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Evidence of a Pre-Angiosperm Origin of Endosperm: 
Implications for the Evolution of Flowering Plants 

The formation of a polyploid endosperm tissue has long been considered a unique and 
dc6ning h t m c  (autapomorphy) of angiosperms. Contemporaneous with the fertili- 
zation of an egg nucleus by a epam nucleus in EpMra trijirrca (a nonfloweriug seed 
plant closely related to angiosperms), a second fedbation event has previously been 
shown to occur between a second sperm nucleus and the sister nucleus of the egg 
nucleus. Development of the second fertilization product is now shown to be 
fundamentally similar to that of endosperm in primitive flowering plan= both are 
charactuizcd by an initial period of Eree nuclear proliferation followed by a process of 
cellularization. In Ephedra, however, the second fedhation product ultimately yields 
additional embryos. If double f h i l h t i o n  in Ephedra and angiosperms is evolution- 
arily homologous, it is likely that cndospcrm evolved &om a supemumeracy fertiliza- 
tion event that d g i d l y  produced embryos into one that produced a specialized 
nonemb y o  tissue dedicated to the nourishment of tht zygotic embryo. 

'The unravelling of the history of the 
phylogenetic evolution of the process of 
endosperm formation should prove one of 
the most interesting developments in bot- 
any, and if accomplished will go far to 
solve the problem of the origin of An- 
giosperms." These words, written in 1907 
by the botanist E. N. Thomas (I) are still 
true today. Despite considerable research 
into developmental, physiological, and 
ecological aspects of endosperm (Z), rela- 
tively little is known of the sequence of 
evolutionary events that led to the origin 
and establishment of this distinctive feature 
of angiosperm reproduction. 

Double fkrtihation and the associated 
formation of polyploid endosperm have 

Department of Botany, Univasity of Georgia, Adrcns, 
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long been considered unique and defining 
features of angiosperms (3). Recent studies, 
however, have established that a process of 
double fzrtdhtion also occurs in members 
of the genus Ephedra (46). These findings 
are signijicant in view of the critical phylo- 

Flg. 1. Fluorescence views (stained with DAPI) 
of double htilization and carlv ~ o s t - f e t i o n  
fre  nudcar dcvclopment in d;$: individual egg 
cells of E. m$m. Early stage of double fet.eiliza- 
tion: (A) second spam nudeus (S2) and venal  
canal nudcus (V) and (B) tirst spam nudeus (Sl) 
and egg nudeus (E). Fusion products of doubk 
htilization: (C) second fcdization product (F2) 
and (D) fcdization product (Fl). Mitosis of 
fusion products of double fectilimtion: (E) sec- 
ond fatihation product and (F) first htilization 
product. Jacket cell nudei (J) in jacket cells adja- 
cent m the egg cell arc visible in sMal frames. 
Scale bar, 25 pm. 

genetic position of Ephedra, which is a basal 
member of the most closely related extant 
group of seed plants (Gnemles) to an- 
giosperms (7). Thus, the presence of double 
fkdization in Ephedra and angiosperms 
suggests that this important feature of re- 
production may be evolutionarily homolo- 
gous in both groups of seed plants, having 
been inherited from a common pre-an- 
giosperm ancestor (4, 5, 8). 

Although a pattern of double fertilization 
has been established in Ephedra newadensis 
(4, 5) and Ephedra tnirca (6), the fate of the 
second fedzation product has remained 
uncertain. In this report, evidence is ad- 
vanced that supernumerary embryos are 
formed from the h i o n  product of the sec- 
ond f&tion event in E. tn'firca. These - 
findings have profound implications for our 
interpretation of the evolutionary history of 
endosperm and the origin of angiosperms. 

Ovules of E. tnirca were collected from 
naturally occurring populations near Tuc- 
son, Arizona, tiom 1987 through 1990. 
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Ovules were chemically preserved, 
and prepared for histological &oning. 
Each ovule was serially sectioned to ensure 
that all nuclei within a specific archegonium 
could be accounted for and wmctly inter- 
preted. In total, more than 400 ovules were 
serially sectioned and analyzed. From these, 
more &an 100 ovules wn- archegonia 
(usually two or three) at stages of develop- 
ment between the time of pollination and 
the formation of cellular p&bry~ were 
d e d .  

