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summaty

Transplantation of pronuclei between one-cell-stage
embryos was used 1o construct diploid mouse em-
pryos with two female pronuclei {biparental gyno-
genones} or two male pronuclei (biparental andro-
genones). Tne ability of these embryos to develop
10 term was compared with control auclear-trans-
plant embryos in which the male or the female pro-
pucleus was replaced with an isoparental pronu-
cleus from another embryo. The results show that
diploid biparental gynogenetic and androgenetic
embryos do not complete normal embryogenesis,
whereas control nuciear transpiant embryes do. We
conclude that the maternal and paternal contribu-
tions 1o the embryonic genome in marnmals are hot
equivalent and that a diploid genome derived from
only one of the two parental sexes 1S incapable of
supporting complete embryogenesis.

introduction

i is generaly befieved that both parental sexes contiibule
equivalent nuclear infarmation to the zygate oucleus Since
in many animal species viable parthenotes exisi. Equiva-
tency of the maternal and paternal contributions to the
zygole genome in marnmalian species, however, is uncer-
tain. Mammatian parthendtes ¢ wviable, and although
experirnertially activated mouse £ggs have developed as
far as the 25-somite stage {Kaufman et a., 1977}, most
die shortly after imiplarttation.

Possible causes for the death of mammattan parihe:
notes (Graham, 1974) may be either nuclear or cytoplasnic
deficiencies. Nuclear deficiencies would include nonegquiv-
alent parental contributions to the zygote nucleus andfor
homozygosity for lethal alleles. Alternatively. cytoplasmic
deficiencies, such as the tack of an exiragenetic contibu-
tion by the fertilizing sparmatozoon or the inability of the
parthenogenetic stirmuitus ta mimic appropriately the stim-
ulus provided by the spermatozoon. could result in the
death of mammalian parihenotes. Cefls derved from par-
thenogenetic embrycs a6 waple (los et &b, 1975 and
parthenogenatic and normal embryos can combine 1o torm
wiable chimeras in which mary tissues, including funciional
germ cells, ariginated from the parthenogenetic embryo
(Stevens, 1978). The fuit-term development of mouse dip-
toic uniparental embryos {Hoppe and llmensee, 1977} and
of nuclear-transplant embryos that received a nucleus from
an ner cell mass cehof a parthogenetic ermbryo {Hoppe
and Nmensee. 1982) argued against a nuclear detecl’s
causing death of the parthenotes. Afthough inese last
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repors suggest that the fack ot development ot parthe-
nogenetic embryos is due to the absence of an extrage-
namic cantripution from the spermatozoon, similar at-
tempts by other investigators o produce uniparentat mice
have not resulted in the birth of live progeday {Modhinski,
1980; Markert, 1982).

More recently, uniparental diploid gynogenetic mouse
ermbryos were derived by the microsurgical removal of the
patemal pronucleus following suppression of secend potar-
body extrusion {Borsuk, 1982: Surani and Barton, 1983).
These embiyos, however, fike parthenoles, died shorlly
after implantation (Surant and Barton, 1983). Thus unipa-
rental diploid gynogenetic embryos derived by inhibition of
the first mitotic division are reportedly viable (Hoppe and
menssee, 1977), whereas those derived by inhibition of
the second meictic division are not (Surani and Barton,
1983). The reasons) for this apparent discrepancy is oot
Ko,

To determing whether the maternal and pateraal cantr:
mutions o 1he zygole are equivalent, we fransplanted single
pronuclel between one-cell-stage embryos using 8 recently
described nuclear-transplantation technique (McGrath and
Solter. 1983). Removal of a single pronucleus, followed by
the introduction of a second pronucleus from another
embryo, was used to construct biparental diploid gyno-
genetic and androgenatic and control {one male and one
femate pronucieus) nuciear-transplant embryos. These em-
bryos were fransterred into the oviducts of day 1 pseuds-
pregnant females and permitied to develop 10 term. On
the basis of qur results, we conrclude that maternal and
paternal genoric conlriputions are not functionally identi-
cal and that hoth are essential to complete embryogenesis.

