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Abstract

Previous studies have shown that both single nucleotide polymorphisms (SNPs) and ques-
tionnaires-based method can be used for twin zygosity determination, but few validation
studies have been conducted using Chinese populations. In the current study, we recruited
192 same sex Chinese adult twin pairs to evaluate the validity of using genetic markers-
based method and questionnaire-based method in zygosity determination. We considered
the relatedness analysis based on more than 0.6 million SNPs genotyping as the golden
standards for zygosity determination. After quality control, qualified twins were left for relat-
edness analysis based on identical by descent calculation. Then those same sex twin pairs
were included in the zygosity questionnaire validation analysis. Logistic regression model
was applied to assess the discriminant ability of age, sex and the three questions in zygosity
determination. Leave one out cross-validation was used as a measurement of internal vali-
dation. The results of zygosity determination based on 65 SNPs in 450k methylation array
were all consistent with genotyping. Age, gender, questions of appearance confused by
strangers and previously perceived zygosity consisted of the most predictable model with a
consistency rate of 0.8698, cross validation predictive error of 0.1347. For twin studies with
genotyping and\or 450k methylation array, there would be no need to conduct other zygosi-
ty testing for the sake of costs consideration.

Introduction

Zygosity determination, which was based on the description of genetic relationship between
two individuals within a twin pair, is the foundation of all twin studies[1]. In terms of related-
ness analysis across the genome, it is important to consider the issues that attribute to the quali-
ty and quantity of the DNA samples, as well as the types of markers. Two types of markers are
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currently used for zygosity determination: a set of multi-allelic polymorphic short tandem re-
peats (STRs) and numerous biallelic single nucleotide polymorphisms (SNPs)[2, 3]. Both
markers markedly increase the precision of zygosity determination, which allows a level of mis-
classification close to zero [4-6].

Some studies showed that Infinium 450k methylation array is a powerful technique in terms
of reagent costs, time of labor, sample throughput and coverage. It holds great promise for the
better understanding of the epigenetic component in health and disease [7, 8]. 450k methyla-
tion array has been widely used in twin studies to unveil the epigenetic mechanism behind the
metabolic diseases, cancers, pain sensitivity, hearing and aging [9-14]. The manufacturer sug-
gests that there are 65 SNPs included on the 450k methylation array that can be used to gener-
ate a DNA "fingerprint” of their samples as an added level of quality control (S1 Table). By
plotting the beta values from the 65 SNPs methylation profile in a scatter plot, investigators
can check sample duplications [15]. Similar to the discovery of duplicate samples, 65 SNPs in
the methylation array per se may be used to distinguish monozygotic (MZ) twins from dizygot-
ic (DZ) twins without any other genetic information. The two aforementioned zygosity deter-
mination methods are all based on DNA testing. The expense and time-consuming nature of
DNA testing make it infeasible in large-scale epidemiology studies. An alternative method, the
questionnaire-based zygosity determination, has been widely implemented to diagnose MZ
and DZ with the advantages of simplicity and accuracy. Zygosity questionnaire typically in-
quires two aspects of information: the degree of perceived resemblance by twins themselves
and whether their appearance confused by others. The time to answer those questions is usual-
ly less than 5 minutes [16, 17]. The consistency rate of zygosity questionnaire varies from 0.90
to 0.98 among different studies [16-20]. Questionnaire based zygosity determination is com-
monly applied to describe the demographic distribution of twins and calculate the genetic and
environmental contribution on phenotype.

We have two objectives in the current study: 1) to examine the value of 450k methylation
array in zygosity determination; 2) to validate the zygosity questionnaire in Chinese
adult twins.

Materials and Methods
Participants

The Chinese National Twin Registry (CNTR) is the first and also the largest population-based
twin registry in China, where more than 30,000 twin pairs of all age and sex have been enrolled
since 1999[21]. Based on the registry, a total of 480 adult twins were recruited from four prov-
inces (Shandong, Zhejiang, Jiangsu and Sichuan) by the local general practitioners and centers
for disease control and prevention during 2011-2013. The majority of twins were from rural
areas. The participants responded to a questionnaire about zygosity, medical histories and
other contact information. 2 ml peripheral blood samples were collected upon informed con-
sent. Six twins were excluded because their twin siblings” information was missing. Forty-five
opposite-sex twin pairs were considered to be DZ twins and further excluded for zygosity de-
termination. A hundred and ninety-two pairs (61 female-female twin pairs, 131 male-male
pairs) were left after the exclusion. The age ranged from 18 to 81, with a mean of 44.8 years.
The study protocol was approved by the ethical review of Peking University Biomedical Ethics
Committee (IRB00001052-13022).

