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Abstract

Zika virus (ZIKV) was identified as a teratogen in 2016 when an increase in severe 

microcephaly and other brain defects was observed in fetuses and newborns following outbreaks 

in French Polynesia (2013–2014) and Brazil (2015–2016) and among travelers to other countries 

experiencing outbreaks. Some have questioned why ZIKV was not recognized as a teratogen 

before these outbreaks: whether novel genetic changes in ZIKV had increased its teratogenicity or 

whether its association with birth defects had previously been undetected. Here we examine the 

evidence for these two possibilities. We describe evidence for specific mutations that arose before 

the French Polynesia outbreak that might have increased ZIKV teratogenicity. We also present 

information on children born with findings consistent with congenital Zika syndrome (CZS) as 

early as 2009 and epidemiological evidence that suggests increases in CZS-type birth defects 

before 2013. We also explore reasons why a link between ZIKV and birth defects might have been 

This article has been contributed to by U.S. Government employees and their work is in the public domain in the USA.

Correspondence: Sonja A. Rasmussen, Department of Genetic Medicine, Blalock 1012 E, Johns Hopkins University School of 
Medicine, Baltimore, MD 21287 USA. srasmus2@jhu.edu.
Present address: Rachel K. Gilbert and Sonja A. Rasmussen, Johns Hopkins University School of Medicine, Baltimore, Maryland, 
USA.

The findings and conclusions in this report are those of the authors and do not necessarily represent the official position of the Centers 
for Disease Control and Prevention.

CONFLICT OF INTEREST
None of the authors have any relevant financial disclosures or conflicts of interest to report.

HHS Public Access
Author manuscript
Birth Defects Res. Author manuscript; available in PMC 2024 February 01.

Published in final edited form as:
Birth Defects Res. 2023 February 01; 115(3): 265–274. doi:10.1002/bdr2.2134.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



missed, including issues with surveillance of ZIKV infections and of birth defects, challenges to 

ZIKV diagnostic testing, and the susceptibility of different populations to ZIKV infection at the 

time of pregnancy. Although it is not possible to prove definitively that ZIKV had teratogenic 

properties before 2013, several pieces of evidence support the hypothesis that its teratogenicity 

had been missed in the past. These findings emphasize the need for further investments in global 

surveillance for emerging infections and for birth defects so that infectious teratogens can be 

identified more expeditiously in the future.
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1 | INTRODUCTION

Despite its first identification in Uganda in 1947 (Dick et al., 1952), Zika virus (ZIKV) 

garnered little attention for many years, with fewer than 20 human infections documented 

in the second half of the 20th century (Faye et al., 2014). As a single-stranded RNA 

virus, ZIKV is closely related to other flaviviruses including dengue (DENV), yellow 

fever, Japanese encephalitis, and West Nile viruses. Phylogenetic analyses have established 

two primary Zika virus lineages: an African strain and an Asian strain. Based on animal 

models, the Asian strain demonstrates lower infection rates, less virus production, and poor 

induction of early cell death, compared to the African strain (Simonin et al., 2017). ZIKV 

is transmitted via mosquitos, such as Aedes aegypti and Aedes albopictus, sexually, and 

from mother to fetus during pregnancy or delivery (Gregory et al., 2017). Most persons 

with ZIKV infection are asymptomatic, while others have mild symptoms, including fever, 

headache, arthritis or arthralgia, conjunctivitis, and macular or papular rash (Duffy et al., 

2009).