Results

From a total of 1528 embryos, 1475 {97%) survived the
microsurgical removal of one of twa pronuclel, 1452 (98%}
of the resulting pronuciear karyoplasts were successiully
injected, along with inactivated Sendai virus, inta the peri-
viteling space of the recipient empryos, and 1355 {93%)
of the karyoplast:recipient embiryo pairs underwent fusion.
The overall etficiency of the nuclear-transpianiation pro-
cedure was 89%-

in an inifial experimental series, biparental gynogenones,
androgenones, and control nuclear-transplant embryos
were made from embryas gbtained from C57BL/6J fe-
males mated to BALBfc maies. The maternalfpaternal
origin of the pronuciei was assigned, and one of the
pronuclel was removed and reptaced wilh a second pro-
nucieus from ancther embryo. In a separate experimental
geqias, nuclear transplantation was performed with em-
bryos oblained from RALB/c females mated to C57BLIES
males. In both cases, embryos that survived microsurgery
and incorporated the donor pronucieus were introduced
into the aviducts of day 1 pseudopregnart females and
allowed to devetop to term. Since C57BL/GJ and BALB/C
mice differ in their coat color ang glucose phosphate
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isomerase-1 {GP)-1) allefes, the maternal{paternal origin of
the prenuclei could be verified in pregeny by determination
of these phenolypic characteristics.

The reaults {Table 1) show that of 239 pulative control
embryos. seven agouti male progeny (3%} were borm, The
agoutl phenotype in mice is consistent with their teing
derived rom zygotes possessing one male and one femate
pronucleus. Cf 207 putative gynogenetic and 189 putative
andrggenetic embryos, one offspring was obtained {Table
1), an agauti male. The agouti phenotype, however, shows
that this male possesses a normal maternalfpaternal gen-
olype and rmust have resulted from an incorrect assign-
ment of the parenial origin of the pronucleus during micro-
surgery. Using the proportion of control progeny born, and
correcting among the androgenetic embrya popuiation for
the expected proportion of lethal YY androgenetic embryos
(25%), we should expecl the birth of six gynogenetic and
four androgenetic offspring. MNong, however, was observed
(X7 = 7.93: p < 0.01). Thus nuclear-transplant embryos
that possess one male and one female pronucleus devel-
oped to term, whergas embryos receiving two male pro-
nuctel or two fermale pronuciel did not.

Because the gynogenetic and androgenetic embryos
preduced mn this initfal experimental series are either
C57BL/6J or BALBfc homozygotes while their control

. courterpaits are F 1 hybrids, we tested the possible effect
of homozygosty on gynogenelic and androgenelic em-
bryo development by removing a pronucleus {rom an
embryo obtained from the C57BLJ6JY X BALB/cd mating
and replacing t with a pronucieus cbtained from a BALB/
© 9 % C578L /6J3 mating and vice versa. Maternai/paternal
control embryos in this experimental senes are therefore
C57BL/GJ ar BALB/c homozygotes, while the gynogenetic

