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Summ a r y

Sesquizygotic multiple pregnancy is an exceptional intermediate between mono-
zygotic and dizygotic twinning. We report a monochorionic twin pregnancy with 
fetal sex discordance. Genotyping of amniotic fluid from each sac showed that the 
twins were maternally identical but chimerically shared 78% of their paternal 
genome, which makes them genetically in between monozygotic and dizygotic; 
they are sesquizygotic. We observed no evidence of sesquizygosis in 968 dizygotic 
twin pairs whom we screened by means of pangenome single-nucleotide polymor-
phism genotyping. Data from published repositories also show that sesquizygosis 
is a rare event. Detailed genotyping implicates chimerism arising at the juncture 
of zygotic division, termed heterogonesis, as the likely initial step in the causation 
of sesquizygosis.

Twins are traditionally classified as monozygotic or dizygotic. 
Monozygotic twinning results in genetically identical individuals (i.e., from 
a single spermatozoon and oocyte), whereas dizygotic twins share approxi-

mately 50% of their DNA sequence identity, as do full siblings (i.e., two individual 
spermatozoa fertilize two separate oocytes). Sesquizygosity (see video) is a third 
postulated form of twinship, in which individuals share between 50% and 100% 
of genetic identity by state (number of shared alleles).1

Two thirds of monozygotic twin pregnancies have a monochorionic placenta 
through which increased perinatal risks are mediated. Accordingly, chorionicity is 
now routinely determined on ultrasonography early in the pregnancy. The long-
held assumption that monochorionic twins are definitively monozygotic has been 
challenged by rare case reports of two types.2 First, more than a dozen studies 
document heterokaryotypic twins (i.e., twins that differ with respect to constitutive 
chromosomal anomalies), who typically have mosaic sex-chromosome aneuploidy 
that is attributed to postzygotic nondisjunction.3 Second, studies attest to a smaller 
number of dizygotic monochorionic twin pregnancies, typically associated with 
euploid chimerism and assisted reproduction.4 Here, we describe the antenatal 
determination of sesquizygosity in sex-discordant monochorionic twins.

C a se R eport

First-trimester ultrasonographic scans of a 28-year-old primigravida with a natu-
rally fertilized twin pregnancy showed unequivocal monochorionic diamniotic 
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placentation at 6 weeks of gestation, indicative 
of monozygosity. From 14 weeks, serial scans 
showed phenotypic sex discordance in structur-
ally normal twins, with Fetus 1 appearing to be 
male and Fetus 2 appearing to be female. Retro-
spective review of the results obtained on first 
ultrasonographic imaging and pathological re-
view of the placenta confirmed the pregnancy 
to be monochorionic. Mid-trimester amniocente-
sis was performed on each amniotic sac to inves-
tigate for mosaicism and to validate zygosity. 
Each parent provided written informed consent 
for the genomic analyses of each twin and for 
the analysis of her or his own genome.

G-banded karyotyping on cultured cells showed 
46,XX/46,XY chimerism in each twin. Quantita-
tion by means of single-nucleotide polymorphism 
(SNP) array (Illumina HumanCytoSNP-12, ver-
sion 2.1; effective resolution, 0.20 Mb) and fluo-
rescence in situ hybridization (FISH) (Vysis 
probes DXZ1, DYZ3, and SRY [Abbott Molecu-
lar]) on cultured and uncultured amniocytes 
confirmed 46,XX/46,XY chimerism in each twin. 
FISH showed an XX/XY chimerism ratio of 47:53 
in Twin 1 and 90:10 in Twin 2, and SNP karyo-
typing resulted in similar ratios (50:50 and 93:7, 
respectively). Near-similar ratios were later con-
firmed in cord tissue from each twin, whereas 
ratios in postnatal blood lymphocytes were 
similar in the two twins (XX/XY chimerism ra-
tio, 81:19 in Twin 1 and 78:22 in Twin 2), which 
is explained by the shared circulation during 
gestation (Table S1 in the Supplementary Ap-
pendix, available with the full text of this article 
at NEJM.org).

Noninvasive zygosity testing was performed by 
means of targeted sequencing (Roche Nimble-
Gen hybridization capture–based target enrich-
ment followed by paired-end Illumina sequenc-
ing) of circulating DNA in maternal plasma. 
Sequencing data were interpreted with the use of 
the FetalQuant algorithm5,6 to identify and quan-
tify the proportion of minor alleles detected 
across sequenced SNP sites per chromosome, 
termed the “apparent fractional fetal DNA con-
centration.” The concentrations of fetal DNA at 
different loci varied to a greater extent than is 
normally the case, with 46% of tested SNPs 
showing either greater representation or lesser 
representation than the predicted stochastic 
value for monozygotic twins, which indicated 
that the twins were not monozygous (Fig. S1 in 

the Supplementary Appendix). However, the geno-
typing tracks in the SNP array of mosaic amni-
otic DNA from each twin showed allelic contri-
butions from genetically different persons only 
approximately half the time, in contrast to the 
75% nonsharing expected in dizygotic siblings.