Genotyping and Quality Control

A genome-wide genotyping scan among 192 pairs was carried out using Illumina HumanOm-
niZhongHua-8 BeadChip. High-quality genotyping was performed by laboratory specialized in
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[lumina SNP array genotyping following standard experimental procedures suggested by the
manufacturer. A total of 894,956 SNPs were genotyped among 192 paired subjects. SNPs with
minor allele frequency <0.05 (169,045 SNPs), Hardy-Weinberg equilibrium P <0.0001(23,170
SNPs), and SNPs call rate<<97% (14,138SNPs) were excluded. Twins with a call rate less than
90% and their twin siblings were also ruled out for further zygosity analysis. Genome-wide het-
erozygosity of each individual was estimated to exclude cross contamination between samples.
This test was performed using a subset of 155,588 SNPs pruned for linkage disequilibrium

(r* < 0.3). Two samples demonstrated signs of contamination (mean observed heterozygosi-
ty = 0.3404, standard deviation = 0.0052), those two samples and their twin siblings were ex-
cluded. Finally, 180 pairs of twins with 695,406 SNPs remained after the quality control filters.

Genome-wide Methylation Profiling

All 192 pairs of DNA samples were assessed for integrity, quantity and purity by electrophore-
sis and NanoDrop measurements. Samples were randomly distributed into 96-well plates. Bi-
sulfite-conversion of 800 ng of genomic DNA was performed using an EZ DNA methylation
Kit (ZYMO research) according to the manufacturer’s recommendations. Briefly, samples were
whole genome amplified followed by an enzymatic end-point fragmentation, precipitation, re-
suspension, hybridization and staining. Finally, the BeadChips were imaged using an Illumina
iScan.

By using the GenomeStudio Software 2010 Methylation module, DNA methylation level
was displayed as beta-values ranging from 0 to 1. Beta-value was defined as the algorism M/
(M +U+100), where M and U represent the methylated and unmethylated signal intensities re-
spectively. For the methylation quality control [22], we used the 65 SNPs to determine the ge-
notype of the sample and compare it with genotype calls based on Zhonghua8 Beadchip data,
to identify if there were some mixed-ups during methylation experiment. There were 4 samples
and their twin siblings excluded because of the mixed-ups. Finally, 188 pairs were qualified for
zygosity determination.

Zygosity determination Questionnaire

Opposite sex twin pairs were considered to be DZ twins and were excluded in the questionnaire
zygosity determination. We selected 192 same sex twin pairs to answer three questions about
zygosity. The first one was about appearance similarity——“Could a stranger distinguish you
and your sibling by yours current appearance?” with three options of Yes, No and Hard to say.
The second one was about formal zygosity test——“Have you and your sibling taken a zygosi-
ty-diagnosing blood test?” and the answers were Yes, No and Do not know. The last one was
about self previously perceived zygosity——“Which type of twins did you think that you and
your sibling were?” with alternatives of MZ, DZ, and Do not know. The golden standard for zy-
gosity determination among 192 twin pairs was based on the genotyping or methylation data.

Statistical Analysis

We calculated the probabilities of twin and his sibling if their alleles are identical-by-descent
(IBD). Usually, there were three probabilities for paired individuals to have zero, one or two
pairs of IBD alleles. Those probabilities were denoted as Z,, Z; and Z, respectively. Almost all
of the alleles were same for MZ twins, so their Z, was 1, while Z,, Z; were both 0. DZ twins
were more like full siblings; their Zy, Z; and Z, were 0.25, 0.5 and 0.25. Then we calculated the
proportion IBD which was defined as the formula Z,+0.5Z;. The proportion IBD of MZ twins
was 1; while for DZ twins was 0.5. The IBD analysis was conducted by PLINK genome com-
mand [23]. A scatter plot with Z,, Z; was mapped to discriminate MZ and DZ twins.
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Fig 1. Complex strategy for zygosity determination based on the three question of formal zygosity test, previously perceived zygosity and
confused by strangers. For example, if someone had “Yes” of Formal zygosity test, his zygosity would be the answer of question Previously perceived
zygosity (PPZ) either “Monozygotic” or “Dizygotic” (but when he chose “Do not know” of question PPZ, his zygosity would be based on question Confused by
strangers). On the contrary, when he chose “No” or “Do not know” in Formal zygosity test; his zygosity would be directly based on answers of Confused by
strangers. In the question of Confused by strangers, “Yes” indicated to be identical twin, “No” referred to fraternal twin, “Hard to say” implied zygosity
remained unclear.