Although serologic studies suggest widespread presence of ZIKV in Asia and Africa 

before 2007, the first documented ZIKV outbreak occurred in 2007, in which 108 cases 

of confirmed and probable ZIKV disease were reported in Yap State, in the Federated States 

of Micronesia (Duffy et al., 2009). In 2013–2014, a ZIKV outbreak occurred in French 

Polynesia, followed by smaller outbreaks in the South Pacific (Baud et al., 2017). In 2015, 

ZIKV was recognized as the cause of a large outbreak in South America in the Northeast 

Region of Brazil (Zanluca et al., 2015), although most genomic studies suggest introduction 

of ZIKV in the Americas as early as 2013 (Faria et al., 2016). After reports of increases 

in microcephaly during the outbreak in Brazil, a retrospective study identified a similar 

increase in microcephaly (Cauchemez et al., 2016), as well as an increase in Guillain-Barré 

syndrome, during the 2013–2014 outbreak in French Polynesia (Dos Santos et al., 2016). 

Additionally, reports of adverse birth outcomes were noted in early 2016 among travelers 

to other countries with ZIKV transmission (Driggers et al., 2016; Meaney-Delman et al., 

2016). In early 2016, sufficient evidence had accumulated to establish a causal relationship 

between ZIKV and microcephaly and other serious brain defects (Rasmussen et al., 2016).
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Since ZIKV was recognized as a teratogen, numerous studies to characterize congenital Zika 

syndrome (CZS) have found that ZIKV broadly impacts neurodevelopment by destroying 

neurological tissue and disrupting future developmental processes. Newborns with CZS 

can present with structural disease components, which may include severe microcephaly, 

subcortical calcifications, congenital contractures, and other brain anomalies, as well as 

functional disease components, which may include neurological impairments, vision and 

hearing loss, and hypertonia (Moore et al., 2017).

In this review, we examine the evidence, including relevant genetic analyses, case reports, 

and epidemiological studies, to better understand the emergence of CZS and possible 

evolution of ZIKV’s teratogenicity (Figure 1). We aim to evaluate whether a novel genetic 

mutation in ZIKV conferred neurotropism, resulting in teratogenicity, or whether the 

teratogenic effects of ZIKV went unrecognized for many years.

2 | EVIDENCE THAT ZIKV EVOLVED TO BECOME MORE TERATOGENIC

After ZIKV was identified as a teratogen, researchers began to examine if genetic changes 

increased its teratogenicity, leading to the emergence of birth defects. Phylogenetic analyses 

have demonstrated that multiple mutations occurred in the ancestral Asian strain in recent 

outbreaks. In one study, investigators identified a single serine-to-asparagine substitution 

(S139N) present in the prM protein of the Zika virus in the circulating contemporary strains 

in the Pacific islands and the Americas that likely evolved from a common Asian strain 

(Yuan et al., 2017). According to this analysis, the mutation appears to have first emerged 

around May 2013, just before the outbreak in French Polynesia (Pettersson et al., 2016). 

When studied through reverse genetics and mouse neurovirulence models, researchers found 

that this mutation conferred increased infectivity of neural progenitor cells, more severe 

microcephaly in a mouse fetus, and higher mortality rates in newborn mice, compared to 

an ancestral strain isolated in Cambodia in 2010. These authors proposed that this specific 

mutation may have enhanced ZIKV teratogenicity, leading to the increased incidence of 

microcephaly (Yuan et al., 2017).

A spontaneous mutation in the non-structural protein 1 (NS1) gene has also been identified 

in the Asian lineage of ZIKV that suggests evolutionary enhancement. One study compared 

the rate of viral transmission to Aedes aegypti feeding on mice infected by different ZIKV 

strains of Asian lineage (GZ01 isolated in 2016 and FSS13025 in 2010). Researchers found 

the mice infected with GZ01 had an NS1 mutation (A188V) that resulted in enhanced 

NS1 antigenemia, subsequently leading to enhanced ZIKV transmission from mice to 

mosquitos (Liu et al., 2017). Although this mutation appears to facilitate viral transmission 

rather than increasing teratogenicity, it is possible that the enhanced epidemic potential 

of the contemporary ZIKV strains led to increased cases and subsequent recognition of a 

previously unidentified teratogenic association (Table 1).

