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An entrée of neurotropic teratogenic 
viruses with a side of CNS inflammation 

and ecology for dessert 
 

Hanna Retallack 

Abstract 

The first three chapters of this dissertation explore the pathogenesis of viruses 

infecting the human developing brain. Specifically, the tropism and consequences of 

infection by Zika and rubella virus are defined. While Zika virus was found to infect 

primarily radial glia and astrocytes, and rubella appeared to target microglia, both stimulate 

a strong response consistent with type I interferon signaling. The next chapter addresses a 

rare disease that likewise stems from overactivation of immune response, in this case, 

inflammation of the vessels of the brain. An exploration of abnormal molecular pathways 

in primary angiitis of the central nervous system revealed dysregulation of the complement 

system. Chapters five through eight investigate infectious diseases and commensal 

microbiota of wildlife. These include epizootics among sharks and parrots, and a 

demonstration of how metagenomic next-generation sequencing can color in an ecological 

diagram of mosquitoes, their bloodmeal hosts, and the commensals and pathogens they 

carry. Diving deeper into one component of the mosquito microbiota, the final chapters 

grapple with a surprising feature of the narnavirus genome. These simple entities, named 

NAked-RNA-viruses, turn out to be far more complex than previously recognized.  
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Introduction 

There is a statistic for every disease that makes it the greatest threat to human 

health. For example: 1) Rapid global spread of Zika virus from the outbreak’s peak in 2016 

has led to local transmission by mosquitoes in 87 countries as of July 2019 (WHO 2019). 

Even with the best therapy, nearly half of patients with Primary Angiitis of the Central 

Nervous System (PACNS) relapse with debilitating neurologic symptoms (Hutchinson et al. 

2010a). Likewise, there is an explanation for every biological feature that makes it the 

most fundamental to understanding life: 1) Translation is the process that makes every 

protein in your body. 2) The interferon-response pathway is the master regulator of a cell’s 

initial response to viral infection. I don’t claim that these statistics and explanations 

motivate the various projects discussed in this dissertation. I only claim that these projects 

are worthwhile for having fascinated me, having taught me, and having revealed a 

smidgen more about biology. If these projects had to fit under a topical umbrella, it would 

be “Infectious Disease and Immune Response”. But in reality, experiments and 

happenstance steer a winding route. A traditional scientific contextualization can be found 

at the beginning of each chapter. The remainder of the introduction discusses cross-cutting 

themes, often tying together disparate projects that resulted from simply following my 

curiosity. 

In various pathogen-centered projects, the IMMUNE RESPONSE of the host played a 

key role. When studying Zika virus infection of the developing human brain (Chapter 1), a 

simple transcriptional experiment showed the tremendous immune response of the cells 
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during infection of the tissue. These data opened a new line of inquiry, asking how the 

innate immune response to viruses could interfere with neural development (Chapter 2). 

Indeed, genetic syndromes suggest that the tissue-level response may be damaging in itself 

(Livingston and Crow 2016), and so a myopic focus on virally-infected cells alone likely 

ignores important mechanisms of pathogenesis. Of course, ethical limitations prevent 

experiments with the fully intact human immune system, and so absence of systemic 

immune cells is a key limitation of the model system I utilized for Zika virus (organotypic 

slice culture of primary human fetal brain tissue). 

With other pathogens too, the immune system proved critical. I observed that 

rubella virus was primarily found inside the innate immune cells of the brain: microglia 

(Chapter 3). Since microglia are phagocytic, it was especially important to determine 

whether the virus actually replicated inside this cell type. Separately, examining the 

histology of inflamed brain tissue from deceased sharks (Chapter 5), inflammatory cells 

were morphologically similar to the unicellular pathogen we suspected of causing the 

inflammation, necessitating DNA identification of genetic material from the pathogen, 

Miamiensis avidus. In a metagenomic survey of mosquitoes (Chapter 8), we analyzed 

putative viral sequences for a characteristic signature of being targeted by the mosquito’s 

antiviral defense systems, to support our conclusion that these sequences were indeed 

viral. As many infectious disease scientists will surely agree, the interaction between 

pathogen and host is a rich area for exploration. While one might start with a pathogen-

focused question, to ignore the immune response would be to blind oneself to a mountain 

of gold. 
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Several projects in this dissertation focus on human diseases that affect different 

POPULATIONS. All demographics are susceptible to Zika virus (Chapter 1) and rubella virus 

(Chapter 3), but pregnant women are especially relevant since these two viruses can cross 

the placenta and impact the fetus’ development. As for geographical distribution, Zika 

virus infection is most prevalent in tropical countries where the mosquito species that 

transmit the virus (mostly Aedes spp.) are most abundant (Santos and Meneses 2017). 

Conversely, the impact of rubella virus is greatest in countries whose health system 

infrastructure and public policy have not yet achieved widespread administration of the 

highly effective vaccine (Grant et al. 2017). For PACNS, a non-infectious disease 

discussed in Chapter 4, the burden falls on a tiny population of individuals, with an 

estimated prevalence of 2.4 cases per 1,000,000 person-years (Salvarani et al. 2007). 

