and his.associaﬁes.hgé not been
supported by the facts, however, Carefully carried out observations by

numerous other investigators, e.g., Halperin (1964, 1966), Halperin and

Wetherell (1964, 1965) and Backa~Husemann and Reinert (1970), have shown
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éanéiatenfiy th;t adfentiﬁe embryogenesis In carrot tissue cultures
occurs through an Intermediary callus stage, A mass of parenchymatous
cells is formed first, and one to many embryos are initiated subse-
quently within thils mass. There has been no‘evi&é;cé of embryogenesis
occurting directly from a single cell., The histogenetiﬁ process as
evident in D, carota has also been reported in adventive embryogenesis
in tissue cultures of other species (Table 2, plants described as under-
going embryogenesis through callus). The embryos which arise in the
callus mass manifest some of the key gstages ypich are normally observed
in embryogenesis associated with the zygote. .bne is able to observe
globular, heart-shaped and torpedo~shaped stages, and the mature embryo
which develops from the callus possesses cotyledons, plumule and radicle,
and sometimes even a suspensor. Nevertheless, the histogenic and organo-
genic eveants, particul;rly in the inirial stages, are not the same. In
zygotic embryogeneais it ia po;aible to follow the cell division sequence
and to identify the cells which ultimately make up the proembryo; in
adventive embryogeneals in callua cultures, on the other hand, there is
no predictable sequenﬁf of cell divisions and it is difficult to trace
the original cells of specific embryos (Ball and Joshi, 1%363; Nakajima
and Yamaguchl, 1967; Konar and Nataraja, 1969; Nataraja and Komar, 1970).
In some plants embryogenesis In vitro has been reported to occur
directly from somatic cells without the intermediary of a callus. In
guch instances the embryos have been observed to arise directly from the

freshiy excised tissué. Muitiple embryos have occurred in embryo

©  cultures of many plants, presumably by a process of budding from the

existing embryo, e.g., Cymbidium sp. (Merel, 1960, 1964; Steward et al.,
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1971), Biota orientalis (Konar and Oberoi, 1965), Hordeum vulgaris

(Norstog, 1970), Ophrys sp. (Champagnat and Morel, 1972), and Ilex

aquilifolium (Hu and Sussex, 1971). In other cases embryos have been

reported to arise from the epidermis, particularly of the secedling stem,

e.g., Cuscuta reflexa (Maheshwari and Baldev, 1962), Ranunculus

gceleratus (Konar and Nataraja, 1965b, 1965¢, 1965e; Konar t al.,

1972a; Thomas et al., 1972b), Daucus carota (Kato, 1968), and Nico-

tiana tabacum (Haccuis and Lakshmanan, 1969). A few cases of embryo-

genesis through budding in culturea of ovule, ovary and flower bud have
also been reported, e.g., Sogsypium hirsutum (Joshi, 1962), Anethum

graveolens (Johri and Sehgal, 1963) and Ranunculus sceleratus (Thomas.

et al., 1972a,b).

In view of their major agricultural significance, particularly in
hybridization and mutation breeding, the haploid embryos which arise
directly from microspores in anther cultures have attracted much interest
in recent years. Embryogenesis from microspores was first reported by

Guha and Maheshwari (1964) in Darura imnnoxia anther cultures, Anther

citltures resulting in haploid embryos have now been confirmed in Datura
innoxia (Guha and Maheshwari, 1966, 1967) and further reported inm D.
metel (Narayawaswany and Chandy, 1972); D. meteloides {(Kolenbach and

Geler, 1972); Lotus sp. (Minoru and Grant, 1972) and Nicotiana tabacum

{Nakata and Tanaka, 1968; Nitsﬁh, 1969; Nitsch and Nitsch, 1969; Devreux
et al., 1971; Sunderland and Wicks, 1971; Vazart, 1971). In each of
these instances the microgpores appeared to behave as zygotes; and
instead of.differentiating into pollen grains they proceeded through a

series of cell divisions and organization to produce embryos, one per
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wicrospore, . . .

Concepts Underlying Adventive Embrvogenesis

Historical Information

Haberlandt, 1894-1902, was first to propose the concept of
.totipotentiality in plant cella (White, 1931; Krikorian and Betrquam,
1969). According to Haberlandt, any plant cell has the capacity to
reproduce the whole plant if provided the appropriate environment. He
attempted to demonstrate this iIn a series of unsuccessful experiments
with igolated cells in vitro. Haberlandt was unable to cause isolated
plant cells to divide in vitre, let alone to &evelop into complete
plants. His cells were placed in a culture solution containing inorganic
salts, glucose and asparagine. Although he failed to demonstrate
totipotentiality, Haberlandt proposed a fundamental physiological basis
~ for adventive embryogenesis. According to him (1921e, 1821b, 1922a,
.19225), in nucellar embryony the degenerating cells of the ovule,
particularly the degenerating nucellus cells, produced a substance
- necrchormone which stepulated the other nucellus cells into embryo-

" gemesis. Aa evidence, he cited the adventlve embryos which arose in

" ovules of Qenothera lamarkiana following injury of the ovules, either by

" - pricking them with sharp objects or by squeezing them. Numerous

attempta have been made since to repeat Haberlandt's Oencthera experi-
ment; whereas there were two reports of.sﬁccéssea (Hedemann, 1931;
Balasubramaniam, 1932), all othera described failures (Nemec, 1935;
Doak, 1937; Beth, 1938; Ivanov, 1938)., Nevertheless, it has been

generally believed that Haberlandt's proposal of an embryo initiating
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substance {s logical and may still be proven correct.