A single mutation in ZIKV’s envelope protein V473M substitution (E-V473M) also 

emerged between 2010 and 2013. Researchers engineered the mutation into a pre-epidemic 

Asian ZIKV strain (isolated in Cambodia in 2010) to further characterize the functional 

impact in a mouse model (Shan et al., 2020). This study found increased mortality and 
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elevated brain viral titers in mice pups after infection with a ZIKV strain containing 

E-V473M. Additionally, in a murine pregnancy model, increased viral loads in the placenta 

and fetal brain were also associated with this mutation. These authors concluded that the 

introduction of E-V473M in epidemic ZIKV strains increased neurovirulence in neonatal 

mice and intra-uterine transmission during pregnancy. While some studies indicate that 

novel genetic mutations may have increased the teratogenicity of ZIKV, others have shown 

that ZIKV strains without these mutations can still infect brains and possibly even cause 

birth defects. In one study researchers examined the neurotropic properties of ZIKV isolates 

tested from 1947 to the present and found that all lineages of ZIKV were neurotropic in 

organoid models (Rosenfeld et al., 2017). In another study researchers compared a ZIKV 

strain of Asian lineage (ZIKV-Natal; isolated in 2015) that causes microcephaly, to a ZIKV 

strain of Asian lineage (ZIK-MY; isolated in 1966) and found that both strains of ZIKV 

could cause infections in the fetal mouse brain (Setoh et al., 2018). Finally, another study 

sequenced the complete genome of a ZIKV strain isolated from a patient with microcephaly 

in Thailand and found that it lacked the S139N mutation (Wongsurawat et al., 2018). 

Therefore, while the S139N mutation may have conferred increased teratogenicity in the 

2015–2016 ZIKV strains, this finding does not negate the possibility of neuroteratogenic 

effects of earlier ZIKV strains or strains without that mutation.

While most studies mentioned have focused on the Asian-lineage ZIKV, a growing body 

of literature based on animal models suggests that the African ZIKV strains might cause 

more severe disease (e.g., higher levels of Zika virus RNA in the placenta, higher level 

of mortality after intracranial inoculation, and more acute neurological effects and higher 

lethality after subcutaneous injection) than the Asian strains (Crooks et al., 2021; Duggal 

et al., 2017; Liu et al., 2019; Tripathi et al., 2017). However, it remains unclear how 

these findings translate to increased teratogenicity or to humans, largely due to lack of 

epidemiological research. The literature is also limited with regard to genetic changes or 

enhanced teratogenicity of contemporary African strains, as many of the aforementioned 

studies have focused on the historical MR766 strain. Of note, previous research has found 

that this strain (MR766) is able to infect cultured human neural precursor cells (Tang et al., 

2016), but no cases have been reported of associated microcephaly or CZS with the African 

lineage. Further research is warranted to better understand the evolution of ZIKV and the 

human neurotropic effects of the African lineage, particularly in regard to fetal outcomes. In 

addition, integrating phylogenetic and epidemiological methods may also be informative to 

characterize the impact of the mutations at the population level.

3 | EVIDENCE TO SUGGEST THAT ZIKV’S TERATOGENIC EFFECTS WERE 

MISSED

3.1 | Case reports

One report of two children with clinical features of CZS, born in 2009 and 2011, suggests 

that ZIKV may have caused birth defects before the outbreaks in French Polynesia and 

Brazil (Chu et al., 2018). These children were born to mothers who had moved from 

the United States to Cambodia two and five years before their pregnancies and were 

pregnant in Cambodia at a time when ZIKV was circulating. Both mothers reported 
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symptoms consistent with ZIKV infection around 13–14 weeks gestation, and at birth, both 

children had clinical features of CZS, including microcephaly, with neuroimaging showing 

subcortical calcifications, ventriculomegaly, and corpus callosum abnormalities. Family 

history, chromosomal analysis, and serologic testing for common congenital infections were 

unremarkable for both children. Serology obtained from both mothers several years after 

giving birth was consistent with a previous ZIKV infection, with positive IgG and negative 

IgM ZIKV antibody titers (both were negative for DENV neutralizing antibodies making 

cross-reactivity less likely). Of note, both women had returned to the United States after 

giving birth; thus, subsequent exposure to ZIKV was unlikely. Both children were negative 

for ZIKV antibodies when tested at six and eight years old; however, ZIKV antibodies 

are not always present in children who were infected in utero (Adebanjo et al., 2017; 

Godfred-Cato et al., 2021). Several genetic alterations have been associated with a CZS-like 

phenotype but the findings in these two cases reported were inconsistent with these disorders 

(Chu et al., 2018).