While these cases are typically identified in countries with advanced medical practices, 

the disease may be under-recognized in low-resource settings. 

For the two neurotropic teratogenic viruses in this dissertation, consider the TIMING 

of my research relative to the emergence and description of the virus in human 

populations. Zika and rubella show a striking contrast in this regard. Rubella virus was first 

recognized to cause congenital cataracts in 1941, and the epidemic of birth defects was 

curbed by highly effective vaccines deployed in the late 1960s (Gregg 1941; Banatvala 

and Brown 2004). As the vaccine rose, scientific interest waned, and my experience in 

this project is highly influenced by reviewing decades-old literature that relies on 

experimental design and interpretation for lack of modern techniques; by deep freezers of 

generous colleagues whose research program had shut down; and by asking a seemingly 
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simple question that had not been answered while specimens were easily obtainable: 

what cell types of the developing brain are susceptible to infection? 

In contrast, asking the same question for Zika virus, in January of 2016 at the peak 

of the epidemic, was a totally different experience. The enormous and sudden interest in 

the virus affected the project in many ways, from the source of viral isolates, to the large 

number of person-hours on the project, to the urgency of possible treatment, to 

publication. I learned that “getting scooped” is not a useful threat. Far more productive 

was the accelerated cycle of posit and respond, where multiple groups publish results to 

similar questions, confirming or modifying what was known before, until the consensus or 

lingering debate offers the best answers as a whole scientific community and clarifies what 

is likely biologically true and what is incongruent. 

During completion of this dissertation, the same accelerated pace is being driven 

by the new emerging virus, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-

2). Given the local needs, my efforts were best spent in operational public health response 

rather than scientific discovery. Obviously new epidemics can force or incentivize 

changing the direction of a research program. Still, the old pathogens have much to teach 

us. Recent investigations into a type of uveitis have shown that rubella virus can persist for 

decades in immunologically privileged sites such as the eye, causing immune responses 

that degrade vision decades later (Doan et al. 2016; de Groot-Mijnes et al. 2006; Suzuki et 

al. 2010). Intriguingly, it appears that the newsworthy RNA viruses, Zika and Ebola, may 

also persist in similar sites in the body (Varkey et al. 2015; Petridou et al. 2019). It is hard 

to predict the consequences of persistent replication under immunological pressure for a 
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particular virus. But the more cases we study, old and new, the more we understand in 

case a rapidly-mutating persistent virus were to appear. 

The projects in this dissertation examine biology at many different SCALES, using 

corresponding TECHNICAL APPROACHES. At the smallest scale, I examine RNA structure of a 

narnavirus and the movement of ribosomes that translate its genome (Chapter 10); the 

investigation of interferon response pathways focuses on molecular events connecting the 

outside to the inside of a cell, and between cell types in a tissue (Chapter 2); the cell types 

that comprise an organ, the brain, are the focus of the Zika and rubella projects (Chapter 

1, Chapter 3); identifying a pathogen’s target organs within a whole organism played a 

major role in the description of shark and parrot epizootics (Chapter 5, Chapter 6) and 

understanding the impact of environmental conditions on sharks’ susceptibility to 

infection (Chapter 5), or the interaction between mosquitoes, their bloodmeal hosts, and 

their microbiota (Chapter 8) completes the span up to the ecological level. Of course, 

certain technical approaches lend themselves best to each scale. Ironically, I tackled the 

largest-scale, ecological questions with technology that looks at the smallest building 

blocks of life: the genetic code. The power of metagenomic next-generation sequencing to 

understand living organisms in the context of an entire ecosystem is impressive. 

Every project in this dissertation required analysis of large datasets from mass 

spectrometry (Chapter 4) or from next-generation sequencing (NGS). I utilized NGS to 

verify viral strains (Chapter 1, Chapter 3, Chapter 10), discover new pathogens (Chapter 5, 

Chapter 6, Chapter 7), and perform primary analyses such as examining transcriptional 

responses or investigating viral phylogenetics (Chapter 2, Chapter 8, Chapter 9). Although 
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many tools exist to simplify standard workflows for NGS data, I found it incredibly 

valuable to learn some basics in command line tools, server functioning, Bash, Python, 

and R, in order to manipulate and analyze data independently. I am particularly excited 

about ongoing projects that utilize these skill sets, developing tools for genetic screening 

and in vivo monitoring using components of arenaviruses. Without the computational 

fluency and familiarity from prior opportunities, I could not have easily imagined let alone 

design these projects, which have been especially fun as a chance to get creative. 

Finally, it is impossible to discuss the topics, approaches, and implications of the 

science without discussing the TEAMS that made the discoveries. On some projects, teams 

were structured traditionally, such as working with a post-doc in the same lab on PACNS 

(Chapter 4), or joining forces with labs specializing in human brain development for Zika 

and rubella (Chapter 1 and Chapter 3). In international collaborations related to Zika virus, 

I met scientists working in incredibly strong infectious diseases research programs in 

Brazil. Many worked at institutions whose administrative organization impacted day-to-

day science in unfamiliar ways. In several projects I worked alongside people whose jobs 

have many responsibilities beyond scientific discovery: private harbormasters and 

veterinarians, community volunteers and government employees at county and state 

agencies. These individuals offered crucial context and a wealth of knowledge about their 

subject matter that complemented my molecular investigations.  