doi:10.1371/journal.pone.0123992.g001

Zygosity determination by methylation array was conducted using two approaches. The
first approach used IBD analysis as the genotyping data. The beta values of 65 SNPs were ex-
ported from GenomeStudio Methylation module. These beta values could be converted to
SNPs genotypes because they would cluster, as much as they did in a standard genotyping
theta graph [22, 24]. With the help of 450k methylation array annotation file, we could have
the genotypes of those 65 SNPs. The second approach was based on the manufacturer’s guide-
line to identify the duplicates samples. Each pair was scatter plotted by the 65 SNPs beta values
of one twin and his sibling. We calculated the intra pair correlation coefficients of the beta val-
ues and compared those coefficients between MZ and DZ twins by a box plot.

We built six models to identify the best-predicted components in questionnaire for zygosity
determination. Zygosity based on genotyping or methylation data was binary dependent vari-
able (MZ or DZ) in each model. The 6 models were as follows: 1) Model 1 only included the
question about self previously perceived zygosity (categorical variable as MZ, DZ or Do not
know), noted as PPZ for short. 2) Model 2 only included the question about whether twins’ ap-
pearances confused by strangers (categorical variable as Yes, No or Hard to say), noted as CBS
for short. 3) Model 3 was a complex strategy based on three zygosity question (see Fig 1, cate-
gorical variable as MZ, DZ or Do not know). 4) Model 4 included two independent variables,
named PPZ and CBS respectively. 5) Model 5 was based on Model 4, plus an additional cate-
gorical variable of age group (less than 30 years old, 30 to 39, 40 to 49, 50 to 59 and 60 years
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and more). 6) Model 6 was based on Model 5 with an additional gender (male-male vs. female-
female twins) variable.

Logistic regression model was applied to assess the discriminant ability of age, sex and three
questions in zygosity determination with two-sided test at significant level 0.05. From logistic
regression analysis, fitted probabilities were obtained from the data. Receiver operating charac-
teristic (ROC) curves were plotted to determine the best cut-offs in terms of sensitivity and
specificity, and the areas under the curve (AUC) was used as a measure of overall performance.
Leave one out cross-validation (LOOCV) was used on all models as a measure of internal vali-
dation. All the analysis was conducted using R packages.

Results
Zygosity determination based on genotyping

180 pairs with 695,406 SNPs were available for relatedness check analysis. The proportion of
IBD was divided into two categories: one class with proportion of IBD varied from 0.9923 to 1
indicating MZ twins, while the other varied from 0.4094 to 0.5723 indicating DZ twins (52
Table). The variance of IBD probabilities in DZ was greater than that in MZ twins (Fig 2A).

Zygosity determination based on 450k methylation array

65 SNPs in the 450k methylation array were used to identify the zygosity among 188 pairs of
twins. We conducted the same IBD analysis as using genotyping data to assess the discrimina-
tive ability for identifying MZ and DZ twins. The proportion of IBD with 65 SNPs had greater
variation than the genotyping data. MZ twins had proportion of IBD either 0.9791 or 1, while
DZ twins had a range of 0.2064 to 0.7662 (mean = 0.5035, standard deviation = 0.1355). The
scatter plot of 65 SNPs was different from genotyping (Fig 2B). Although the blue dots, which
were MZ twins, stayed in the lower left corner of the graph, they were more dispersedly distrib-
uted than genotyping data. The red dots, which were DZ twins, spread under the leading diago-
nal line. Nevertheless the greater variance has found with 65 SNPs, and there were no
overlapped areas between MZ and DZ twins in the scatter plot.

By plotting the beta values of 65 SNPs in a scatter plot within a pair, we found representative
samples (red dots) with an intra-pair correlation coefficient of 0.7478, scattered into seven pos-
sible spots (Fig 2C). That graph was an example of DZ twins. However, representative samples
(blue dots) with an intra pair correlation coefficient of 0.9988, fell along the counter diagonal
line (Fig 2D) that indicated to be MZ twins. Box plot was made to compare the intra pair corre-
lation coefficients between MZ and DZ. The correlation coefficients varied from 0.9097 to
0.9953 in MZ, while it varied from 0.3304 to 0.8367 in DZ. The grey area in the box plot indi-
cated possible cut-off points (ranged 0.84-0.90) for discriminating MZ and DZ twins (Fig 2E).