Nucellar Embryogenesis in the Rutaceae

Much of the information regarding nucellar embryony can be attri-
buted to investigations of the Rutaceae, as shown by reviews of Cameron
and Frost (1968) and Frost and Scost (1968). In the Rutaceae nucellar
embryony has been demonstrated to be genetically determined and regu-
lated by a single dominant gene (Nagai and Takinawa, 1928; Frost, 1938;
Webber, 1940; Nasharty, 1945; Tllies, 1959; Parlevliet and Cameron,
1959; Furusato, 1961; Ozsan and Cameron, 1963; Majsuradze, 1966;
Iwamasa et al., 1967; Kapanadze, 1967, 1968, 1970; Cameron and Frost,

1968; Furusato. et al., 1968). The monoembryonic species or variety is
homozygous for the recessive allele, whereas the polyembryonic could be
elther homozygous or heterozygous with respect to the dominant allele.
Swingle (1927) and Frost (1938) proposed that nucellar embryony was
nature's way of invigorating the clone. Kapanadze (1967, 1968, 1970)
suggested that nucellar embryony was a relic of an adaptive device
against drought, Indeed, seasonal fluctuation in the rate of nucellar
embryogeny has been reﬁarted by Moreira, et al. (1947) and Ueno, et al.
(1969).

There have been several reports implicating pollination and
fertilization as prerequisites to nucellar embryogenesis (lkeda, 1906;
Frost, 1926; Toxopeus, 1930, 1936; Torres, 1938; Wong, 1939; Furusato,
1952, 1953; Mamporija, 1957, 1968; Majsurdze, 1961, 1968; Furusato et
al., 1967, 1969). The validity of these reports 1s subject to question,

inasmuch as other reports have indicated seed set without pollination
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(Webber, 1894, 1905, 1930; Swingle, 1927; Oppenheimer, 1935; Wright,
1937; Frost, 1938),
In vitro culture studies have shown that pollination or fertiliza-

tion is unnecessary for nucellar embryo formation (Bitters et al.,

1970; Button and Bornman, 1971; Kochba et al., 1972). Cultures of
elther ovules or nucellus excised from unpollinated flowers have been
reported to give rise to embryos.

According to the observations of Rangaswamy (1958, 1959, 1961),
Maheshwari and Ranganswamy (1959), Sabharwal (1961, 1963), and Singh
(1963) nucellus cultures of polyembryonic Citrus gave rise to adventive
embryos only when the explants contained proembryos, suggesting that the

proembryos may be somehow essential to adventive embryogenesis. This

t al. (1968, 1969) and

suggestion is unwarranted because Rangan
Bitters et al. (1970) have shown that nucellus explants from normally
monoembryonic Citrus produced multiple embryos in the absence of
existing proembryos.

The nutritional experiments with Citrus nucellus cultures have
suggested beneficial ﬁyle. of such nutrient medium addenda as malt
extract (Bitters et al,, 1970), casein hydrolysate (Rangaswamy, 1958,
1959, 1961; Maheshwari and Rangaswamy, 1959) and adenine (Button and

Bornman, 1971). The basis for their effects remains undetermined.

Adventive Embryogenesis in Other Families

In the Anacardiaceae nucellar embryony has also been believed to be
genetically determined (Sachar and Chopra, 1957); polyembryony appears
to be regulated by a dominant gene. Pollination and fertilization may

be necessary, perhaps by influencing nucellar embryogenesis indirectly.
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Pollinati&ﬁ and fertili;ation affect zygote.formafioﬁ.ané.endosperm
development, and these in turn may determine adventive embryo develop-
ment (Juliano, 1934, 1937; Sachar and Chopra, 1957). According to
Juliano (1937) climatic factors may also influence the genetic.expres—
sion with respect to nucellar embryogenesis; the study by Sachar and
Chopra (1957) refutes this suggestion, however. An interesting observa-
tion of the mango by Sturrock (1961) has been the higher concentration
of growth stimulating substances and lower concentration of inhibiting
substances in extracts of fruits in bolyembryonic than in moncembryonic
varieties.

In the Cactaceae the question regarding the requirement of
poilination and fertilization remains debated. In Opuntia aurantiaca
nucellar embryony has been reported to occur spontaneously and in the
ahsence of fertilization (Archibald, 1939). In all other ;pecies of the
Cactaceae an abundance of free nuclear endospefm'has'béen préfeéﬁi#ite
to nucellar embryogenesis (Ganong, 1898; Maheshwari and Chopra, 1955).

| Much of the information with respect to the regulation of plant
embryo initiation and Jdevelopment has been derived throﬁgh .c;..lluand
organ culture investigations, Totipotentiality in plant cells has been
demonstrated in cell cultutres and complete plants have been obtained

. from single isolated cells (Vasil and Hildebrandt, 1965; Vasil and

. vasil, 1972).

Steward. et al. (1963) emphasized physical separation of a cell
from its neighbors as being a key to the expression of embryogenic
potency. This view i3 not supported by overwhelming evidence, however

(Konar and Nacaraja, 1969; Halperin, 1970; Vasil and Vasil, 1972). Im
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fact, according to Halperin (1970), there are intercomnections between

emhryogeﬁic and nonembryogenic nucellus cells of Northoscordum fragrans

through plasmodesma. Similarly, Konar et al. (1972a) reported that

embryogenic initials in the stem epidermis of Ranunculus sceleratus
possess nuﬁefduslplasmodesma, connecting such cells cytoplasmically with
the neighboring cells. The plasmodesma are severed only after the
embryo initiation is completed. The;e has been no evidence of an embryo
‘arising fromia.single 1aolated éoﬁ;t;;néell. All adventive ewbryos have
been ohserved to originate in clusters of cells as in callus, or tissue
or organ explants.