Three collaborators in particular stand out as examples of scientific excellence 

outside the traditional academic structure. Mark Okihiro, at California Fish and Wildlife, 

hooked me on a problem in our own backyard: dead leopard sharks washing up on 
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beaches of San Francisco Bay (Chapter 5). He taught me how to necropsy a shark in the 

field, and through these necropsies and histology, with stellar photo-documentation, 

proposed a route of invasion for the pathogen we found. Susan Clubb, a veterinarian 

specializing in birds, had a keen insight when multiple outbreaks of common infections at 

her facility were difficult to control, emailing us “I think there is an underlying virus that 

may be immunosuppressive.” Together, we identified a new strain of avian 

metapneumovirus (Chapter 6), which is closely related to viruses that are serious issues in 

the commercial poultry industry where they cause immunosuppression leading to 

devastating secondary infections. Finally, Eric Haas-Stapleton, at the Alameda County 

Mosquito Abatement District, demonstrated for us the low-tech bottle-assay used to assay 

mosquitoes’ resistance to insecticides, and had great vision for how to use high-tech 

methods for tracking, providing practical guidance to our imaginative proposal to use the 

insect-specific viruses carried normally by the mosquito to track populations and 

interactions (Chapter 8).  

The people who have contributed directly to the science are acknowledged in each 

chapter. I expect that innumerable others, not mentioned here, will continue to challenge 

my science and point out the odd and the overlooked nooks of their biological 

surroundings. 

No single theme clearly wins as an organizing principle for the chapters that 

follow. The projects are rather like the chambers of an anthill. Connecting corridors allow 

passage between chambers that may share a purpose, or inhabitants, or physical 

dimensions, or date of creation. Together, the chambers and corridors build a structure 
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that sustains an active and evolving colony. And knowing that the “completion” of one 

scientific project always begets many more, like the underground nest, there is always 

room for indefinite expansion. 
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Abstract:  

The rapid spread of Zika virus (ZIKV) and its association with abnormal brain 

development constitute a global health emergency. Congenital ZIKV infection produces a 

range of mild to severe pathologies, including microcephaly. To understand the 

pathophysiology of ZIKV infection, we used models of developing brain that faithfully 

recapitulate the tissue architecture in early- to mid-gestation. We identify the brain cell 

populations that are most susceptible to ZIKV infection in primary human tissue, provide 

evidence for a mechanism of viral entry, and show that a commonly used antibiotic 

protects cultured brain cells by reducing viral proliferation. In the brain, ZIKV 

preferentially infected neural stem cells, astrocytes, oligodendrocyte progenitor cells, and 

microglia, whereas neurons were less susceptible to infection. These findings suggest 

mechanisms for microcephaly and other pathologic features of infants with congenital 

ZIKV infection that are not explained by neural stem cell infection alone, such as 

calcifications in the cortical plate. Furthermore, we find that blocking the glia-enriched 

putative viral entry receptor, AXL, reduced ZIKV infection of astrocytes in vitro and genetic 

knockdown of AXL in a glial cell line nearly abolished infection. Finally, we evaluate 

2,177 compounds, focusing on drugs safe in pregnancy. We show the macrolide 

antibiotic, azithromycin, reduced viral proliferation and viral-induced cytopathic effects in 

glial cell lines and human astrocytes. Our characterization of infection in developing 

human brain clarifies the pathogenesis of congenital ZIKV infection and provides the basis 
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for investigating possible therapeutic strategies to safely alleviate or prevent the most 

severe consequences of the epidemic. 

Significance statement:  

Zika virus is a mosquito-borne flavivirus that has rapidly spread through the 

Americas and has been associated with fetal abnormalities, including microcephaly. To 

understand how microcephaly develops, it is important to identify which cell types of the 

developing brain are susceptible to infection. We use primary human tissue to show that 

radial glia and astrocytes are more susceptible to infection than neurons, a pattern that 

correlates with expression of a putative viral entry receptor, AXL. We also perform a 

screen of FDA-approved compounds, with an emphasis on drugs known to be safe in 

pregnancy. We identify an antibiotic, azithromycin, that reduces viral proliferation in glial 

cells, and compare its activity to daptomycin and sofosbuvir, two additional drugs with 

anti-ZIKV activity. 

Main Text: 

A correlation between congenital exposure to the mosquito-borne and sexually 

transmitted Zika flavivirus (ZIKV) and the increased incidence of severe microcephaly 

suggests a causal relationship between ZIKV infection and neurodevelopmental 

abnormalities (Patricia Brasil et al. 2016; Mlakar et al. 2016). Yet the mechanisms of 

infection and specifically which cell populations are vulnerable to ZIKV during the course 

of human brain development remain unclear. Major insights have been drawn from in 

vitro models of human brain development and primary mouse tissues. In the developing 
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mouse brain, ZIKV has been shown to infect radial glia and neurons (C. Li et al. 2016), 

while studies in human pluripotent stem cell (hPSC)-derived neural cells highlighted 

widespread infection and apoptosis of neural progenitor cells (Tang et al. 2016; Qian et al. 