Validation of the zygosity questionnaire

The characteristics of 192 same-sex twin pairs were presented in Table 1. There were no signifi-
cant differences of age or gender between MZ and DZ twins. However, DZ twins were less like-
ly to be confused by strangers, to have less formal zygosity test and regarded themselves as DZ
or unknown zygosity twins. We compared 6 possible logistic models based on age, sex and
three zygosity questions, to find the most discriminative model (Table 2). Single question
about confused by strangers had a higher consistency rate than previously perceived zygosity
and a complex strategy (Fig 1). Moreover, multivariable models had higher consistency rate
than single variable models. The least prediction error from leave one out cross validation was
13.47%, suggesting that 86.53% of twins would be correctly classified in model 6.
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Fig 2. Relatedness Analysis of Discriminating Monozygotic\Dizygotic Twin Pairs by Genotyping and Methylation Array. (a) was the plot based on
Genotyping Array Data, (b) was the plot based on Methylation Array Data. Z,, Z, referred to identity-by-descent (IBD) probabilities: those for the individuals
having zero or one pairs of IBD alleles. The Blue Dots indicated Monozygotic Twins (MZ), which Both Z, and Z; Approximately equaled to 0, while the Red
Dots indicated Dizygotic Twins (DZ), which Z, was close to 0.25 and Z; was close to 0.5 by Genotyping Array Data. (c) was an scatter plot of methylation 65
SNPs beta values in a representative DZ pair with calculating the intra pair correlation coefficient 0.7478, (d) was an example of MZ pair with correlation
coefficient 0.9988, (e) was the boxplot of methylation 65 SNPs correlation coefficient for MZ versus DZ, the grey area indicated possible cut-off points
(correlation coefficient ranged 0.84—0.90) for discriminating MZ and DZ twins.

doi:10.1371/journal.pone.0123992.9002

Fig 3A-3F showed boxplots of the fitted probabilities for DZ from six logistic regression
models between MZ and DZ twins. The majority of MZ in model 2 had lower predicted proba-
bilities for DZ, while the majority of DZ twins had higher predicted probabilities. Similar re-
sults were also found in model 4 and 6. But in model 1 and 3, we could not identify the
majority of MZ would had lower predicted probabilities. The largest AUC (89.03%) model in-
cluded variables of sex, age, confused by strangers and previously perceived zygosity (Fig 3G).
The best cut-off point probability would be 0.5190, above which indicated to be DZ twins.
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Table 1. Characteristics of the 192 same sex twin pairs who were analyzed for questionnaire based zygosity determination.

Monozygotic twin Dizygotic twin P value ?
pairs (n = 125) pairs (n = 67)
n % n %
Age (years) <29 17 10.5 11 16.4 0.2152
30-39 24 14.8 18 26.9
40-49 50 30.9 16 23.9
50-59 19 11.7 10 14.9
>60 15 9.3 12 17.9
Gender Male 83 51.2 48 71.6 0.4571
Confused by strangers Yes 101 62.3 12 17.9 <0.0001
No 21 13.0 53 791
Hard to say 3 1.9 2 3.0
Formal zygosity test Yes 20 12.3 3 4.5 0.00997
No 62 38.3 47 70.1
Do not know 43 26.5 17 254
Previously perceived zygosity Mz 44 27.2 5 7.5 0.00014
Dz 41 25.3 30 44.8
Do not know 40 247 32 47.8

MZ: Monozygotic, DZ: Dizygotic, P-values were calculated from 2 test for categorical variables

doi:10.1371/journal.pone.0123992.1001

Discussion

In this study, we used 65 SNPs in the 450k methylation array to determine zygosity and we
found that the results of 65 SNPs were consistent with genotyping. In the questionnaire-based
zygosity determination analyses, age, gender, questions of appearance confused by strangers
and previously perceived zygosity consisted of the most predictable model with an AUC of
89.03% (95% CI: 83.86%-94.19%). For twin studies with genotyping and\or 450k methylation
array, there would be no need to conduct STRs for the sake of costs consideration.