At the time of kdization in E. m i m ,  
egg cells are binucleate and contain an egg 
nucleus and a ventral canal nucleus. Follow- 
ing entry of two sperm nuclei (from a 
binucleate sperm cell) into the egg cell, one 
sperm nucleus migrates in a chalaza1 direc- 
tion to fuse with the egg nucleus. Contact is 
established between the egg nucleus and first 
sperm nucleus (Figs. 1B and 2A), and these 
two nuclei begin a coordinated proccss of 
migration toward the base ofthe egg cell. At 
the same time, the ventral canal nucleus 
typically migrates h m  its initially apical 
mition to a more central mition within 
;he egg cell cytoplasm, wh& it initiates a 
proccss of fusion with the second sperm 
nucleus (Figs. 1A and 2A). 

Attheendofthed0ublef;trtilizationp 
cess in E. tn$m, two diploid nuclei reside 
withinthecytoplasrnoftheformereggd 
( F i .  1, C and D, and 2B). The zygote 
nuckus, derived h m  the fatilization of the 
egg nucleus by a spam nudeus, is situated at 
thebaseofthe&mereggcel l .~second 
nudeus, formed fiom the furion ofthe ventral 
canal nucleus and the second sperm nucleus, 
is located approximately oneqbamx to one- 
third of the dhnce fiom the apex of the 
former egg cell. M i ~ ~ ~ ~ p h o t o m e u i c  
data indicate that the produrr of the second 
fkdht ion  event in E. m i m  contains a 4C 
quantity of DNA (6), as dots the fusion 
produaoftheeggnudeusandfirstspam 
nudeus (6). Thus, the nudeus derived h m  
the second f;trtilization event is similar, both 
genetically (9) and cell biobgidy, yo the 
zygote nucleus that forms h m  the fusion of 
thefirstspennnudcusandeggnudeus. 

Light and lluorescence microscopy show 
that, in E. m i m ,  each f e d k t i o n  product 
enters into mitosis (Fig. 1, E and F). The 
svnchronus mitotic divisions of each nucle- 
& rtsult in the of two sets of 
daughter nuclei (fbur nucleate stage). One 
pair of nuclei (derived fiom the zygote 
nucleus) is situated at the base of the former 
egg cell and a sccond pair of nudei (derived 
fiom the second fertilization product) is 
positioned within the apical half of the 
former egg cell (Fig. 2C). A second wave of 
mitotic activity is initiated by each of the 
four nuclei within the former e& cell to yield 
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a total of eight nuclei (eight nu&a&stage) 
(Fig. 2D). These nudei are typically arranged 
in two groups within the former egg cell 
c y t o p k  a basal set of four nuclei (derived 
h m  the "me'' zygure nudeus) and an apical 
setoffburnucleithatarechmdantsofthe 
second fedization product. 

Following the production of eight free 

nuclei (10) within the cytoplasm of the 
fonner egg cell in Ephedra, phragmoplasts 
develop around individual nudei and spher- 
ical cell walls are produced. These cell walls 
separate each nucleus (and an associated 
region of cytoplasm) fiom the mnainhg 
cytoplasm of the former egg cell. As a 
consequence of this process of cellulariza- 

flg. 2. .Computer rccohsauacd images from s a i a l  d o n s  of entire mkgonia during double 
m a o n  and k c  nudar development. (A) Early stage of double fatilktion and (B) two-nudeate 
stage. ?hc av id  nudcus is daivcd from the sccond h i h a t i o n  cvcnt. The basal nudcus is dcrivcd from 
th~-first &tion cvcnt; (C) four-nudeate stage and (D) eight-nucleate stage. Nuclei labeled (A) arc 
dcrivcd from the second h i h a t i o n  ~roduct. Nuclei Wed IB) arc dcrivcd from the first k t i h t i o n  . , 
product. Scale bar, 100 pm. 