2016). Because these models do not fully recapitulate the developmental events and cell 

types present during human brain development, these results may not faithfully represent 

ZIKV-induced pathology in vivo. 

During human brain development, radial glia cells, the neural stem cells, give rise 

to diverse types of neuronal and glial cells including neurons, oligodendrocytes, and 

astrocytes, in a temporally controlled pattern. We reasoned that identifying cell types that 

are especially vulnerable to viral infection would facilitate studies of the viral lifecycle 

including entry mechanisms and host cell requirements. Building on studies that suggested 

enriched expression of the candidate entry factor AXL could confer vulnerability to ZIKV 

entry (Hamel et al. 2015; Onorati et al. 2016; S. Liu et al. 2016), we used AXL expression 

levels to predict that radial glia, astrocytes, microglia, and endothelial cells would be 

particularly vulnerable to infection (Nowakowski et al. 2016). A recent study highlighted 

the utility of ex vivo models using primary human tissue samples to analyze the 

consequences of ZIKV infection in human prenatal brain (Onorati et al. 2016). Here we 

further utilize primary tissue samples from distinct stages of brain development, 

corresponding to periods of peak neurogenesis and early gliogenesis. 

Determining the tropism of ZIKV for specific cell types will help identify suitable 

cellular models for investigating potential therapeutic interventions. While development of 

a vaccine could provide a long-term solution to the current ZIKV epidemic, there remains 
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an unmet clinical need to identify drugs that can limit or prevent the consequences of 

congenital infection. A recent screen of a subset of FDA-approved compounds against 

ZIKV in hepatic cells identified several anti-cancer, anti-microbial, anti-parasitic, and anti-

fungal drugs with anti-ZIKV activity (Barrows et al. 2016). Another screen based on human 

neural progenitor cells identified an anti-fungal drug and several scaffold compounds for 

further development (Xu et al. 2016). However, the majority of compounds with anti-ZIKV 

activity from these screens are contraindicated or of unknown safety during pregnancy. 

Furthermore, two promising candidates that might be safe during pregnancy, daptomycin 

and sofosbuvir, showed variable effectiveness by cell type (Onorati et al. 2016; Barrows et 

al. 2016; Sacramento et al. 2016). Combining unbiased screens of approved compounds 

with comparisons of top candidates with known antiviral activity may quickly narrow the 

search for drugs that could mitigate the effects of congenital ZIKV infection. 

Here, we assessed ZIKV cell tropism in the developing human brain and performed 

a drug screen on relevant cell types targeted by the virus with an emphasis on drugs 

known to be safe in pregnancy. We found that radial glia, and later in development, 

astrocytes, were especially vulnerable to ZIKV infection. By screening FDA-approved 

compounds for anti-ZIKV activity in a glial cell line with features of both cell types, we 

also found that the common antibiotic azithromycin prevented viral production and virus-

mediated cell death, which we further validated in human astrocytes. 
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Results 

To determine the cell populations most susceptible to ZIKV infection we 

investigated the infectivity of ZIKV in the developing human brain using organotypic 

cultures from primary human tissue. We exposed human cortical tissue slices to three 

strains of ZIKV: Cambodia 2010 (ZIKV-CAM), Brazil 2015 (ZIKV-BR), and Puerto Rico 

2015 (ZIKV-PR), cultured them for 72 hours (h), and detected infection by immunostaining 

for the flavivirus envelope protein (ENV), an approach that we validated in cultured cells 

(Fig. S1). Infection in tissue was confirmed by immunostaining for the viral RNA-

dependent RNA polymerase, nonstructural protein 5 (NS5), present only during viral 

replication. In samples from mid-neurogenesis (13-16 post-conception weeks (pcw)), we 

observed high rates of infection in the ventricular and subventricular zones (Figure 1.1, 

and Fig. S2). We found that the virus preferentially infected both ventricular (vRG) and 

outer radial glia (oRG) cells (Figure 1.1, A to F, and Fig. S2). Interestingly, we observed 

clusters of infected radial glia (Fig. S2B), which may reflect local viral spread. A minor 

fraction of cells positive for ENV at these stages included postmitotic neurons (Fig. 1H), 

and microglia (Figure 1.1 1I). We observed similar patterns of infection across ZIKV strains 

(Fig. S2). We also observed a small but significant increase in cell death of ENV+ cells as 

compared to ENV- cells in ZIKV-infected tissue or mock-infected tissue (Fig. S3). 

At later stages of development (after 17 pcw), we observed infection and viral 

replication throughout the developing cortex, including the cortical plate and subplate, 

with production of infectious virus by 48 hpi (Figure 1.2, and Fig. S4). Among cortical  
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plate cells, we observed a high rate of infection in astrocytes as distinguished by their 

location, morphology, and immunoreactivity with the glial markers GFAP and SOX2 

(Figure 1.2, A, B and D, and Fig. S4, A, B, C, and D). We also observed cells 

immunoreactive for both ENV and the microglial marker IBA1, indicating microglial 

infection or phagocytosis of other ZIKV infected cells (Figure 1.2, and Fig. S4 G and H). 