Nuﬁrition;i invegtigationa in vitro have not demonstrated signifi-
cant roles of currently known plant hormones. In Daucus carota tissue
cultures, whereas low levels of exogenous auxin have been found benefi-
cial for embryo initiaﬁioﬁ in some cases (Kato and Takeuchi, 1966;
Sussex and Frei, 1968; Rao et al., 1970), for the most part embryo-
genesis, particularly embryo injitiation, ha% not been stimulated by
auxin in the nutrient medium (Reinert, 1959; Halberin, 1964, 1967,
Halperin and Wetherell, 1965; Newcomb and Wetherell, 1970). Sussex and
Frei (1968), Reinert and Tazawa (196%9), and Rao and Narayanaswamy (1972}
have all implicated an auxin-nitrogen balance as underlying adventive
embryogenesis in vitro. Other investigators have suggested a signifi-
cance of auxin-cytokinin balance (Guha and Maheshwari, 1964; Vasil and
Hildebrandt, 1966, 1967: Wilmar and Hellemdorn, 1968). Stiil others
have reported stimulation of adventive embryogenesis in tissue cultures
of some plants by such subatances as adenine sulfate (Vasil and Hilde-

brandt, 1966) and Kinetin (Norstog, 197C).
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Another embryogenic prerequisite proposed by Steward et al,
(1958, 1963, 1966) has been a nutrient milieu comparable to that found
in the embryc sac, Steward and his assoclates emphasized repeatedly the
need to include in nutrient media such addenda as coconut endosperm and
other natural complexes, Critical tests with diverse species, including
carrot, (Kato and Takeuchi, 1963, 1966; Halperin, 1966, 1967; Vasil and
Hildebrandt, 1966a, 1966b; Yamada, 1967; Sussex and Frei, 1968; Rao and
Rangaswamy, 1971) have demonstrated consistently that adventive embryo- -
genesis in tissue cultures could occur equally well in chemically
definable nutrient media lacking coconut endosperm, Sometimes, depend-
ing on the basal nutrient solution used and particularly on the salt
content of the solution, benefits may be obtained from supplements of
coconut endosperm fluid (Morel, 1960, 1964; Reinert, 1961, 1963, 1967;
Guha and Maheshwari, 1964, 1966, 1967; Rac, 1965; Konar and Nataraja,
196%; Rao et al., 1970; Bajaj and Bopp, 1972).

Halperin and Wetherell (1965) suggested a critical role of
reduced-nitrogen compounds in carrot embryogenesis in vitro. Neither is
this point supported by the evidence, however, For example, eﬁbryo—
genesls has been observed in nutrient media containing only nitrate
nitrogen (Reinert et al., 1966; Konar and Nataraja, 1969). Neverthe=-
less, reduced nitrogenous substances, including amino acids, amides and
NH,-Nitrogen, have consistently stimulated embryo initiation in tissue
. cultures of diverse plents (Reinert, 1963, 1967; Johri and Seghal, 1963;
Guha and Maheshwari, 1964; Rac, 1965; Kato and Takeuchi, 1966; Linser
and Neumann, 1968; Norreel and Nitsch, 1968; Reinert and Tazawa, 1969;
Tazawa and Reinert, 1969; Halperin, 1970; Rao and Baﬁgaawamy, 1972,

Thomas and Street, 1972},



ITI. MATERIALS AND METHODS

Histological Studies

Histological studies were carried out with Citrus medica L.

'Ethrog' (Ethrog citron), a naturally monoembryonic cultivar, and C.

reticulata Blanco 'Ponkan' (Ponkan mandarin), a polyembryonic variety.

Sampling in Vivo Materials

Two trees ‘of the Ethrog citron, grown at the South Coast Field

Station of the University of California, were selected for the study.
Two hundred and fifty flower buds were tagged just prior to anthesis.
They were examined every day, and those that had opened and showed pollen
grains deposited on their stigmas had their tags dated. Similarly, two
trees of Ponkan mandarin grown on the Riverside campus of the University
were selected and tags were placed on 600 flower buds, During the
course of daily inspection those that had opened and showed pollen
grains deposited on their stigmas had their tags dated.

Ten flower buds of each cultivar were collected at the time of
tagging. The ovules of five buds were excised and placed in fixative;
the other five flower buds were fixed intact. Five fruit samples per
cultivar were collected bi-weekly during the first four weeks, and
weekly after that until the sixteenth week. The ovules from each fruit
were removed and fixed.

The solution, designated as FAA, used in all fixations was that of

47
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Sass (1968) and contained the following: 95% ethanol, 50ml; glacial
acetic acid, 5ml; 37-40Z formaldehyde, 10ml; and distilled water, 35ml.

All fixed materials were stored at room temperature.

Sampling in Vitro Materials

Nucellus explants to be placed in tissue culture were obtained
from fruits sampled 100 days after anthesis for Ethrog citron and 53
days after anthesis for Ponkan mandarin. In the citron the zygotic
embryos were at the late heart to torpedo-shaped stage; the embryos were
removed and discarded. The Ponkan mandarin ovules still showed no
visible emhryos: zygotic or adventive, at the time nucellus explants
were being obtained. One hundred and twenty cultures were established
for each cultivar. The details of the nucellus excision procedure and

culture conditions are described in the section below, Assessment of

Requirement for Adventive Embryogenesis in Rutaceous Nucellus Culture.

The basal medium as shown in Table 3 was utilized and culture
environmental conditions which are standard to this laboratory (27 + 1°C
constant, 1000 lux Gro Lux light 16 hours per day) were adhered to. Ten
nucellus samples were fixed in FAA after 3, 7, 14, 17, 21, 24, 28, 31,
35, 38, and 42 days in culture, Ten samples of freshly excised nucellus

were also fixed for each cultivar.

Preparation of Histological Sections

Dehydration of fixed samples was carried out via the tertiary
butyl alcohol (TBA) series of Johansen (1940). They were cleared in
xylene and embedded in paraplast. Sections 10 p thick were stained with

Harris' haematoxylin, following the procedure described for progressive
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haemalum by Sass (1968).

Assessment of Requirements for Adventive Embryogenesis

in Rutaceous Nucellus Culture

Species and Varieties Employed

For most experiments nucellus cultures of Citrus medica L.

'Ethrog' (Ethrog citron), a monocembryonic cultivar, C. limon L. Burm
'Ponderosa' (Ponderosa lemon), also monoembryonic; and C. limon L. Burm
"Eureka' (Eureka lemon), a moderately polyembryonic cultivar, were
utilized. J

These three cultivars were employed for a number of reasons.
First, they flowered and fruited the year round, providing a supply of
experimental material of suitable developmental stage at virtually all
times. Second, the monoembryonic cultivars were preferred because they
ensured that the study included a consideration of the embryo initiation
process; some previous studies with polyembryonic Citrus have been
clouded by embryogenetic development associated with existing proembryos
and embryos. Third, the moderately polyembryonic Eureka lemon was
chosen also for another reason; this cultivar already manifested
nucellar embryogenesis in vivo and might enable studies of stimulation
and inhibition of embryogenesis simultaneously in vitro.