and androgenetic embryos are F1 hybnds. The resulls
{Table 2} shaw that frorn 109 putative control embryos, 11
progeny (10%) were tom (two albino malas, two albino
females, and seven black rnales). The coat-color pheno-
lype of all progeny verfies ther maternal/paternal origin.
No progeny possessing the androgenelic or gynogenetic
agoull phenotype were observed. Putative gynogenetic
(132) and putative androgenetic (133) embiryos were sim-
ilarly produced, from which four progeny were born. Of
the three mice that survived to aduithood, all were albino
{two males and one femalg) and are therefore descended
from an embry0 possessing one male and one female
pronucleus. The fourth mouse, which died within 24 hr of
birth, was pigmented, and electrophoretic analysis showed
it o be homozygous for the GPI-1° atiele {i.e., C57BL/6BJ
homozygate; data not shown). Thus all four progeny ex:
hibited the contro! parental phenotype and arge instances
in which the assigned maternal/paternal origin of the trans-
panted pronucieus was incorrect. Using the propertion of
control progeny born {10%) and camecting for the ex
pected proportion of lethal YY androgenetic embrryos, we
should expect the birth of 13 gynogenstic and 10 andro-
genelic offspring. None, however, was observed (¢ =
19.4; p < 0.001) Furhermore, the combined results of
Tables 1 and 2 show that from 2 total of 348 conlral
embryos, 18 progeny (5%) were born. From the latter
figure, we would anticipate the birth ot 19 gynogenones
{from 338 embryos) and 14 androgenones (kom 328
embryos), for a total of 33 progeny. None, however, was
observed (XF = 27.15: p < 0.001). We concilude that
gynagenetic and androgenetic embryos cannot complete
normal embryogenesis and that their inability to develop is
not the result of homozygosity.

Table 1. Progeny Resulting frarn Single-Fronucleus Transplantation Using Either Embryos from C578L{6J2 x BALB/cS Matings of BALB/c? % C578L 161

Matings
Expected Phenotype of Cbserved Phenotype of

No. of Ernbryos Progeny Mo of Propesty Progeny
G578L/647? x BALBfcd
gynogenones 140 black GP1-1B o —
androgenanes 129 alhing GPE LA 0 —
maternalfpalernal 154 agouti GP-1AB 2 agouti males
BALB/e¢ % C57BL{6JS
QYNDQEnones 67 alping GP11A 1 agouti male
andipgencnes 60 black GP-18 0 —
malernalfpatermnal a5 agoull GF1-1AB 5 agout males

—— -

Table 2. Progeny Resuiting from Single-Fronucieus Transplantation Between Embryos from C57BL/BMR X BALBfcd and BALB{c? X CS7BL{BJS Matings
T R e T e -

No. ot Embryos  Expected Phenotype of Progeny groog(gny Observed Phenotype of Progeny
GyNOGENONES 132 agouti GP1-1AB 2 albing {1 male, 1 fernale}
andiogencnes 139 agouti GPH1AB 2 1 albino male 1 GP11B
matermaifpaleinal 109 black GF1-1B or albing G- 1A 1 7 black males

4 alino {2 males, 2 temales)
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To determine the fate of gynagenetic and androgenetic
embryos during the preimplantation and postimplantation
stages of development, nuclear transplantation was per-
yormed and the embryos were either cuftured in vilre or
wansferred into the oviducts of day 1 pseudapregnant
igmales. Those pseudopregnant females receiving em-
tryos were sacriticed on gastational days 6-11, their uteri
excised, and deciduoma subjected to histological analysis.
The tesults of the in vitro culture of embiyos {Table 3)
show that i00% of the maternaljpaternal controi nuclear
sansplant embryos, 88% of putative gynogenetic, and
4% of putative androgenetic embryos developed to the
monsia-blastocyst stage. Thus ciploid embryos possessing
exclusively materal or exclusively paternal pronuclel can
successiully develop to the blastocyst stage in vitro. The
sigrdicantly greater death of androgenetic embryos oC-
cuned primanty at the 8-cell stage, presumably the resuit
of YY embryos in this population. Histological analysis of
e postimplantation embryos on gestational days 6-11
{Table 4} shows approximately the same number of gyn-
oxgenetic, control nuclear-transplant, and urmanipulated
conttol embryos implanted. The number of implarmed an-
Jrogenetic embryos was approximately half that observed
n other groups, probably due 1o the presence of YY
embryos. Very few biparental gynogenetic and androge-
ghic embryos survive implaniation for very Iong. Tne most
advanced embryo observed in those groups had 11 som-
tes and was, a1 ihe time of sacrifice, approximately 1 day
deiayed in development. These results indicate that pipa-
rentat gynogenetic and androgenetic embryos die during
ihe early postimplantation period.