Flg. 3. !Wumatic of ur l ia  hypothesis of proembryo dcvclopment in Ephalm. (A) Binucleate egg d 
IEC) before fatilktion with CPP nutlcuS IE) and v d  canal nudcus IV): IB) sin& h i h a t i o n  of 
& hudcus by a spam nudeus- (S) and '& degeneration of the v c n d ' d  ndcus (DV); (C) 
migration of zygote nudcus to base of former egg d, (D) two nudeate stage of post-fertilization 
development following mitosis of zygote nudcus. Evidtna of this single mitotic division was not 
found; (E to F) migration ofnudcus to apical end offorma egg d to produce late two-nudeate stage; 
(a) four-nudeate stage of post-hihation development following mitosis of two nudci, (H) aght- 
nudeate stage ofpost--tion development following mitosis offour nudei; and (I) d-on 
of proembryo nudd to produce aght d u l v  p r o e r n e  (CP). 

flg. 4. SdKrmtic of double fa- 
tilization and prounbryo dcvcl- 
OpmQlt in E. hifm bascd on 
findings reported hac. (A) Bi- 
nucleate egg d (EC) before 
kcdization with egg nudeus 
(E) and vcnual canal nudcus f'$jQ'jfliF oF1 0 .D  • 0 0  • 
(V); (B to C) Doublc fatilk- 
tionofeggnudeus andvenal 
canal nudcus by two spam nudci (S1 and S2) to produce two fatihation products (F1 and F2) and 
the two-nudeate stage of p o s t - k a o n  development; (D) four-nudeate st.ae of post-firtiliution 
dcvdopment fohw&g mikis of two nudci; (E) aght-n&te stage of post-fc&ati'on devdopment 
following mitosis offour nuclei; and (F) ccllhization of individual proembryo nuclei to producc aght 
d u l v  + c d q o s  (CP). 
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tion, eight individual (and genetically iden- 
tical) embryos are-formed (9, 11). 
Ultimately, only one embryo will survive 
during the maturation of the seed (12). 

 he present report of post-fertilization 
events in E. trijiurca differs fundamentally 
from previous descriptions of embryogeny 
in a variety of Ephedra species. Earlier inves- 
tigators df reproduction in Ephedra, un- 
aware of a regular process of double fertili- 
zation, inferred that all of the free nuclei and 
resulting proembryos produced within an 
individual archegoniurn were derived from a 
single zygote nucleus through a series of 
three (as opposed to two, reported here) sets 
of mitotic divisions (Figs. 3 and 4) (13-15). 
It was postulated that a mitotic division of a 
single zygote nucleus produced two nuclei 
at the base of the former egg cell (14, 16). 
One of the two nuclei was thought to 
migrate subsequently to the micropylar (api- 
cal) end of the former egg cell (14) (Fig. 3, 
D to F). The reported positions of these two 
nuclei, after the hypothesized migration of 
one nucleus, appear to match those of the 
two fertilizationproducts in E. tr*rca prior 
to any mitotic activity (Figs. 2B and 4C). 
Following the two nucleate stage of develop- 
ment. earlier workers documented two "addi- 
tional" sets of mitotic divisions to produce a 
total of eight free nudei within the cytoplasm 
of the former egg cell (13-15) (Fig. 3, F to 
H). These divisions correspond to the only 
observed free nuclear divisions in E. tnjiirca 
after double fertilization (Fig. 4, C to E). 

The two models of post-fertilization free 
nuclear development in Ephedra (Figs. 3 and 
4) can be distinguished by the expected 
patterns of mitosis and proembryo forma- 
tion: in particular, the presence or absence 
of a single mitotic figure at the outset of free 
nuclear development. In E. trgurca, 34 eggs 
were observed with two pairs of gametes in 
the process of fusion (double fertilization 
stage). Twenty-three fertilized egg cells con- 
tained two nudei: a zygote nucleus located at 
the basal end of the egg cell and an additional 
nucleus in the apical half of the cell (two- 
nucleate stage) (17). Nine archegonia were 
found to contain mitotic fimes of the two- - 
to-four nucleate stage of post-fertilization de- 
velopment. Nine additional archegonia con- 
tained mitotic figures of the four-to-eight 
nucleate stage. ~ o t a b l ~ ,  however, archegonia 
with only a single mitotic figure (a single 
zygote nucleus) or two free nudei situated at 
the base of the former egg cell were not 
observed. Thus, the critical first division in 
the old model of post-fertilization develop- 
ment (Fig. 3, C and D) was not found. 