In a few experiments C. reticulata Blanco 'Ponkan' (Ponkan man-
darin), a highly polyembryonic variety, was used. In certain experi-
ments in which they are specified, naturally polyembryonic types were
also employed: C. hystrix D.C., 'Kuffre' lime, C. sinensis L. Osbeck

"Koethen,' C. sinensis L, Osbeck 'Ruvel,' C. sinensis L. Osbeck 'Surprise
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Navel,' C. sinensis L. Osbeck 'Wallace seedless Valencia,' and Fortun-
ella crassifolia Swing. 'Meiwa.' The Ethrog citron and Eureka lemon
samples were obtained from the South Coast Field Station, whereas
samples of all others were obtained from the Riverside campus of the

University of California.

Characteristics and Handling of Explant Materials

Isolation of nucellus explants. Fruit samples were obtained from

each of the cultivars periodically to observe the developmental stage of
the embryos, zygotic as well as nucellar, in order to determine the
culturabilicy og the nucellus. Of the moncembryonic types, only fruits
with visible embryos in the heart-shaped stage were utilized as a source
of nucellus explants. With the naturally polyembryonic types fruits of
comparable age were also utilized; however, they differed from the mono=-
embryonic type in that the ovules contained more than one visible embryo.
The fruits were washed and their receptacular and stylar ends were
severed. They were then immersed in dilute laundry bleach (Purex
diluted 10-fold and containing a few drops of Tween-20 emulsifier) for
15 minutes. Without rinsing and following asceptic procedure, the
fruits were cut open to expose the ovules. The ovules were removed and
placed in sterile petri dishes. Surgical steps were carried with the
ald of a dissecting microscope, using 10-20X magnification. The ovule
was kept in position with the aid of a pair of microforceps. Using a
sharp surgeon's scalpel, a shallow incision was made through the integu-
ments, without injuring the nucellus, along the length of the ovule from
the chalazal to the micropylar end. The integuments were lifted away,

exposing the nucellus. The embryos became visible as shiny, pale green
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structures, embedded in the micropylar region of the nucellus. A small
incision perpendicular to the longitudinal axis was made in the micro-
pylar region, and the embryos were expelled from the nucellus through
the incision. The embryos were collected, counted and discarded. The
nucellus was then transferred to culgure, with its chalazal end par-
tially embedded in the nutrient medium. One nucellus explant was
planted per culture. At least 20 cultures were used per treatment of
any experiment,

In vivo developmental stage of explant. To investigate the

influence of fryit age on the behavior in vitro of nucellus explants,
120 Ethrog citron flowers were self-pollinated and suitably identified
with tags. Fruit samples were harvested weekly beginning with the
eleventh week after pollination and their nucellus isolates placed in
culture in basal nutrient medium, Periodic observations disclosed that
fruit samples obtained earlier contained no visible embryos and could
not be used for the experiment. |

To determine the behavior in vitro.of nucelluslfrﬁm unpollinated
material, whole ovules were isclated at the flower bud stage and placed
in culture. The cultivars used specifically for this test were Eureka
and Ponderosa lemons, Ethrog citron, Ponkan mandarin, Koethen sweet
Ruvel, Surprise Navel, Wallace seedless valencia orange and Meiwa
kumquat. In this experiment four ovules were used per culture and 20
cultures were employed per cultivar,

Seagonal factor. To determine seasonal variability in behavior of

nucellus explants, three batches of the same basal nutrient medium were

prepared every other month and nucellus explants obtained from Ethrog
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citron and Eureka lemon fruits sampled every other month were cultured
in them. The experiment was repeated a second season,

Fruit storage effects. Ethrog citron and Eureka lemon fruits,

harvested at a suitable developmental stage, were placed in polyethylene
plastic bags and stored at 5°C to determine the effects of their prior
cold storage on the behavior of the nucellar explants in vitro. The
nucellar explants were obtained and placed in culture 1, 2, 4, 6, and 8
weeks after storage. Nucellus explants from freshly harvested fruits
were used as controls.

Effects Q& incision. A comparison was made of transverse, single

longitudinal, and multiple (6) longitudinal incisions of the micropylar
region to determine their influence on the behavior in culture of the
excised nucellus. The transverse incision was made away from tﬁa micro-
pylar tip and at a distance where the enlarged zygotic embryo had
extended. The longitudinal incisions, on the other hand, were made from
the tip to a distance to which the zygotic embryo had extended. This
test was done because it was believed that the nature and degree of
injury to the nucellus might influence the rate of adventive embryo-
genesis. Nucellus explants of Ethrog citron and Ponderosa lemon were
used for this study.

Method of implantation. Still another initial experiment was
carried out with Ethrog citron, Ponderosa lemon and Ponkan mandarin
nucellus explants to determine the effects, if any, of the method of
their implantation in the nutrient medium. In one treatment the micro-
pylar region of the nucellus was embedded in the medium, leaving only

the chalazal region exposed. In another, the chalazal region was
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_embedded in the medium, leaving only the micropylar region exposed,
Finally, in a third tréatment the nucellus was simply placed horizon-
tally on the agar medium,

Length of culture passage. The optimum length of the culture

passage was determined with nucellus explants of Ethrog citron, Kuffre
lime and Ponkan mandarin. The rates of adventive embryo formation were

recorded at weekly intervals over a period of 24 weeks.