The proportion ol control single-pronucleus transplant
embryos that successiully developed to term in this siudy
13%] is fess than that obtained in a previous investigation
123%), in which we transplanted both pronuclel (McGrath
and Solter, 1984). To determing the basis of this reduction
n developmentat potential, wo additional experiments
were perfarrmed. Transplantation of both pronuciei frorm
one embrye 1o another was perlormed using C578L[6J
and BALBJc mice and these embryos were transferred 10
ihe oviducts of pseudopregnant females. From 435 suc-
cessful double-pronuciei transplants, 16 progeny (36%)
were born. This proportion of progeny born from transfer
of two pronuciel agrees with our earfier studies and indi-
cales that our results are not a function of strain differences
of a technical difticuity peculiar 1o this investgation. The
second experiment was designed to detect any deletenous
effect peculiar to the transfer of a single proaucleus. One
pronucieus was removed but then returned 10 the embryo
from which it had heen obtained Qf 98 such nuciear-
nangplant embryos, 20 progeny were bom (20%). The
preportion of progeny born from embryos in which one
pronucieus was removed but then returned to the same
embryos is not significantly different from the proportian
of progeny torn from the double proruciear transfers (¢
= 334; p > 0.05), but is significantly greater than the
proportion of progeny obtained from the control single-
monclear Yransplants fisted in Tables 1 and 2 (5%) X =

Table 3. in Vitro Development of Gynogenetic, Androgenetic, amd Control
Embryos

No. M. No.
Putative Genolype Oegrnerate  Monda Bastocyst
gynogencnes 3 L) L]
androgenones 1 3 15
malernalfpaternal 0 8
13

unmanipulated corirol 0 1
e e

Table 4. Postirpiantation Development of Gynogenetic, Androgenatic,
ang Control Embryos

N of Mo of

Emitwyos Implantations No. of Mo of
Putative Genotype  Transterred (%) Resomtions®  Embryos
P e e T
Gynogenones 84 19 £35) 17 Fd
androgenanes 42 7{17} 7 o]
maternaljpaternal 39 13 (3% 3 ir
unmanipulaied

conlrols 46 16 (34) 2 14°

* Foster mothers were sacnficed between Jays 6-11 of gostation.

® O histological examination, deciducma contaned massive bleeding and
a {ew giant trophoblastic celts. No remnants of embryos were obisarved.

< One embryo, from a mather sacrificed on day B of gestation, was 3
merphalogecally notrnal ega cytindear with thiee genm layers. The other -
arbrya, fom a mother sacriced on ne day 11 of gestalion, was mopho-
togically normnat, although approxinately hall the size of cofrespoaoing
control embryos. it contained 11 sovrides.

2 All omiryos were morphologically normal and coresponded developmen:
talty to their gestational age.

16.23; p < 11.0Q1). Although the controt embryo poputation
almos! certanty contains some inviabig gynogenones and
androgenones, the calculated decrease of viable embryos
(pased on the propartion of control progeny among the
putative gynogenones and androgenones) does not ex-
ceed 1%, and is not sufticient to explain the decreased
developmental potential of singte-pronuciear-transfer em-

tryos.
Discussion

Shortly after fertilization the haploid maternat and paternal
genomes tnite to torm the zygote nucleus. While both
parental sexes contribute equivalent nuclear information to
the zygote, ihis genetic information is not necessanty
functicnally equivaient. For example, the paternal X ¢hrg-
mosome is preferentially inactivated in murine extraen:-
bryonic lissues (Takagi and Sasaki, 1975; Harper et al,
1982). It is, however. still unknown # nomozygosity for
gither ihe malemal or paternal X chromosome resuits in
embryonic lethality. Another example of this phenomenon
sceurs in embryos with the ™ mutation. Heterozygous
embryos that inherit the 7"-deleted chromosome 17 from
their male parents are viable, whereas embryos that receive
the same 7™ chromosome from their female parents ace
inviable (Johnson, 1974}, This lethality does not appear to



Cell
182

result from a cytoptasrnic defect but from ditferential func-
tioning of a portion of chromosome 17 during embryogen-
esis depending on its parental origin (McGrath and Solter,
1984). Normal embryogenesis therefore requires a func-
bonal region of maternal {but not paternal) chromosome
17.