Another case report of a child born in Brazil in 2011 raises suspicion that ZIKV may have 

produced teratogenic effects before 2013 (Coelho et al., 2018). In this case, the mother 

reported symptoms consistent with ZIKV infection during the second month of pregnancy, 

and microcephaly was detected on ultrasonography at five months gestation. At birth, the 

child presented with severe ventriculomegaly with diffuse cortical–subcortical calcifications, 

a simplified gyral pattern with predominance of pachygyria or polymicrogyria in the frontal 

lobes, and a hypoplastic corpus callosum on brain imaging. The child was also noted to 

have occipital prominence and scalp rugae, consistent with CZS. Serologic testing of the 

mother indicated previous exposure to DENV, which is common among adults in endemic 

regions. At four months of age, infant serology was positive for DENV IgG, negative for 

DENV IgM, positive for herpes I/II IgG, and negative for toxoplasmosis, syphilis, rubella, 

and cytomegalovirus. ZIKV testing was not performed on the mother or child. However, 

due to the characteristic findings of CZS in this child, the authors proposed that ZIKV 

might have been circulating in Brazil and causing teratogenic effects more than four years 

before the 2015–2016 outbreak in South America. A phylogenetic analysis of isolates from 

Bahia, a state in the northeast region of Brazil where the first autochthonous cases of ZIKV 

infection were identified and where the largest number of infections in Brazil were reported 

in 2015, suggests that sustained ZIKV circulation had been occurring as early as mid-2014 

in Salvador, the capital city of Bahia (Naccache et al., 2016). While the case report and 

phylogenetic studies support earlier circulation as a possibility, it seems unlikely that ZIKV 

could have been circulating at any significant levels without other reports of CZS from this 

time period.

3.2 | Retrospective analyses

Testing of archived blood samples collected postpartum from mothers at a single hospital 

in Hawaii also suggests that ZIKV may have produced teratogenic effects earlier than 2013. 

Researchers found that the birth prevalence of microcephaly increased from 9.4/10,000 

(1986–2005) to 14.7/10,000 (2007–2013), which coincided with ZIKV transmission in the 

Pacific beginning in 2007 (Kumar et al., 2016). Analyses revealed that mothers who tested 

positive for ZIKV IgG or IgM were more likely to have babies with microcephaly than 
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mothers who tested negative for antibodies, although their findings were not statistically 

significant (Kumar et al., 2016). This study is limited by small sample size, with a total of 

18 mothers, 6 of whom had infants with microcephaly. Of the babies with microcephaly, 3 of 

the mothers had positive IgG antibodies. Clinical details and maternal travel and residency 

history were also not documented. Of note, no locally acquired cases of ZIKV infection have 

been documented in Hawaii, likely related to limited numbers of Aedes aegypti mosquitos, 

but travel outside of Hawaii among Hawaii residents as well as deliveries in Hawaii among 

non-residents are common (Zika Virus, State of Hawaii, Department of Health, Disease 

Outbreak Control Division, November, 2019).