Nutrient Med{um Characteriastics

Physical quality of medium. A comparison was made of agar and
Fl
liquid media as they influenced the behavicr in vitro of Ethrog Citron

nucellus isclates. In one treatment where liquid medium was used the
explant was supported on the surface of a folded filter-paper platform
(hereafter identified as Heller support)., The base of the platform was
kept {mmersed in the nutrient solution; this allowed movement of nutrient
solution to the nucellus by wick action. The platform also enabled
exposure of the éxplant to alr. In other treatments involving liquid
nutrient the explants were immersed in the solution and left stationary,
or agltated either gently at 1 rpm on a reotating culture apparatus (New
Brunswick tissue culture roller drum Model TC~4), or vigaorously at 300
rpm on a gyrotory shaker {New Brunswick Model G-10). o

A similar comparison was made between agar and liquid media in
cultures of Eureka lemon and Melwa kumquat nucellus. The experiment
with theae, howeve;; considered only liquid medium in which Heller
gupport was used., Each treatment in tests of liquid and agar employed

40} cultures.
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Hedium'comgosition. The composition of the basal nutrient medium
utilized in cultures of nucellua explants of the Rutaceae is shown in
Table 3, As evident in the table, the medium contained the Murashige
and Skoog inorganic salts, 5% Sucrose, White's B-vitamin and glycine
mixture in double strength, 100 mg/l EIéfiﬂOSitOl, 500 ﬁg/l of Baéfog
malt extract, and 1lX Bacto agar. The pH of the medium was set at 5.7
prior to autoclave sterilization, using 1N HCl or NaOH. The agar medium
wag distributed at a rate of 25 ml per tube, utilizing 25 x 150 mm pyrex
culture tubes. The nutrient tubes were capped with polypropylene
clpsurea. The qedium was steri;ized by autoclaving at 121°C for 15
:minutea. Gibberellin~containling sclutions, when used, were added to
presterilized agar medium following filter sterilization of gibberellin
ks I o . N . -

In.attempts to improve theJnutrienf ﬁedium fof increased survival
of explants and enhanced rate of adventive embryogenesis, alterations in
the concentrations of the basal constituents as well as further addenda
were tried, In a series of initfal experiments the basal constituents
were divided into four groups: (1) agar (1¥ Bacto agar}, (2) sucrose
(5% sucrose), (3) salts {(Murashige and Skoog formulation), and (4)
organics (White's B-vitamins and glycine at double strength, 100 mg/l
myo~inositol, and 500 wg/l Bacto malt extract). These groups, indivi-
dually and in combinations, were tested with Ethrog citron, Eureka lemon,
Koethen sweet orange, and Ponkan mandarin nucellus culturea. A second
set of experiments considered modificationa in the concentration of some
of the individual components, e.g., sucrose, Ezgrinpsitol, and Bacto

malt extract. This get of experiments was carried out with Ethrog
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TABLE 3
Composition of the basal nutrient medium employed in

nucellus cultures of Rutaceae

== == rar———- - — - ==
Ingredient mg/l Medium

Inorganic Salts
(Murashige and Skoog, 1962)

NH4NO4 1650.0
KNO, 1900.0
CaCl,+2H,0 440.0
MgS0, 7H,0 370.0
KH, PO, 170.0
Na,~EDTA 37.3
FeS0,* 7H,0 27.85
MnSO,* H,0 16.9
ZnS0,* 7 HyO 8.6
H,80, | 6.2
KL 0.83
Na,MoO,, * 2H,0 0.25
CuS0,, * 5H,0 0.025
CoCl,*6H,0 0.025

Organic Constituents

Sucrose 50,000
Vitamins
Thiamine-«HC1l 0.2

Pyridoxin+HCL 1.0
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Table 3 (continued)

Ingredient gg{l Medium
Vitamins (cont.)

Nicotinic acid 1.0
Glycine 4.0
Inositol 100.0

Complex Addenda

Difco Bacto agar 10,000.0
J

Difco Bacto malt extract 500.0
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citron, Eureka lemon and sometimes also Ponderosa lemon nucellus. The
vitamins were not tested individually but only as a combined group. A
third series of experiments considered the effects of additions to the
basal nutrient medium of varying concentrations of the auxins IAA
(Indole-3~acetic acid), NAA (Naphthalene-l-acetic acid) and 2,4-D (2,4~
Dichlorophenoxyacetic acid), the cytokinin, kinetin, Gibberellin Ay,
adenine sulfate, thymidine, casein hydrolysate, Bacto yeast extract, and
orange juice. In one experiment the influence of juice vesicles
obtained from the naturally polyembryonic Valencia and Washington Navel
oranges was alsg tested as a nutrient medium addendum. The third series
was carried out with Ethrog citron, Eureka lemon and sometimes Ponderosa

lemon cultures.

The Culture Environment

Illumination characteristics. Utilizing the basal nutrient medium,

the behavior in vitro of Ethrog citron and Eureka lemon nucellus was
determined when cultured under Gro Lux light intensities of 0, 300,
1000, and 30,000 lux and a photoperiod of 16 hours.

Following the light intensity test and using a Gro Lux intensity
of 1000 lux, the influence of the daily light period on Ethrog citron
and Eureka lemon nucellus cultures was determined. The light periods
tested were 0, 4, 8, 12, 16, 20, and 24 hours. The temperature in both
above experiments was constant at 27°C.

Temperature effects. Nucellus cultures of Ethrog citron and
Eureka lemon were exposed to nycto-temperatures of 12, 17, 22, and 27°C.
The temperature of the light period was 27°C. Light was provided 16

hours daily from Gro Lux lamps at an intensity of 1000 lux.
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Physiological Mechanism Underlying Adventive

Embryogenesis in the Rutaceae

Embryogenic Potential Among the Rutaceae

As a first step towards elucidating the physiological mechanism
underlying adventive embryogenesis in the Rutaceae, the embryogenic
potential of the excised nucellus of 32 members of the Rutaceae was
determined. The investigation included 8 genera, 24 species, 9 varie-
ties, and 3 hybrids. Eleven of them belong to the monoembryonic
category and the remainder were naturally polyembryonic. Each was
tested by utiliZing 40 explants. Fruit samples were obtained from
either the South Coast Field Station or the Riverside campus of the
University. The investigation was conducted in 1971 and repeated in
1972. The basal nutrient medium shown in Table 3 was used throughout,
also the standard light and temperature conditions, i.e., 16 hours daily
i{llumination with 1000 lux intensity Gro Lux light and constant 27°C.
The nucellus explants were obtained as described previously in the

section of Assessment of Requirements for Adventive Embryogenesis in

Rutaceous Nucellus Culture, The numbers of embryos removed from

explants prior to their culture were recorded. After eight weeks the
cultures were examined. The counting of embryos was aided by a
dissecting microscope, with observations being carried out at 10-20X

magnification. Seedlings arising in vitro were counted as embryos.