The cancept of differential functioning of maternal and
paternal genomes is further extended and generalized by
the present results. After obtaining 18 progeny from 348
control embryos (5%, but no progeny from 339 gynoge-
netic and 328 androgenetic embryos, we conclude that
the maternal and paternal contributions to the embryonic
genorne are not equivalent and that they differ sufficiently
to result in eanly postimplantation embryonic lethality when
either component is absent. Histological analysis reveals
that the iethat pericd of biparental gynogenetic and andro-
genehic embryos occurs shortly after implantation. This has
also been described for uniparental gynogenetic embryos
(Markert, 1882; Surani and Barton, 1983) and parthenotes
(Graham, 1974). In a recent investigation, Swani and
Barton (1983) concluded that the inviability of parthenotes
could not be explained by the lack of an extragencmic
contnbution by the fertiizing spermatozoon since unipa-
rental diploid gynogenones derived from terliized ova are
alsa inviabie. The authors concluded that death may have
resulted from lethal homozygosity. The results of the pres-
ent study alse imply a nuclear and not a cytoplasmic
defect as a probable cause of the death of mamrnalian
parthenotes. However, we suggest that parthencgenelic
embryos die because of a tack of a paternal contribution
to the embryonic genome. The comparison of the devel-
opmenl of biparental gynogenetic and androgenetic em-
bryos with that of controt nuciear-transpiant embryos that
possess both a male and a fernale pronucieus permmits us
to account for any possible deleterious effect from the
technical manipulations.

The results presenled here are in confiict with thoge
presented by Hoppe and Mimensee {1977). For reasons
mentioned above, we do not believe that uniparenial gyn-
agenetic embryos can complete development. In addition,
the need for a functional maternal portion of the ¢hromo-
some 17 (McGrath and Sciter, 1984) would preciude the
development of uniparental androgenetic embryos. One
possible explanation for the discrepancy between our
results and those reported by Hoppe and illmensee (1977)
might be the incomplete remaoval of pronuciei because of
the smali-bore pipette used by those invesligators. If a
sufficient and appropriate part of the pronucieus remains,
it might support the embryos during a critical stage, result.
ing in a small number of viable progeny. Variations in GPI-
1 paiterns observed in nuclear-transter preimplantation
embryos {limensee and Hoppe, 1981; Hoppe and limen.
see, 1982) are compatibie with the possibility of incomplets
enucleation.

Two general mechanisms for differential functioning of
the maternal and paternal gencmes during mammalian
embryogenesis may be envisioned. A specific gene(s)

may be nherited in a functional form from one parent bt
in a nontunctional form from the other. In this model,
androgenones and gynogenones should each express a
subset of normal gene praducts, which, when combined,
should exactly equal those products found in normal em-
bryos. Alternatively, embryonic gene expression fmight
require nteraction between the maternal and paternal
genames {Markert, 1882). In this modet both gynogenones
and androgenones would again express only a subset of
gene products found i normal embryos. However, the
combined gene products of gynogencnes and androge-
nones woutd not equal the spectrum of gene products in
normal emoryos since the necessary interaction of mater-
nal and paternal genes did not occwr. Such a requirement
for interaction might aiso bear on the decreased develop-
ment of the maternal/paternal control embryos observed
in the present study, 1.e., the requisite communication andj
ot synchrany between the resident and newly introdluced
pronuclet shortly after fertilization might be impaired. How-
ever, it is also possible that selective death of female
control embryos underlies the decrease in the number of
viable controts. Among the 22 controt nuctear-transpiant
pregeny that survived to adutthood, 19 were phenotypically
male. The significance of this distorted sex ratio and its
possible conlribution to the decreased development of
control embryos is uncernain.