This ENV+/IBA1+ microglial population was quantified at 7±1% of ENV+ cells, and 

represented 7±2% of the total IBA1+ population (n = 4, 15-22 pcw, see Methods). We 

further observed infection of oligodendrocyte precursor cells (OPCs) (Figure 1.2G and Fig. 

S4I), but limited infection of neurons (Figure 1.2, B and D, and Fig. S4, A and J). This 

pattern of infectivity was consistent across ZIKV strains (Fig. S4) and matched viral tropism 

predicted by AXL receptor expression (Nowakowski et al. 2016).  

Figure 1.1 Tropism of ZIKV for radial glia in the developing human brain.  
Human cortical organotypic brain slices were infected with ZIKV-BR and cultured for 72 h. 
(A to B) Low magnification overview of ZIKV infection detected by ENV (green) within the 
cortex. (A) ENV staining was analyzed with respect to region and cell type. Scale bar 100 
μm. (B) High magnification of (A). Notably, ENV staining (arrowheads) appears to 
preferentially enriched in the ventricular zone (VZ) and outer subventricular zone (OSVZ). 
SP – subplate, CP – cortical plate, pcw – post-conception weeks. Scale bar 20 μM. (C) 
Quantification of ENV positive cells by region (top) and cell type (bottom) at 13-14 pcw. n 
= 2. mean ± SD (see Methods, error bar not shown where shorter than line thickness (top 
panel, CP, and bottom panel, SOX2)). (D) Schematic summary of cell types observed to be 
susceptible to ZIKV infection (green) in the developing human brain during mid-
neurogenesis. (E) High magnification overview of a ZIKV-infected radial glial cell in the 
OSVZ. Scale bar 10 μm. (F) Three dimensional reconstruction of (E), highlighting 
intracellular presence of ENV signal. Scale bar 10 μm. (G) ENV and NS5 signal in OSVZ 
cells (arrowheads) suggested replicating ZIKV-PR. Scale bar 20 μm. (H) Immature neurons 
(SATB2+, blue) infected with ZIKV (arrows). Scale bar 20 μm. (I) Microglia (IBA1+) 
immunopositive for ENV. High magnification panel (right) shows ENV+ microglia with 
amoeboid morphology (arrow), typical of activated microglia. Scale bar 10μm. 



 

 
19 

 

 



 

 
20 

To test the possible role of AXL in mediating ZIKV entry into human astrocytes, we 

infected hPSC-derived astrocytes (Krencik et al. 2015; 2011) in the presence of a non-

activating antibody specific for the extracellular domain of AXL. Blocking the AXL 

receptor substantially reduced infection (Figure 1.2, I and J, and Fig. S5A). To further test 

the requirement of AXL for ZIKV infection of glial cells, we used the U87 glioblastoma line 

that expresses high levels of astrocyte marker genes and AXL (S. J. Liu et al. 2016). U87 

cells were readily infected with ZIKV, with strong virus production at 48 hpi (Fig. S1) and 

Figure 1.2 ZIKV infects astrocytes in later stages of human brain development. 
 (A) Low magnification overview of ZIKV infection detected by ENV (green) within human 
organotypic cortical slices during late neurogenesis/gliogenesis. Scale bar 100 μm. (B) 
Quantification of ENV positive cells by region (top) and cell type (bottom) at 20-22 pcw. 
n = 2. mean ± SD (see Methods, error bar not shown where shorter than line thickness 
(top panel, VZ and lower OSVZ)). (C) Schematic summary of cell types observed to be 
susceptible to ZIKV infection (green). (D to E) Immunohistochemical analysis reveals ZIKV 
infection in astrocytes by positivity for ENV (arrows, D), or ENV and the non-structural 
protein NS5 indicating active viral replication (filled arrowheads, E). Scale bars 20 μm. (F) 
Microglia co-labeled with ENV. Scale bar 50 μm. (G) ZIKV infection of oligodendrocyte 
precursor cells (OPCs). Scale bar 20 μm. (H) Viral production in 19 pcw cortical slices, 
quantified by focus forming assay from combined homogenized tissue and conditioned 
media at 4, 48, and 96 hours post infection; mean ± SEM, 2 independent biological 
replicates with 2 technical replicates for each timepoint; one-way ANOVA with Tukey’s 
multiple comparisons test, *p≤0.05, **p≤0.01; see also Fig. S4F. (I to J) Analysis of ZIKV-
BR infection in the presence of AXL blocking antibody in hPSC-derived astrocytes (see 
Methods). Note reduced ENV staining with AXL block compared to IgG control. Scale 
bar 100 μm. (J) Quantification of experiment represented in (I); see also Fig. S5A; mean 
± SEM, n = 3, one-way ANOVA with Tukey’s multiple comparisons test, **p≤0.01. (K) 
ZIKV-PR infection after knockdown of AXL using U87-dCas9 lines expressing either GFP 
gRNA (non-targeting control) or AXL gRNAs (dCas9-mediated knockdown); see also Fig. 
S5B; mean ± SEM, 2 biological replicates in cell lines generated with independent 
transductions; two-way ANOVA with Tukey’s multiple comparisons test, n.s. - not 
significant, ***p≤0.001. 
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robust cytopathic effect at 72 hpi (Figure 