Differential Behavior of Micropylar Half, Chalazal Half

and Whole Nucellus

Eighty nucellus explants with embryos removed were obtained for
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each of Ponkan mandarin and Ethrog citron, Forty of each were cultured
as whole nucellus, whereas the other 40 were cut transversely into
halves and cultured separately as micropylar and chalazal halves. The
basal nutrient medium and standard cultural conditions with respect to
light and temperature were utilized. After eight weeks the embryo-
genetic characteristics were compared among whole nucellus and micro-

pylar and chalazal halves.

Interaction Between Polyembryonic and Monoembryonic Nucellus

One hundred nucellus explants of Ethrog citron, and 60 each of
normally polycmﬁryonic Cleopatra mandarin (C. reticulata Blanco) and
normally polyembryonic Rough lemon (C. jambhiri Lush.) were obtained
each free of embryos, and cut transversely into halves. The chalazal
halves of all three were discarded. Twenty micropylar halves of the
nucellus of each Citrus were cultured individually. Another 20 each of
Cleopatra mandarin and Rough lemon were grafted on to micropylar halves
of the nucellus of Ethrog citron and placed in culture with the Ethrog
citron nucellus being embedded in the nutrient agar. Twenty each of the
remaining 40 micropylar halves of the nucellus of Ethrog citron were
grafted onto micropylar halves of the nucellus of Cleopatra mandarin and
Rough lemon and placed in culture with the Cleopatra mandarin and Rough
lemon tissues embedded in nutrient agar. All grafts involved tissue
contacts at the transverse cut surfaces., Basal nutrient medium and
standard culture conditions were used. After eight weeks the embryo
yield of each micropylar half was measured to disclose possible inter-

actions between monoembryonic and polyembryonic nucellus.
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Suppression of Polyembryony by Monoembryonic Citrus

As the research progressed it became apparent that the micropylar
region of a nucellus was more prone to undergo embryogenesis than the
chalazal region. It also appeared that this difference was due to a
difference in distribution of a possible embryogenetic suppressor, the
content of the suppressor being higher in the chalazal half than in the
micropylar half. The next step considered a possible difference in
suppressor concentrations in the nucellus of monoembryonic and poly-
embryonic types of the Rutaceae.

Forty micyopylar halves of the nucellus of Rough lemon and Koethen
sweet orange, both highly polyembryonic, were grafted onto an equal
number of chalazal halves of the nucellus of Ethrog citron, a strongly
monoembryonic citrus. Grafts were achieved by joining the transverse
cut surfaces together. The grafted tissues were placed in culture with
only the Citron half being embedded in the agar medium, Forty more
micropylar halves of the nucellus of each of Rough lemon and Koethen
sweet orange were cultured in separate tubes for reference. Basal
nutrient medium and standard culture conditions were used. After eight
weeks the yields of embryos in each of the micropylar halves were

determined.

Evidence of Diffusable Embryogenic Suppressor

To test the possible involvement of a diffusable repressive sub-
stance in Citrus nucellar embryony, micropylar halves of polyembryonic
Ponkan mandarin nucellus were cultured on nutrient agar, surrounded by

varying numbers of the chalazal halves of Ethrog citron ovules. The



61

citron ovules were placed in a radius 1 ¢m away from the Ponkan mandarin
explant. For this test, 1uste#d of culture tubes, 50-ml Delong culture
flasks were employed in order to provide a larger culture surface, Each
flask contained 25 ml of medium and was capped with stainless steel
closures. The basal medium and standard light and temperature condi-
tions were employed. The yield of embryos per Ponkan mandarin nucellus

was determined after eight weeks.

Tests of Leachability of Suppressant

Nucellus explants of Ethrog citron were cultured in liquid nutrient
solution as weli as agar medium for prescribed periods and transferred
to fresh agar medium to examine the extractability of any suppressive
substance. The experiment involving liquid medium employed 200 explants
and with the medium agitated constantly at 1 rpm. One hundred of the
explants consisted of whole nucellus and another hundred were only
micropylar halves, After 0, 1, 5, 10, and 30 days the nucellus pieces
were transferred to agar medium, 20 on each date. On each transfer
date, fresh nutrient solution replaced the liquid of untransferred
tissues.

The leaching in agar involved the same number and kinds of
nucellus explants as those of the liquid test above. Handling of the
tissues was also the same, with these exceptions: the transfers to
fresh agar medium were made after 0, 5, 10, and 15 days, and no fresh
nutrient agar was used to replace the medium of untransferred nucellar
pleces on any of the prescribed transfer dates.

The basal nutrient medium was used throughout this experiment
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except that the agar was excluded in the liquid medium and the pH of
liquid media was set initially at 5.0. Also, only 5 ml of liquid
nutrient solution were used per tube; agar medium was dispensed at a
rate of 25 ml per tube. Standard light and temperature conditions were
employed. In both experiments, data of embryogenesis were obtained
twice: (1) eight weeks from the start of the experiment and (2) eight
weeks following transfer of nucellus pieces to fresh nutrient agar

medium,

Permanence of the Suppressive Effect

This ezpeéiment was carried out in a manner comparable to that in
which diffusability of the embryogenic suppressant was being determined.
The micropylar halves of Ponkan mandarin nucellus were placed in culture
on nutrient agar with each explant being surrounded by a ring of 10
chalazal halves of citron ovules, Twenty flasks of such cultures were
prepared. As reference, micropylar halves of Ponkan mandarin nucellus
were cultured in the absence of any association with citron ovules.
After eight weeks of culture in basal nutrient medfum and under stan-
dardized light and temperature conditions, the Ponkan mandarin tissues
were examined for embryo yields. Recultures into fresh medium were then
made of the mandarin tissue from the two treatments, but now both were
grown in the absence of any citron tissue. Ten Ponkan mandarin embryos
from the reference cultures were recultured in each of 20 tubes.
Aliquots of approximately 1 cm3 of callus from the citron-associated
treatment were recultured in each also of 20 tubes. This procedure of

gathering data and reculturing was repeated four times every eight weeks.
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Embryogenic Inhibitor in Integuments

To assess the possibility of an embryogenic inhibitor being
present also in the integuments, the behavior of nucellus explants, with
and without integuments, was studied. For this test Ethrog citron,
Eureka lemon and Cleopatra mandarin were used. In the two types of
explants any embryos present were first removed, counted, and then dis-
carded. Nucellus explants with integuments were simply those in which
the integuments have been left attached; the other explant was obtained
by the standard isolation procedure, The data with respect to embryo

yields were obtpined after eight weeks.