To investigate this unusual genetic concordance 
in nonidentical twins, peripheral-blood DNA 
from each parent was analyzed by means of SNP 
array, and parental alleles were compared with 
those of each twin to determine identity by state 
with the use of the SNPduo Web tool (Pevsner 
Laboratory, Baltimore). By this method, we con-
cluded that the twins shared either one or two 
identical alleles at each locus. There were no loci 
at which the twins had no identical alleles, as 
should be observed for approximately 50% of 
loci in dizygotic twins. The same pairwise 
analysis was used to evaluate SNP data between 
both the maternal and paternal alleles and be-
tween one cell line derived from Twin 1 and one 
derived from Twin 2. This analysis revealed iden-
tical maternal genotypes across all autosomes of 
each twin (i.e., both twins had the same mater-
nal copy) but a mix of identical and nonidentical 
paternal genotypes (i.e., different paternal copies) 
in each twin (Fig. 1A through 1C, and Figs. S2 
and S3 in the Supplementary Appendix). Analy-
sis of SNPs from twin amniotic f luid and pa-
rental blood showed that 265,489 maternal and 
179,205 paternal SNPs were informative for par-
ent of origin. Of these, the twins shared 265,400 
maternal and 139,155 paternal SNPs, which makes 
them 100% maternally identical and 77.7% pater-
nally identical.

To show that each twin had three distinct 
haplotypes, as inferred from the pairwise SNP 
analysis, we used linked-read sequencing to di-
rectly determine phased haplotypes from amniotic-
f luid DNA of each twin. Long DNA molecules 
were partitioned into different droplets and 
tagged by a unique sequence barcode for all 
DNA subfragments with the use of linked-read 
technology (10x Genomics). The 10x Genomics–
based library was further captured by probes 
that covered common SNPs present in chromo-
somes 1, 2, 3, 5, 8, 15, and 22. Sequencing re-
sults that enabled the assembly of haplotype 
blocks as fragments sharing a common “bar-
code” were derived from the same haplotype 
block. Bioinformatic strategies were then used to 
identify regions that harbored three haplotypes. 
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Sequenced short reads that were each tagged by 
a unique barcode were mapped to the human 
reference genome and assembled to synthetic 
long reads on the basis of the barcode informa-
tion. Next, long reads were clustered if they 
mapped to the same genome region. For long 
molecules in the same cluster, we determined 
haplotype information and counted the number 
of haplotypes detected.

In Twin 1, we identified 715 regions (median 

block size, 25.5 kb; interquartile range, 3.9 to 
171.1), or 14.5% of the directly phased haplo-
types, that were composed of three distinct 
haplotypes (which suggests the existence of 
chimerism, in which some cells of Twin 1 had 
one paternal haplotype and other cells of this 
twin had the other paternal haplotype). In Twin 2, 
we identified 357 regions (median block size, 
8.6 kb; interquartile range, 1.6 to 195.9), or 
10.7% of the haplotypes, that were composed of 
three haplotypes (Fig. S5 and Table S2 in the 
Supplementary Appendix). The locations of these 
“polyploid” loci were consistent with those shown 
by the pairwise SNP analysis and provide sup-
port for the findings that each twin had the 
same maternal haplotype and that each was 
chimeric for two distinct paternal haplotypes.

The parents were counseled about the risk of 
genital ambiguity and mixed gonadal dysgene-
sis, and the pregnancy progressed uneventfully 
until 33 weeks of gestation, when, in the pres-
ence of fetal growth discordance, the smaller 
Twin 1 had a low amniotic-f luid volume and 
reduced fetal movements. Umbilical arterial 
Doppler studies suggested fetal compromise. The 
twins were delivered by cesarean section and 
had normal Apgar scores of 7 to 9. Histologic 
analysis confirmed monochorionic diamniotic 
placentation.

Postnatal examination and ultrasonography of 
the genital tract confirmed Twin 1 as phenotypi-
cally male and Twin 2 as female, with no evi-
dence of sexual ambiguity. Soon after birth, a 
purpuric rash was noted in Twin 2, which ex-
tended from the right mid-humerus to the right 
hand. She received a diagnosis of a right bra-
chial artery thromboembolism caused by a para-
doxical embolus from an inferior vena cava 
thrombus. On review of the obstetric ultrasono-
graphic images on the day of delivery, the 
thrombus was believed to have arisen just before 
birth. Despite enoxaparin therapy, the limb could 
not be saved, and she underwent a below-shoulder 
amputation at 4 weeks of age. A comprehensive 
thrombophilia screening in Twin 2 was negative. 
During follow-up at 3 years of age, routine ovar-
ian surveillance showed Twin 2 to have gonadal 
dysgenesis, and prophylactic oophorectomy was 
performed. Otherwise, both twins were develop-
mentally normal and without physical evidence 
of mosaicism.