Regardless of the mechanism involved, the differential
functioning of parental genomes might be essential for
developrment of embryonic or extraembryonic parts of the
conceptus or for both. Recombination of the normal inner
celt mass with biparental gyncgenetic or androgenetic
trophoblast, and vice versa, should address this question.
Our mode! implies that the paternal andfor maternal ge-
nome {whole or in part) are somehow conditioned/altered
during gametogenesis and that his conditioning is com
pletely reversible (as is the case for the X chromosome).
A logical cansequence of differential functioning of paren-
tal genomes is the unlikelihood of successiul cloning of
mammals using somalic cell nuclei, since presumably the
sex-related conditioning of the patermal and maternal ge-
nome has already been reversed in those cells.

Experimental Procedures

Embryo tsolation

All epnbryos were obtained from reciprocal spontaneas matings of C478LY
6. (Jackson Laboratory, Bar Harbor) males and females with BALB/C
{Jackson Laboeatery, Bar Harbor) males and females. One-cell-slage B
bryos were 1sofated by punctwing the ampullae of oviducls from rmated
temales {day 1) in HEPES-buffered Whitten's medium (Whitten, 1971}
contzining 500 Ufmi hovine hyalwonidase {Sigmay, Embrycs were wathed
through 4 drops of modified Whitten's medium conlaining 100 M Nar
EDTA {Abramcruk et at., 1977).

in Vitro Culture

Ermibryos were cultwed under siicone oil (Dow Corning 2000 Fluid: Kurt
Lesker, Pittsburgh, PA) in modified Whillen's medium in an atmosphere of
5% Qp, 5% OO and 90% N, at 37°C. Before microsurgery, groups 0{
embryos {five 1o ten) were cultured for 15-30 min at 37°C in Whiten's
mediur supplemented with § ugfml cylochatasin B (Hoppe and dmensee.
1977) and D.1 agfmi demecolsine {Sigma) (McGrath and Softer, 1983},
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\icrosurgery was performed on a Leitz Laborlux U fixed-stage microscope
\sing Leitz mcromanipuators. Embryos were placed singly in hanging
ops of HEPES butfered Whitten's medum supplemenled with 5 yg/mi
qdochajasin B and 0.1 wg/ml demecclcine. Nuclear lransplantation was
as previously described (McGrath and Solter, 1983). Delermi-
eapon Of the parental sex of the pronuclei was based on their cytoplasmic
jocation, he pronucleus located beneath the second polar body was judged
a5 maternal in ongin, while the more eccentncally located pronucleus was
woged as paternal. Embryos in which the matemalfpaternal origin of the
pronuclel could not be decided were discarded Subsequent to microsur-
_embryos were washed through 4 drops of modified Whitten's mediom
and returned (o the incubator. Embiyos that fused with the pronuclear
raryopiast were either cullured in vitro in modified Whitten's medum as
described above, of transferred to the oviducts of day 1 albing CD-1
(Chades Rivers) pseudopregnant females that had previously mated to
vasectomized CD-1 males, Transfer of one-cell-stage embryos inlo oviducts
was performed using a small-bore glass pipette,

Histological Analysis of Embryos
Pseudopregnant females receiving nuclear-transplant emibryos were sacri-
aced on successive days, their uteni excised, and the deciduoma dissected
tee Some deciduoma were examined under the dissecting microscope
for the presence of embryos, but the majonty were fixed in formain,
embedded, serdlly sectioned, and hematoxylinfecsin stainad. Sections
were examined undar a fight microscope,

Statistical Analyais

The number of progeny resulting from gynogenetic and androgenatic
embryas was compared (0 the number of progeny developed from control
embryos using the X* contingency test. In ali statistical Companisons
nvohving androgenones, 25% of the androgenate embryos were excluded
nordder 1o compensale lor the expected producton ol lethal Yy emivyns,
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