Action of Citrus Suppressant on Daucus carota Callus

In assessing the extent to which any physiological mechanism which
regulates adventive embryogenesis in the Rutaceae may be applicable to
plants 1in general, the anti-embryogenic effect observed in citron ovules

was tested on callus cultures of Daucus carota, variety 'Queen Anne's

Lace.' The callus of the wild carrot was obtained from seedling hypo-
cotyl sections and established on a nutrient medium containing Murashige
and Skoog salts, 3% sucrose, White's vitamins, 100 mg/l inositol, 0.1
mg/l 2,4-D, and 0.6% agar. Stock cultures of the callus were maintained
in darkness.

To test the suppressive effects of citron ovules, 1 cm3 samples of
the carrot callus were placed on nutrient agar and cultured while
surrounded by varying numbers of the chalazal halves of Ethrog citron
ovules, The procedure was the same as that for determining the

diffusability of the embryogenic suppressant in Citrus. The nutrient
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m?dium was the same as that for establishing the carrot callus, but
without 2,4-D. Reference cultures contained carrot callus cultures with
no citron tissues. The cultures were left under conditions designated
as standard for Citrus nucellus culture, and the data were collected

after four weeks. Seedlings were counted along with embryos.



IV. RESULTS

Histological Observations

In Vivo Development of the Ovule

In the flower buds just preceding anthesis the ovules of both
Ethrog citron (moncembryonic) and Ponkan mandarin (polyembryonic)
appeared similar in gross histology. Those of the citron can be seen in
Fig. l-a and b,, and those of the mandarin are shown in Fig. 2Z-a. They
were oval to round in shape and anatropous. The ovules of both were
bitegmic, i.e., two integuments, and crassinucellate, i.e., nucellus
with many cell layers in the micropylar region (see Fig. l-c). The
crassinucellate condition indicated a substantial parietal tissue, which
in turn reflected a development of the nucellus epidermis at the micro-
pylar region after the formation of the megaspore mother cell., The
outer integument was comprised of cells which were larger and more
vacuolated than those of the inner integument, The outer integument
also was composed of 4~6 cell layers and as thick as ten layers near the
funiculus, The inner integument was composed of smaller, more intensely
staining cells and was 2-3 cell layers thick.

The nucellus in both cultures was a central mass of densely
staining cells. Two parts could be identified in each nucellus: an
outer region just beneath the integument, composed of one or more layers
of cells with more deeply staining cells, and a more substantial inner

region consisting of many layers of slightly more vacuolated cells. The

-
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outer portion of the nucellus has been referred to by morphologists as
the nucellus epidermis. The nucellus was demarcated clearly from the
ioner integument, except in the chalazal region where it appeared fused
with the integumentary tissue.

The embryo sac was centrally located within the nucellus of each
specles, although perhaps more often nearer the micropylar than the
chalazal end, Prior to pollination the ovule of the Ponkan mandarin
appeared smaller and rounder than those of the citron. The cells of the
various tissues of the ovule of the Ponkan mandarin also appeared larger
than those of the citron. The inner integument of the mandarin seemed
to have developed more slowly relative to the outer integument than of
the citron. The nucellus of the citron ovule was composed of many more
cells and cell layers and was generally larger than that of the mandarin.

Following pollination, the ovules of both species enlarged
progressively, elongated considerably, and appeared to flatten on two
surfaces and ridged on the others, especially along the funiculus,

Ultimately the Ethrog citron ovule attained a larger size and
became plumper, smoother, slimier, and less compressed laterally than
the mandarin ovule. The mandarin ovule became more corrugated. The
integuments grew substantially, principally by cell enlargement., The
differentiation of vascular strands occurred only in the outer integu-
ment; moreover, vascular differentiation terminated in the chalazal
region and did not extend into the nucellus. What appeared to be a
third integument differentiated from the innermost layer of the inner
integument., The differentiation began about 70 days following anthesis

for the citron and 2-3 weeks later in the mandarin. This tissue was
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comprised of cells which could be readily distinguished by their
contents of highly refractive, brown substances. Because of its color
morphologists have referred to this tissue as the 3rown layer. The
differentiation of the brown layer in the citron began in the micropylar
region, and from there it continued progressively to the chalazal region.
In contrast the brown layer of the mandarin differentiated near but not
at the micropylar region, and from there it progressed first towards the
micropyle and then to the chalazal region. The brown layer did not £ill
the micropflar region until embryogenesis had begun in both species. 1In
the citron ovulg it can be seen very distinctly in Fig. 1-f and in the
Ponkan mandarin in Figs. 2~d to 2~h.

The nucellus of both species underwent considerable enlargement.
The constituent cells became more elongated and more highly vacuolated.
There appeared to be additional layers of cells in the nucellus of both
species. The nucellus epidermis became more readily distinguishable
from the inner nucellus tissue. The more centrally located cells of the
nucellus had elongated considerably and many had undergone disintegra-
tion, particularly those surrounding the embryo sac. Degeneration of
the centrally located cells appeared to continue indefinitely and to
apread outward as the ovule progressed in development.