Retrospective analyses conducted in West Africa provide further evidence that ZIKV 

might have caused birth defects as early as 2009. One study used available data from a 

hospital’s birth registry in West Africa between 2009 and 2015. Based on (1) patterns 

observed in seasonal malaria, which typically peaks a few weeks following the regions 

“rainy” season from August to October and (2) the temporal relationship observed in 

Brazil between maternal infection, vertical transmission, and post conception reports of 

CZS-type birth defects, these authors hypothesized that the number of CZS-type birth 

defects may follow a seasonal pattern. The study found a peak in potential CZS-associated 

birth defects from March to July, coinciding with possible maternal infection dating back to 

the previous August through December (Majumder et al., 2018). The authors concluded that 

CZS-associated birth defects might follow a seasonal pattern in West Africa, which could be 

consistent with ZIKV causing birth defects in this area since 2009. Other malaria-endemic 

countries with birth defects surveillance systems might be able to explore this question 

further.

4 | REASONS WHY TERATOGENIC EFFECTS OF ZIKA VIRUS MIGHT HAVE 

BEEN MISSED UNTIL 2015

Challenges to detection, diagnosis, and surveillance of ZIKV infections and of birth defects 

might have contributed to the delayed recognition of the teratogenicity of ZIKV. Difficulties 

with detection likely have led to an underestimation in the global incidence of ZIKV (Musso 

& Gubler, 2016). ZIKV infection is often clinically silent; studies have shown that up to 

80% of individuals with a ZIKV infection are asymptomatic (Nutt & Adams, 2017) and 

molecular testing is only likely to detect infection within 1–2 weeks of infection, making 

tracking of maternal infection challenging (Petersen et al., 2016). ZIKV also exhibits 

serologic cross-reactivity with other flaviviruses, complicating serologic interpretation for 

tracking (Musso & Gubler, 2016). Although there have been no reported cases of ZIKV-

associated microcephaly due to viruses of the African lineage, lab-based findings suggest 

that African strains exhibit greater pathogenicity in animal models. One study found that 

recently circulating African strains displayed higher lethality in both adult and fetal mice 

compared to Asian strains (Aubry et al., 2021). These authors highlighted the possibility that 

these strains could be more difficult to detect by public health surveillance systems because 

they might be more likely to cause fetal loss, rather than birth defects in a liveborn infant.
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The variation in the existence and quality of birth defects surveillance systems throughout 

the world also challenges recognition of new teratogens. Most low- and middle-income 

countries as well as some higher-income countries lack strong birth defects surveillance 

systems capable of identifying increases in birth defects due to potential teratogenic 

exposure (Dolk et al., 2021).

For example, in the United States, no national birth defects surveillance system exists; 

information on the prevalence of major birth defects in the United States depends on a 

compilation of data across state-based surveillance systems that use varying methods of 

ascertainment (Mai et al., 2019) and vary in completeness and timeliness (Anderka et al., 

2015). Even in longstanding birth defects surveillance systems such as the Metropolitan 

Atlanta Congenital Defects Program (Metropolitan Atlanta Congenital Defects Program 

[MACDP], 2021) challenges to the recognition of a teratogenic exposure have been 

demonstrated (Yang et al., 1997). Although no longer funded, the initial expansion of 

population-based birth defects surveillance systems across 15 U.S. jurisdictions in response 

to the 2016 outbreak allowed for greater and more timely detection of ZIKV-related birth 

defects in areas with local transmission (Delaney et al., 2018).

The identification of adverse neurodevelopmental outcomes associated with a teratogenic 

exposure presents additional challenges. A recent cohort study found that even children 

who had been exposed to ZIKV in utero, but did not present with CZS at birth, were 

at an increased risk for neurodevelopmental consequences within the first 18 months of 

life (Mulkey et al., 2020). Infants not exhibiting clear findings of CZS are less likely to 

be recognized. In many countries, lack of access to healthcare and lower proportion of 

institutional or hospital-based births in rural areas might also impact reporting. For example, 

Peru’s 2018 Demographic and Family Health Survey (ENDES) revealed that the percentage 

of institutional births in Loreto, which is the most populous region of the Peruvian Amazon, 

was the lowest in the country (74.5%), compared to the national average of 92.6% (Instituto 

Nacional de Estadistica e Informatica [INEI]—Peru: Encuesta Demográfica y de Salud 

Familiar 2018—Nacional y Regional, 2018) Finally, cultural barriers, stigmatization and 

limited knowledge particularly in rural communities might lead to significant underreporting 

of birth defects in some countries, as has been seen in Ecuador (Gonzalez-Andrade & 

Lopez-Pulles, 2010).