1.3C and Fig. S6D).  We then used CRISPRi 

to knock down AXL in this cell line (see 

Materials and Methods, validated by 

Western blot in Fig. S5B), and observed a 

substantial decrease in infection (Figure 

1.2K), confirming the importance of this 

receptor for ZIKV infection in this cell type. 
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Figure 1.3 Azithromycin (AZ) treatment 
inhibits ZIKV infection in glial cells. 
(A) U87 cells were treated with increasing 
concentrations of AZ and infected with ZIKV-
PR at varying MOIs (0.01, 0.1 and 3, as 
indicated). The percent of infected cells at 
48 hpi was determined by flow cytometry of 
cells immunostained for ENV, and 
normalized to untreated cells (for raw data 
see Fig. S6A). EC50 values for AZ-mediated 
reduction of ZIKV infection were 5.1 µM for 
an MOI of 3 (n = 2), 2.9 µM for an MOI of 0.1 
(n = 2) and 2.1 µM for an MOI of 0.01 (n = 2); 
mean ± SD.  (B) Representative images of 
U87 cells treated with AZ and infected with 
ZIKV-PR at an MOI of 3 (as in A). At 48 hpi 
cells were immunostained for ENV protein 
(green) and cellular DNA (DAPI, blue). Scale 
bar 100 μm. (C) Rescue of cell viability with 
AZ. U87 cells were pre-treated with AZ for 1 
h and then infected with ZIKV-PR at an MOI 
of 10 in the presence of AZ. Cell viability was 
measured at 72 hpi using the CellTiter-Glo 
luminescence assay. The EC50 value for the 
AZ-mediated rescue of cell viability was 7.1 
µM. The data point at the highest 
concentration of AZ (50 µM) showed 
reduced cell viability, likely due to drug 
toxicity (see Fig. S6C). n = 2, mean ± SD. (D) 
Decrease of virus production with AZ 
treatment. U87 cells were pre-treated with 
AZ for 1 h and then infected with ZIKV-PR at 
an MOI of 0.1 or 0.01 in the presence of AZ. 
Quantification of virus yield in conditioned 
media was performed by focus forming 
assay at 0, 24, 48, and 72 hpi; mean ± SD 
with n = 2 for each MOI, two-way ANOVA 
with Tukey’s multiple comparisons testing, 
**p≤0.01, ***p≤0.001, ****p≤0.0001. 
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Given that AXL is a receptor tyrosine kinase with signaling pathways that could be 

involved in innate immune responses (Rothlin et al. 2007), we tested whether the kinase 

activity of AXL was relevant for the decrease in infection observed in the knockdown line. 

After pre-treatment with a small molecule inhibitor, R428, we observed no decrease in 

infection at up to 1 µM, which is >70 fold the half-maximal effective concentration (EC50) 

for AXL kinase inhibition (Fig. S5C) (Holland et al. 2010). Although we did observe a 

decrease in infection at 3 µM R428, this high concentration of >200 fold the EC50 likely 

created off-target effects. Together, these results suggest that AXL has an important role in 

glial cell infection that depends more on its extracellular domain than on its intracellular 

kinase activity. 

There is a pressing need to identify pharmacological compounds that can diminish 

the effects of ZIKV infection in relevant human cell types. We performed a screen of 2177 

clinically approved compounds (2016 unique) by monitoring inhibition of virus-

dependent cell death at 72 hpi in Vero cells. While our screen revealed compounds that 

rescued cell viability, including antibiotics and inhibitors of nucleotide and protein 

synthesis, many showed toxicity in Vero or U87 cells, or are contraindicated during 

pregnancy (Tables S1, S2, S3, S4). We focused on further characterization of the 

macrolide antibiotic azithromycin (AZ), which rescued ZIKV-induced cytopathic effect 

with low toxicity in our primary screens, and is generally safe during pregnancy (Lin et al. 

2013). AZ dramatically reduced ZIKV infection of U87 cells at an EC50 of 2-3 µM at 

multiplicities of infection (MOIs) of 0.01-0.1, as evaluated by ENV staining (Figure 1.3, A 

and B, and Fig. S6A). We further established a relationship between EC50 and baseline 
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infection rate (Fig. S6B), and showed that even at >60% infection, AZ consistently reduced 

infection at concentrations ten- to twenty-fold below the half-maximal toxicity 

concentration (TC50) of 53 µM (Fig. S6, A and C). AZ treatment also rescued cell viability 

(Figure 1.3C, Fig. S6D) and decreased viral production (Figure 1.3D). Finally, we found 

that AZ substantially reduced infection in hPSC-derived astrocytes without toxicity at the 

effective concentration (EC50 15 µM at 72% baseline infection) (Fig. S6, E to G). To 

compare AZ with compounds identified in previous screens, we evaluated the anti-ZIKV 

activity of daptomycin and sofosbuvir in U87 cells (EC50 2.2 µM and 12.4 µM 

respectively) (Fig. S6H). We observed that treatment with daptomycin was insufficient to 

lower the percentage of infected cells below 46% even at the highest dose in this cell type 

(20 µM) (Fig. S6H), whereas AZ and sofosbuvir treatment decreased ZIKV infection from 

78% to below 5% infection at 20 µM and 50 µM respectively. These results highlight AZ 

as a potential tool compound against ZIKV infection in glial cells. 