Not much was seen of the endosperm in either species, but it
remained in the free nuclear condition for a very long time after
anthesis. In the citron, cellular endosperm made its appearance when
the zygotic embryo had attained the proembryo stage. Once started, the
endosperm became cellular very rapidly, starting at the micropylar

reglon and progressing toward the chalazal region. The endosperm
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reached maximum development at the heart-shaped stage. At this stage
the endosperm cells were highly irregular in shape and size. They were
also vacuolated, particularly the most centrally located endosperm cells,

In Ponkan mandarin, the endosperm became cellular only after many
nucellar embryos had already formed and had attained considerable
development, This occurred much later than in the citron. The final
characteristics of the endosperm and its constituent cells were essen-
tially the same as those of the citron. Cellular endosperms can be seen
in Figs. 1-f and 2-f.

The citrop zygote remained dormant for as long as 60 days after
pollination (Fig. 1-d). A fully developed embryo was attained when the
fruit was about 140 days old. No adventive embryogenesis was observed
in the citron, except one rare case where multiple embryos were obtained
through budding of the suspensor. The proembryo stage can be seen in
Fig. l-d, and that of the late heart-shaped stage in Fig. 1-f.

It was not possible to observe embryogenesis from the zygote of
Ponkan mandarin, although the dormant zygote could be seen even 60 days
after pollination (Fig. 2-c). Division of the zygote could not be
observed; instead m@riutamntic activity could be observed among the
nucellus cells which were in contact with the embryo sac, particularly
those in the micropylar region (Fig. 2-d). Very quickly these meri-
atematic activities gave rise to clusters of embryos (Figs. 2-e through
8) -

In many of the ovules examined adventive embryos were observed in
the micropylar and chalazal regions, as well as along the flanks of the

nucellus (see Figs. 2-e and f). The embryos appeared to arise generally
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only from those nucellus cells which were most proximally located with
respect to the embryo sac. Numerous embryos were produced per ovule.
Many of the adventive embryos appeared to have arisen by budding from
existing nucellar embryos. The budding process seemed to go on
indefinitely, at least up to 150 days after pollination. No case of
monoembryony among Ponkan mandarin ovules was encountered in this
investigation,.

One interesting phenomenon observed in the Ponkan mandarin nucellus,
but not in citron, was the marked proliferation of the nucellus at the
chalazal end (Eig. 2-h). The proliferation produced a substantial mass
of parenchyma cells which seemed to grow into the embryo sac, displacing
some of the endosperm and often dividing the endosperm into micropylar
and chalazal halves. The proliferation began some time after many of
the nucellar embryos had attained complete development. The significance

of this phenomenon was not explored.

Behavior of the Nucellus in Vitro

The citron nucellus, at the time of its excision for culture,
contained a heart-shaped to torpedo-shaped zygotic embryo. This embryo
was discarded, The ovule at that time was about 100 days from pollina-
tion. In contrast, the Ponkan mandarin nucellus contained a dormant
zygote but no embryo, zygotic or nucellar, at excision time. The
mandarin fruit was 50-60 days old since pollination. The histological
characteristics of the nucellus explants of the two species can be
observed in Figs. 3-a, 4-a and 4~b, The citron nucellus contained a

well-developed endosperm (Figs. 4-a, 4-b) whereas the Ponkan nucellus
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did not (Fig. 3-a). The citron nucellus formed a thinner envelope
around the embryo sac than did the mandarin.

No signs of growth were seen in the nucellus of either species
until seven days in culture. Gross observation showed that the Ponkan
mandarin nucellus developed a dense white growth at the micropylar
region and the development progressed towards the chalazal end. After
three weeks in culture there appeared a locse mass of tiny white clumps
of tissue, seemingly expelled from the nucellus. Soon green specks also
were evident; these were the small nucellar embryos. Some of the embryos
enlarged and prpceeded to germinate in the test tube. Others appeared
to proliferate into further embryos.

In the citron nucellus the only sign of activity was one of
increase in size and swelling for the first 2 - 2-1/2 weeks. By the
third week, a tiny speck of green tissue could be seen in the extreme
micropylar tip of some of the explants. The green speck often deve-
loped into an embryo after further time in culture. In contrast to the
Ponkan mandarin nucellus, the citron nucellus produced only one to few
embryos and showed little further proliferation.

Histological examination of the cultures showed that in some
Ponkan mandarin nucellus explants adventive embryogenesis had already
begun within three days in culture. Meristematic activity among
interior cells in the micropylar region of the nucellus gave rise to
numerous embryos (Figs. 3-b, 3-c). Few if any of the cells of the
nucellus epidermis and others close to the epidermis appeared to be
involved directly in the embryogenic process (see especially Fig., 3-d).

Within three weeks of culture the nucellus appeared virtually completely
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filled with a multitude of embryos (Fig. 3-e). As already observed with
the Ponkan ovules during in vivo development, nucellar embryogenesis was
not confined to the micropylar region, but could be observed also in the
chalazal end (Fig. 3-g). While widespread meristematic activity among
nucellus cells was responsible for the initially arising embryos, it
appeared that a major fraction of the total population of embryos
resulted from budding among the embryos (Fig. 3-e, 3-f, 3-h), The term
budding is used in this investigation to denote tissue outgrowths from
existing embryos and which eventually differentiated into further
embryos, What appeared on gross observations, expulsion of tissues and
embryos in three-week-old cultures, probably indicated bursting of the
nucellus in response to an internal pressure from the mass of embryos.
Some outgrowths of embryos through the nucellus also occurred (Fig.
3-f).

A suspensor-like structure was observed in some of the nucellar
embryos (Fig. 3-f); however, this was not a common feature,

Histological examination of the cultured citron nucellus disclosed
that nucellar embryogenesis began on about the seventh day. The meri-
stematic activity could be seen in the micropylar region of the nucellus
primarily among cells neighboring the embryo sac (Fig., 4-c). In differ-
ing from the Ponkan mandarin, nucellar embryogeny was confined to the
micropylar regions and even then only few embryos formed. While the
newly-formed embryo sometimes developed within the embryo sac (Fig.
4-e), it mostly grew in an external direction (Fig. 4-d, 4~f). The
embryos seemed to grow through the micropyle and eventually appear

exterior to the nucellus,