Several reasons might have led to identification of ZIKV as a teratogen in Brazil (and 

retrospectively in French Polynesia). First, ZIKV circulation and outbreaks had not been 

previously recognized in South America and thus, most of population was likely to be 

immunologically naïve. In countries where ZIKV is endemic, such as Africa and Asia, 

women might have been infected in childhood, providing immunity to ZIKV before 

their reproductive years. This principle has been seen in other infections such as rubella 

(Dontigny et al., 2008), in which women acquire immunity from childhood infections and 

therefore, are not immunologically susceptible to infection during pregnancy. If certain 

geographic regions had high levels of ZIKV infection in childhood, the teratogenicity of 

ZIKV might have been missed because low rates of infection during pregnancy minimized 

the number at risk for adverse pregnancy outcomes caused by ZIKV. Thus, the introduction 

of ZIKV into an immunologically naïve population likely led initially to a large increase 
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in ZIKV infection during pregnancy and subsequently a large increase in births of babies 

with severe microcephaly and other birth defects. Some evidence suggests that the sharp 

decrease in new ZIKV cases in Brazil since 2017 may be due to increased immunity within 

the population; although the duration of ZIKV immunity is unknown, it is expected to be 

long-term, based on the experience with absence of repeat infections for similar flaviviruses 

(Netto et al., 2017; Sampaio et al., 2019).

Additionally, the role of an astute clinician in the identification of an increase in the 

prevalence of certain birth defects should not be underappreciated (Carey et al., 2009). 

Dr. Vanessa Van Der Linden, a pediatric neurologist in Brazil, has been recognized for her 

leadership role in recognizing the potential connection between ZIKV and microcephaly 

and other serious brain defects and raising the alarm about her concerns (Vanessa Van Der 

Linden Mota, 2016).

Some have hypothesized that the high numbers of babies with ZIKV-associated birth defects 

in Brazil, specifically in DENV-endemic areas (Brasil et al., 2016), might be related 

to antibody-dependent enhancement, a phenomenon in which suboptimal antibodies to 

a previous infection enhance viral entry into host cells and subsequent viral replication. 

Several in vitro studies have supported this theory (Rathore et al., 2019), including a recent 

study that examined how infection with ZIKV in pregnant mice that were pretreated with 

DENV antibodies altered fetal outcomes and impacted ZIKV replication in placental cells 

(Brown et al., 2019). This study found a marked increase in infected trophoblasts, cells 

critical for fetal development, with the introduction of DENV antibodies. These data suggest 

that DENV antibodies might have dampened host immune response to ZIKV leading to 

increased severity of viral outcomes. In contrast, another study suggests that previous 

DENV infection might be protective against ZIKV infection (Pedroso et al., 2019). The 

case–control study identified ZIKV seropositive mothers with and without children with 

CZS and found that neutralization of DENV serotypes was associated with reduced risk for 

CZS. The authors suggested that protection may be due to an immune enhancement, such as 

DENV-activation of CD4 and CD8 cells, rather than an antibody-mediated immune response 

(Regla-Nava et al., 2018; Saron et al., 2018). Two other epidemiological studies have 

suggested that pre-existing DENV immunity was associated with a reduced risk in ZIKV 

infection and related symptoms (Gordon et al., 2019; Rodriguez-Barraquer et al., 2019). 