From a comparative viewpoint, the sec- 
ond fertilization product in Ephedra exhibits 
a developmental pattern fundamentally sim- 
ilar to that of endosperm in primitive groups 

(2, 18) of flowering plants ("free nuclear 
endos~erm"). In Ephedra, the second fertili- 
zation product yields free nuclei that subse- 
quently undergo a process of cellularization 
(to produce embryos). Among flowering 
plants with a free nuclear pattern of en- 
dosperm development, the primary en- 
dosperm nucleus (a triploid fertilization prod- 
uct formed from the fusion of a sperm 
nucleus with two polar nuclei) also initiates a 
process of free nuclear proliferation. This free 
nuclear period of development typically is 
followed by a process of cellularization (2). 
Although the extent of free nuclear develop- 
ment of endosperm is far more extensive 
(often hundreds of nuclei that later become 
cellular) than is the case with the derivatives 
of the second fertilization product in Ephedra 
(four nuclei that become cellular), the under- 
lying pattern of free nuclear to cellular devel- 
opment is, in most critical aspects, identical. 

The current data indicate that double 
fertilization (4, 5, 19) and a subsequent free 
nuclear to cellular proliferation of the sec- 

GAMETOPHYTE TO 
EMBRYO SAC FORM 

? NUCLEUS TO P 
FERTILIZATION EVENT 

MODIFICATION OF P 
FERTILIZATION PRODUCT 
INTO NON-EMBRYO TISSUE 

PROLIFERATION OF 2@ FERTILIZATION 
PRODUCT INTO SUPERNUMERARY EMBRYO 

DOUBLE FERTILIZATION OF 
EGG + SISTER NUCLEUS 

Fig. 5. Cladogram indicating the most parsimo- 
nious interpretation of the evolution of double 
fertilization and endosperm in angiosperms (AG) 
and their sister group [phylogenetic relationships 
based on Doyle and Donoghue (7)]. Double 
fertilization of an egg and its sister nucleus is a 
synapomorphy of angiosperms and their sister 
group [Ephedra (EP), Gnetum (GN), Welwitschia 
(WE); character states of fossil groups Pentoxylon 
(PN) and Bemettitales (BN) are unknown], as is 
the free nuclear to cellular proliferation of the 
second fertilization product. Autapomorphies of 
angiosperms are the amplification of development 
of the second fertilization product and its modi- 
fication into a nonembryo endosperm tissue; the 
addition of a second female nucleus to the second 
fertilization event to yield a triploid fusion prod- 
uct; and the reduction of the female gametophyte 
to a simple embryo sac form. The order in which 
these three autapomorphies evolved is unresolved. 
Additional autapomorphies not indicated on the 
cladogram are the loss of a free nuclear stage of 
embryo development in angiosperms, and the 
modification of free nuclear to cellular embryo 
development to produce multiple embryos (1 1) in 
Ephedra. 

ond fertilization product can no longer be 
assumed to be autapomorphies of an- 
giosperms. If double fertilization and free 
nuclear to cellular development of the sec- 
ond fertilization product are evolutionarily 
homologous (synapomorphous) in Ephedra 
and angiosperms, endosperm is likely to 
have evolved through an intermediate stage 
in which a diploid embryo initially resulted 
from the second fertilization event. This 
stage of evolutionary advancement would 
have been established in the common pre- 
angiosperm ancestor of Ephedra and flower- 
ing plants (Fig. 5) (20). 

An early study of embryogeny in E. tri- 
furca indicates that the basal set of embryos 
(now shown to be derived from the "true" 
zygote nucleus) typically yields the embryo 
that ultimately survives within the seed (13), 
whereas the apical embryos (derived from 
the second fertilization product) tend to 
abort at earlier stages of development. This 
suggests an additional similarity between the 
second fertilization product in Ephedra and 
endosperm: both second fertilization prod- 
ucts do not appear to produce viable prog- 
eny. However, endosperm (in primitive 
flowering plants) and supernumerary em- 
bryos in Ephedra are genetically identical, at 
the level of shared alleles, to the correspond- 
ing sister embryos derived from the first 
fertilization event. From this perspective, 
the second fertilization products in Ephedra 
and angiosperms can perpetuate their genes 
through the successful development of sib- 
ling embryos. 

Although supernumerary embryos de- 
rived from a second fertilization event in the 
ancestors of angiosperms might not have 
survived to reproduce, the behavior of the 
second fertilization product could have as- 
sisted in the ultimate survivorship of its 
genetically identical kin without sacrifice to 
its own genetic survival. If "altruistic" be- 
havior of the second fertilization product 
were selected for in the ancestors of an- 
giosperms (21), a plausible outcome might 
have been the developmental modification 
of a supernumerary fertilization product 
(originally an embryo) into a specialized 
tissue (endosperm) dedicated to the nour- 
ishment of its genetically identical sister 
embryo. 