The 65 SNPs in the 450k methylation array could discriminate MZ from DZ twins, but the
ability for discriminate DZ from other related individuals such as parents-offspring, half-sib-
lings, cousins or unrelated ones was limited. As the results showed that DZ twins proportion of
IBD ranged from 0.2064 to 1, we could not tell if there are any singletons or other related ones
involved in the studies from methylation chips [2]. Some forensic studies have compared SNPs
versus STRs in relationship analysis. SNPs were prone to have a better work on DNA amplifi-
cation, lower mutation rates and less costs than STRs. On the contrary, STRs tended to have a
better discriminative power and mixture samples identification than SNPs [25-27]. Hepler
compared the use of 50 SNPs and 50 microsatellite loci on 15 unrelated and 15 parent-child
pairs and found that one of the unrelated pairs had SNPs-based estimates that were close to the
values found for half-siblings. It seemed that 50 SNPs were insufficient and that 200 SNPs or
more would be needed to characterize relatedness [28]. Hannelius et al. studied 99 Caucasian
twin pairs to compare a panel of 50 SNPs with 16 STRs, 2 pairs were assigned a different zygos-
ity. Their SNPs-based method has a false positive rate less than 0.02, which might be acceptable
in zygosity determination [3].

Questionnaires with multiple questions plus age and gender would be better performed
than a single question about zygosity determination. The major question about zygosity was
based on twins’ current facial appearance, which might be varied across age or gender [29-31].
Our results showed that the probability of DZ was positively related to age. It was possible that
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Fig 3. The discriminative ability compared among six logistic regression models by questionnaire zygosity determination. (a-f) Boxplot of
probabilities for Dizygotic Twins (DZ) from the Monozygotic Twins (MZ) versus DZ logistic regression Model 1-6, and (g) ROC curves showing the
discriminative ability of the MZ versus DZ under logistic regression model. Model 1—6 were denoted by a red, yellow, orange, green, pink and blue line,
respectively. The Areas Under the Curve (AUC) and its 95% Confidence Interval was 64.54% (57.32%-71.76%), 82.14% (76.34%-87.95%), 77.55%
(71.47%-83.64%), 86.49% (81.07%-91.91%), 88.67% (83.50%-93.85%) and 89.03% (83.86%-94.19%) for Model 1-6.

doi:10.1371/journal.pone.0123992.9003

the accumulation of environmental difference between twins made them less alike [17]. The
best model of questionnaire in zygosity determination had a consistency rate of 86.98% and an
AUC of 89.03%. Most of other twin studies had a consistency rate more than 90% [16-18, 32,
33]. The only three questions about zygosity might not be sufficient, other information collect-
ed from twins’ parents, or teachers, or some physical resemblance were related to zygosity de-
termination as well. Some anthropometric indicators might also be factors related to zygosity
misperception. For example, because height and obesity influenced the overall appearance of
the body, it was logical to indicate that some DZ twins share many physical characteristics,
which made them appear as MZ twins. Similarly, a smaller proportion of MZ twins had discor-
dant height or obesity, which made twins believe they do not look like alike, as did DZ twins
[16].

The genotyping and 450k methylation array might bring benefits for both twin studies in
developed and developing countries. For twin studies in developed countries, zygosity was
based on questionnaire and DNA testing [34-38]; researchers could conduct methylation or
genotyping experiments for those who were lacking of DNA zygosity testing. And for those
who had DNA zygosity testing, the result of methylation might be a replication for previous
tests. There were 13.1 twin births per 1000 births among 76 developing countries every year
[39]. The value of twins in population-based studies has not been fully discovered. The twins in
developing countries were usually newly recruited. Genotyping and methylation array could
help researchers in developing countries to catch up with the latest trend of twin studies with-
out costs in zygosity testing, and saving the amount of DNA samples.

There were two limitations in this study. Firstly, the zygosity questionnaire was lack of the
external validation samples that might not be successfully applied in other samples or popula-
tions. The second one was that the answers of “Do not know” in question of formal zygosity
test and previous perceived zygosity were relatively high in current study. Probably because the
majority of twins were recruited in rural areas of China, they might not be aware of the ques-
tions due to the low education level in those areas.

In conclusion, 450k methylation array can be used in zygosity determination. Question-
naire-based zygosity assessment in Chinese adult twins can be regarded as a valid method in
zygosity determination.

Supporting Information
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(XLS)
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(XLS)
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