Overall, this epidemiological evidence suggests that DENV immunity does not enhance the 

severity of ZIKV’s impact clinically. However, more studies are needed to assess whether 

differences in the levels of DENV antibodies influence immunity or enhancement of ZIKV 

infection and the generalizability of these findings to other endemic regions (Musso et al., 

2019). In addition, while there were high numbers of babies born with Zika-associated 

birth defects in Brazil, it is important to note that the risk of having a baby with birth 

defects following a ZIKV-infected pregnancy did not appear to be higher in Brazil compared 

with French Polynesia and other countries, although differences in case definitions used 

in different analyses might give a different impression (Honein & Jamieson, 2016). It 

appears more likely that the large number of babies born with birth defects in Brazil is 

due to high numbers of ZIKV infections among pregnancies in Brazil, not to a higher 

risk of birth defects. The higher number of ZIKV-infected pregnancies might be related to 

socioeconomic conditions (including lower education rate and food insecurity; Nery Jr. et 
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al., 2021), as well as barriers to health services, inadequate sanitation, and poor water supply 

(Morgan et al., 2021). In addition, countries with transmission starting after recognition of 

the association between ZIKV and birth defects could better advise pregnant persons on 

ways to avoid ZIKV transmission.

5 | CONCLUSIONS

Overall, it is not possible to definitively determine whether ZIKV became more teratogenic 

or whether the teratogenic effects of ZIKV were simply missed before 2013. Results of 

genetic studies suggest that ZIKV underwent multiple genetic mutations, such as a S139N 

substitution, resulting in changes in viral proteins that might have increased its transmission 

and teratogenicity. Alternatively, populations in non-endemic areas may have been more 

susceptible to ZIKV infection, leading to an increase in the number of children born 

with CZS. Finally, it is possible that ZIKV was a teratogen for many years before it was 

recognized as one. This theory is supported by recent case reports of children who presented 

with clinical features of CZS prior to the outbreak in French Polynesia in 2013, as well as 

retrospective analyses that show a rise in birth defects to mothers who were pregnant during 

periods of heightened mosquito activity. Still today, surveillance of ZIKV-related infections 

and birth defects is limited in many countries and seroprevalence data are lacking in areas 

at risk for ZIKV transmission (Kraemer et al., 2019). This pandemic highlights the need for 

additional investments to improve surveillance of birth defects and of emerging infections 

including ZIKV. These efforts are vital to prepare for and manage future outbreaks of ZIKV 

infections and other pathogens as well as to promptly identify other infectious causes of 

birth defects.
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FIGURE 1. 
Timeline of key events between discovery of Zika virus (ZIKV) in 1947 and identification of 

ZIKV as a cause of birth defects in 2016. CZS, congenital Zika syndrome
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TABLE 1

Summary of evidence for Zika virus evolving to produce increased teratogenicity versus Zika virus as a 

teratogen that had been previously missed

ZIKV evolution led to increased teratogenicity ZIKV as a teratogen that had been previously missed

prM mutation (S139N) in ZIKV that arose in 2013 led to 
severe microcephaly in mice model (Yuan et al., 2017)

Case reports of two children born in Cambodia in 2009 and 2011, respectively, 
with clinical features of CZS (Chu et al., 2018)
Case report of a child born in 2011 in Brazil with clinical features of CZS 
(Coelho et al., 2018)

A spontaneous NS1 (A982V) mutation led to increased 
antigenemia in mouse model and increased infectivity from 
mouse to mosquito, leading to increased prevalence and 
recognition of teratogenicity (Liu et al., 2017)

Increase in microcephaly cases in Hawaii during Pacific ZIKV outbreak 
(2007–2013) (Kumar et al., 2016)

E-V473M substitution that emerged between 2010 and 
2013 likely increased neurovirulence in neonatal mice and 
maternal–fetal transmission (Shan et al., 2020)

Seasonal pattern in CZS-type birth defects that coincided with heightened 
mosquito season in West Africa (Majumder et al., 2018)

Numerous factors, including challenges to detection, diagnosis, and 
surveillance of ZIKV infections and birth defects contributing to a delay in 
recognizing the teratogenicity of ZIKV
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