Discussion 

The rapid spread of ZIKV and its link to fetal abnormalities, including 

microcephaly, have created a global health crisis. Understanding viral tropism for specific 

cell types in the developing brain furthers our understanding of the pathophysiology of 

ZIKV-associated microcephaly, and provides a basis for investigating antiviral drugs in a 

relevant cell type. Our findings offer several novel aspects. In particular, we show ZIKV 

tropism for astrocytes in addition to radial glia in primary developing human brain, 

demonstrate the importance of AXL for ZIKV infection of glial cells, and identify a 
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common antibiotic with anti-ZIKV activity, AZ, which we compare to two other drugs 

with anti-ZIKV activity that may be safe in pregnancy. 

Our finding that radial glia are preferentially infected during early neurogenesis is 

consistent with experiments in cultured primary human brain cells (Hanners et al. 2016), 

developing mouse cortex (C. Li et al. 2016; Brault et al. 2016), and primary human 

organotypic brain slice culture (Onorati et al. 2016). These studies also reported overall 

survival of infected radial glia, in contrast to in vitro derived neural stem cells that undergo 

apoptotic cell death following infection (Tang et al. 2016; Qian et al. 2016; Cugola et al. 

2016). Cell lines derived from primary neural progenitors have variably shown infection 

with substantial apoptosis (Onorati et al. 2016) or persistence (Hanners et al. 2016). In our 

organotypic slice culture we observe a small increase in apoptosis of infected cells. The 

discrepancy in levels of apoptosis in dissociated versus tissue cell culture may reflect 

differences in gene expression, maturation, or experimental conditions. Besides causing 

cell death, ZIKV infection could also affect cell cycle progression (C. Li et al. 2016; 

Cugola et al. 2016), differentiation, or the migration and survival of newborn neurons – 

mechanisms thought to underlie genetic causes of microcephaly and lissencephaly 

(Thornton and Woods 2009). Tissue disorganization in organotypic slice culture suggests 

these non-cell death-mediated mechanisms may contribute to clinical phenotypes 

(Onorati et al. 2016), but this remains to be confirmed by directly analyzing cell behavior. 

The high rate of infection in astrocytes at later developmental ages, many of which 

contact microcapillaries, could link our understanding of initial infection with clinical 

findings of cortical plate damage. For example, after prolonged infection, viral production 
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in astrocytes could lead to a higher viral load in the cortical plate causing infection of 

additional cortical cell types, and astrocyte loss could lead to inflammation and further 

damage, even in uninfected cells. Widespread cell death in vivo, which may take days to 

weeks to occur and is therefore outside the time frame of our experimental paradigm, is 

expected given clinical reports of band-like calcifications in the cortical plate, cortical 

thinning, and hydrocephalus (Mlakar et al. 2016; Hazin et al. 2016). Based on their 

susceptibility to ZIKV infection and a central role in brain tissue homeostasis, human 

astrocytes provide a good cellular model for further investigation of mechanisms of viral 

entry and a platform for testing the efficacy of candidate therapeutic compounds. 

Our observation that blocking or knocking down the AXL receptor prevents 

infection of human astrocytes, but that blocking intracellular kinase activity does not, 

suggests that the extracellular domain of AXL contributes to ZIKV infection whereas AXL 

signaling is dispensable. This extends comparable findings in endothelial cells to a cell 

type relevant for understanding microcephaly (Hamel et al. 2015; S. Liu et al. 2016), but 

does not address other viral receptors that may be important for ZIKV infectivity in other 

cell types, or rule out a role for AXL signaling in the context of a full immune response in 

vivo. While AXL knockout mice can be readily infected with ZIKV, disruption of the blood 

brain barrier in these mice could lead to atypical routes for infection of the brain (Miner et 

al. 2016). 

In addition to characterizing brain cell tropism, we also sought to identify possible 

therapeutic candidates with known safety profiles, especially in pregnancy.  Several 

compounds expected to inhibit ZIKV were identified by our drug screen. These positive 
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controls include the protein synthesis inhibitor cycloheximide, nucleic acid synthesis 

inhibitors such as mycophenolate derivatives, and intercalating compounds like 

doxorubicin and homidium bromide. We additionally identified compounds that are 

known to be safe in pregnancy, including azithromycin (AZ). AZ is recommended for the 

treatment of pregnant women with sexually transmitted infections or respiratory infections 

due to AZ-susceptible bacteria (Workowski and Bolan 2015; DHHS Panel on 

Opportunistic Infections in HIV-Infected Adults and Adolescents 2014). Adverse events 

have not been observed in animal reproduction studies, and studies in pregnant women 

show no negative effects on pregnancy outcome or fetal health associated with AZ (Sarkar 

et al. 2006). Orally administered AZ has been shown to reach concentrations of ~2.8 µM 

in the placenta, and is rapidly transported to amniotic fluid and umbilical cord plasma in 

humans (Ramsey et al. 2003; Sutton et al. 2015). Moreover, AZ accumulates in fetal tissue 

and in the adult human brain at concentrations from 4-21 µM (Jaruratanasirikul et al. 