The present findings are consistent with 
the hypothesis that the earliest angiosperms 
inherited the basic foundations of a process 
of double fertilization and the potential for 
subsequent development of this fusion 
product (Fig. 5). From this perspective, the 
only distinguishing features (autapomor- 
phies) of angiosperms with respect to sexual 
reproduction are (i) the modification of 
development of the second fertilization 
product from supernumerary embryo pro- 
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duction to the formation of endosperm, (ii) 
the addition of a second female nucleus to 
the second fertilization event, and (iii) the 
reduction of the female gametophyte to the 
characteristic seven-celled, eight-nucleate 
angiosperm embryo sac form. 

It is presently unresolved whether the 
addition of a second female nucleus to the 
second fertilization event occurred before or 
after the evolution of an embryo-nourishing 
tissue. However, it is likely that the extreme 
reduction of the female gametophyte (which 
in all nonflowering seed plants is responsible 
for the nourishment of the embryo) to the 
embryo sac form was predicated upon the 
prior evolution of a novel embryo-nourish- 
ing tissue. With the evolution of a process of 
double fertilization in the ancestors of flow- 
ering plants, and the subsequent modifica- 
tion of the second fusion product into a 
unique nonembryo nutritive tissue (en- 
dosperm), the pattern of sexual reproduc- 
tion that is characteristic of angiosperms was 
established. 
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G,-Mediated Hormonal Inhibition of Cyclic 
AMP Accumulation 

Hormones inhibit synthesis of adenosine 3',5'-monophosphate (CAMP) in most cells 
via receptors coupled to pertussis toxin (MX)-sensitive guanine nucleotide-binding 
(G) proteins. Mutationally activated a subunits of Gi2 (%) constitutively inhibit 
CAMP accumulation when transfected into cells. Cells have now been transfected with 
mutant a subunits of four other G proteins-G,, a P'IX-insensitive G protein of 
unknown function, and Gil, G,, and Go, which are MX-sensitive. Mutant %, q , ,  and 
q, inhibited CAMP accumulation but cu, did not. Moreover, expression of wild-type % 
produced cells in which M X  did not block hormonal inhibition of CAMP accumula- 
tion. Thus, G, can trigger an effector pathway in response to hormone receptors that 
ordinarily interact with PTX-sensitive Gi proteins. 

ETEROTRIMERIC G PROTEINS RE- 

ceive biological signals from recep- 
tors for hormones and neurotrans- 

mitters and transduce them into regulation 
of effector enzymes and ion channels. Each 
G protein sorts signaling information in a 
distinctive pattern. Structural features of the 
a subunit allow it to receive incoming infor- 
mation from a limited subset of hormone 
receptors and to convey that information to 
a specific subset of effectors (1). The rapidly 
increasing number of new G proteins makes 
it desirable to identify the receptors and 
effector pathways associated with each. 

Point mutations that replace key con- 
served amino acids in the a subunits of G, 
(as) (2) and Gi2 (a,) (3, 4 )  create G pro- 
teins that constitutively activate their down- 
stream effector pathways-stimulation and 
inhibition of CAMP synthesis, respectively. 
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Because these mutations replace amino acids 
that are conserved in all known a chains, 
cognate mutations in other a subunits 
should provide a general approach to deter- 
mine whether an individual G protein can 
trigger a specific effector pathway. This ap- 
proach is independent of receptor activation 
and receptor-(; protein coupling. Thus, 
expression of mutationally activated a, in 
cultured cells constitutively inhibits CAMP 
accumulation ( 4 ) ,  confirming one of the 
putative functions of Gi2. We have now 
extended this strategy to test whether four 
other G protein a chains inhibit CAMP 
accumulation. 

Mutant ail and a, would be expected to 
mimic ai2 because these proteins resemble 
one another in primary structure (-85% 
identical amino acid sequences) and because 
all three members of the ai family can open 
atrial potassium channels (5) .  The greater 
structural difference between a, and the ai 
subunits (-70% identical sequences) sug- 
gested that a, (6)  would not inhibit CAMP 
accumulation. The signaling function of G, 
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