Figure 1. Results of Pairwise SNP Analysis.

As shown in Panel A, an analysis that used the SNPduo Web tool (Pevsner 
Laboratory, Baltimore) compared genotypes between Twin 1 and Twin 2 
and showed regions of nonshared genotypes (identity by state [IBS] 1 
[IBS1]) and shared genotypes (IBS2) across chromosome 11 (data on other 
chromosomes are available in Fig. S4 in the Supplementary Appendix). 
Panels B and C show the results of a modified pairwise SNP analysis that 
compared only the A and B alleles from each parent with those of Twin 1 
and Twin 2 across chromosome 11. The paternal haplotypes were shared 
between twins at some loci (IBS1) and differed at others (IBS0). Maternal 
haplotypes were identical across all chromosomes between twins and 
therefore shared a single allele (IBS1).
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Dis tr ibu tion of A llele Sh a r ing

We questioned whether sesquizygotic twinning 
has been underreported or erroneously misclas-
sified as dizygotic on the basis of nonshared 
alleles or discordant sex. Accordingly, we evalu-
ated anonymized data on peripheral-blood DNA, 
previously obtained with informed consent under 
approval of an institutional ethics committee, 
from 968 presumed dizygotic twin sets and their 
parents. Samples had been genotyped on a range 
of platforms (Illumina 317k, Illumina 370k, Illu-
mina 610k, and Illumina CoreExome chips), with 
persons from each family typed on the same 
platform in the same batch. SNPs were selected 
for alleles that were unambiguously inherited 
from either the mother or father, as described 
previously.7

Depending on the chip used, the number of 
markers that were analyzed varied between twin 
pairs from 17,441 to 127,984 for informative 
maternal SNPs and from 17,101 to 122,351 for 
informative paternal SNPs. The mean (±SD) pro-
portion of allele sharing was 0.502±0.047 for 
maternal alleles and 0.499±0.062 for paternal 
alleles (Fig. 2). These values are close to the ex-
pected value of 0.5 and a value of 0.499 previ-
ously determined in 11,214 full siblings8 and are 
consistent with the results of large population 
studies involving more than 20,000 sibling pairs.9 
The difference in the mean proportions of 
shared alleles between parents was not signifi-
cant (mean difference, 0.003; P = 0.29 by paired 
t-test). The maximum value of 0.667 for mater-
nal allele sharing rules out any case of sesqui-
zygotic twins.9

Figure 2. Distributions of Allele Sharing in Dizygotic Twins.

Shown is the distribution in the proportion of maternal allele sharing (Panel A) and paternal allele sharing (Panel B) 
as compared with observed shared alleles in 968 apparently dizygotic twin pairs. The mean proportion of maternal 
allele sharing was 0.502, and the mean proportion of paternal allele sharing was 0.499.
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Discussion

We describe a set of monochorionic twins with 
discordant fetal sex. SNP data showed that the 
twins share an identical maternal allele, but each 
is chimeric for two separately identical paternal 
alleles. They are thus chimeric sesquizygotic 
twins.

The molecular findings are consistent with 
dispermic fertilization of two identical haploid 
sets of maternal chromosomes. Giltay et al. pro-
posed parthenogenesis as an explanation for 
sesquizygosis: parthenogenetic activation and 
cleavage of the ovum, with consequent fertiliza-
tion and subsequent division (twinning) of the 
inner cell mass of the resultant blastocyst.10 In 
humans, oocyte parthenogenetic activation can 
be accomplished in vitro,11,12 and studies suggest 
that parthenogenetic activation of the oocyte 
might also occur in vivo.13 However, studies in 
mice by Yang et al.14 indicate that maternal par-
thenogenetic blastomeres are unable to effectively 
remodel spermatic chromatin to achieve suffi-
cient developmental potential for a zygote to 
progress.

Using a bovine model, Destouni et al.15 found 
that multiple parental genomes within a zygote 
can segregate independently; they termed this 
noncanonical process “heterogoneic cell divi-
sion.” Furthermore, they found that dispermic 
fertilizations commonly segregate paternal ge-
nomes into distinct cell lineages. Under this 
model, a dispermic fertilization results in a tri-
polar spindle apparatus. Subsequent pronuclear 
duplication of each genome with ectopic spindle 
formation occurs. Our results are consistent 
with a single maternal pronuclear genome dupli-
cation and segregation of the two paternal ge-
nomes into different blastomeres. A subsequent 
twinning event would result in sesquizygotic 
twins (Fig. 3). Although this model would pro-
duce an additional androgenetic cell line, studies 
in mice have shown that such a cell line under-
goes growth arrest before somitogenesis,16 which 
would account for its absence in the umbilical-
cord tissue of Twins 1 and 2. Data on heterogo-
nesis in humans are lacking, but indirect evi-
dence that has been observed in vitro includes 
the facts that maternal and paternal spindle ap-
paratuses can form independently of each other 

in the fertilized ovum17 and that tripronuclear 
zygotes can develop into diploid embryos.18

Fertilization of a single ovum by a diploidic 
spermatozoon is an alternative explanation, but 
because this would also result in the formation 
of a tripolar spindle apparatus, the heterogoneic 
model still holds true. Our results show that 
the twins share 78% of their paternal genome, 
which is 1.5 SD above the expected 50% allele 
sharing of independent paternal genomes. Using 
a diploidic sperm model, one may hypothesize 
that the cytogenomic events responsible for a 
low recombination rate may also be responsible 
for malsegregation of the two paternal genomes. 
However, the presence of both complex and non-
complex genotypes across the centromeres sup-
ports dispermic fertilization over spermatic dip-
loidy due to meiotic nondisjunction.

Our molecular analysis provides some confi-
dence in ruling out alternative causes.19,20 Chi-
merism due to the fusion of two independent 
zygotes is unlikely because in such a scenario, 
only half the maternal genome would be ex-
pected to be shared. Similarly, simultaneous 
fertilization of the second polar body and oocyte 
pronucleus is an inadequate explanation because, 
once again, the twins would be expected to have 
approximately half the maternal genome in com-
mon owing to recombination between chroma-
tids in meiosis I.21 Dispermic fertilization of an 
ovum that results in triploidy with subsequent 
complete triploid rescue (a theoretical panchro-
mosomal extension of trisomic rescue) is an-
other possibility,19 but the cytokinetic events that 
would be needed to achieve this seem highly 
improbable.

Routine blood-typing studies have identified 
rare persons with evidence of chimerism conse-
quent to dispermic fertilization.22,23 Microsatel-
lite or SNP array studies involving persons with 
sex-chromosome chimerism (XX/XY) have shown 
bipaternal chromosomal inheritance with appar-
ent unimaternal inheritance from a single oocyte 
pronucleus.10,24,25 A previous report supported the 
concept of sesquizygosis through the postnatal 
analysis of twins of unknown chorionicity, one of 
whom was a true hermaphrodite and the other 
of whom was phenotypically male.7 In contrast, 
we detected sesquizygosis antenatally and in 
phenotypically normal twins.
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Figure 3. Dispermic Fertilization Followed by Heterogoneic Assortment of Different Paternal Genomes into Separate Blastomeres.

As described by Destouni et al.,15 after dispermic fertilization, pronuclear duplication of each genome occurs with formation of a tripolar 
spindle apparatus. After heterogoneic assortment of the genomes, the androgenetic lineage is selected against and a twinning event oc-
curs around the blastocyst stage, as would normally occur in monochorionic diamniotic twins.
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For pregnancies with sex-discordant mono-
chorionic twins, sesquizygosis offers an addi-
tional explanation to heterokaryotypic and dizy-
gotic twinning and a rationale for molecular 
karyotyping and genotyping. We highlight that 
noninvasive zygosity testing in sesquizygotic 
twins will show a dizygotic result, because the 
test essentially assesses for genotypic differences 
among circulating fetal DNA and interprets the 
absence of such differences as monozygotic 
twins and the presence of such differences as 
dizygotic twins.5,6

Our examination of data on 968 pairs of 
dizygotic twins and a comparison with large 
population-based sibling studies yielded no evi-
dence of sesquizygotic twins, and we therefore 
conclude that sesquizygosis is a rare event. Very 
large samples of twin pairs would be required to 
estimate the frequency. In the case that we re-
port, ultrasonographic scans at 6 weeks of ges-
tation were indicative of monozygocity, but it is 
theoretically possible that apparently dizygotic 
twins could also be sesquizygotic should the 

twinning event occur between blastomeres at 
the morula stage, which would thereby result in 
dichorionic twins.

We conclude that sesquizygosis — whereby 
twins are genetically identical to each other 
with respect to one parent but differ from each 
other by approximately 50% with respect to the 
composition of DNA inherited from the other 
parent — is a third form of twinning. Geneti-
cally, sesquizygosis can be considered to be on 
a continuum between monozygosis and dizygo-
sis. It probably arises after heterogoneic assort-
ment of two paternal genomes and one mater-
nal genome during the first postzygotic cleavage 
division.
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