1996; Kemp et al. 2014). Together, these pharmacokinetic studies suggest that AZ could 

rapidly accumulate in fetal tissue including the placenta in vivo at concentrations 

comparable to those that inhibit ZIKV proliferation in culture. Nonetheless, it remains 

unknown whether these in vitro results would be recapitulated in humans.  

We further compared AZ with two promising drug candidates that might be safe in 

pregnancy and have reported anti-ZIKV activity in cell culture: daptomycin and 

sofosbuvir. Our dose-response curves are in agreement with the documented activity of 

sofosbuvir in human neuroepithelial stem cells (Onorati et al. 2016), and extend the 

activity of daptomycin previously seen in HuH-7 and HeLa cells (Barrows et al. 2016) to 
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glial cells. We noted that daptomycin would not have been highly ranked in our initial 

screen due to the limited maximum effect of the drug as observed in dose-response 

curves. Unlike sofosbuvir, which likely targets the ZIKV RNA-dependent RNA polymerase 

(NS5) based on its mechanism against Hepatitis C virus, daptomycin and AZ have 

unknown mechanisms of action against ZIKV. Nonetheless, the difference in in vitro dose 

response between AZ and daptomycin is intriguing, and suggests different mechanisms of 

inhibition. Another important factor for a drug candidate for ZIKV treatment is 

accessibility. Access to sofosbuvir and its derivatives may be limited by its current price, 

whereas AZ and daptomycin are available as generic forms, although daptomycin is not 

available in oral formulation due to poor oral bioavailability. Our comparison adds new 

data to consider alongside other antiviral activity data, safety, cost, and accessibility in 

moving forward with further exploration of these and related compounds. In parallel with 

direct comparisons in vitro, follow-up studies in animal models can be useful for 

prioritizing candidates. However, as with in vitro studies, there are caveats in interpreting 

animal models, such as substantial differences between human and mouse immune 

systems, placental structure, and fetal brain development. 

Together, our work identifies cell type specific patterns of ZIKV infection in second 

trimester human developing brain, provides experimental evidence that AXL is important 

for ZIKV infection of relevant human brain cell types, and highlights a common antibiotic 

with inhibitory activity against ZIKV in glial cells. Ongoing studies will be required to 

determine whether AZ, daptomycin, sofosbuvir, and other inhibitors or combinations are 

capable of reducing ZIKV infection in the critical cell types identified here in vivo. While 
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preventative measures such as mosquito abatement and a ZIKV vaccine are imperative for 

long-term control of this pathogen, the study of ZIKV infection of primary human tissues 

and identification of inhibitors with therapeutic potential remain important components of 

a global response to this emerging threat. 

Materials and Methods 

Detailed Materials and Methods are available in SI Materials and Methods. 

Cells and Viruses 
Cell lines were Vero cells, U87 cells, and human astrocytes derived from human 

pluripotent stem cells as previously described (Krencik et al. 2015). ZIKV strains were 

SPH2015 (Brazil 2015, ZIKV-BR), PRVABC59 (Puerto Rico 2015, ZIKV-PR), and FSS13025 

(Cambodia 2010, ZIKV-CAM). Focus forming assays and virus yield assays described in SI 

Materials and Methods. 

Brain Samples  
De-identified primary tissue samples were collected with previous patient consent 

in strict observance of the legal and institutional ethical regulations. Protocols were 

approved by the Human Gamete, Embryo and Stem Cell Research Committee 

(institutional review board) at UCSF. Organotypic slice culture was performed as 

described in SI Materials and Methods. Slices were inoculated with ZIKV or mock 

infected, fixed at 72 hpi or 5 dpi and processed for immunohistochemistry. Quantification 

was performed using Imaris v. 8.2 (Bitplane) on slices from 13-22 pcw. 
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AXL 
For 1 h prior to infection with ZIKV, cells were treated with AXL blocking antibody 

(R&D Systems AF154) or goat IgG control (R&D Systems AB108C) at 100 μg/mL, or for 

AXL kinase inhibition, with 1-3 μM R428 (APExBIO A8329) or vehicle (<0.1% DMSO). 

For CRISPRi-mediated AXL knockdown, U87 cells stably expressing dCas9-KRAB (S. J. Liu 

et al. 2016) were transduced with lentiviral particles expressing a pool of sgRNAs targeting 

AXL or an sgRNA targeting GFP as a control (see SI Materials and Methods).  

Drug Screen 
A set of 2177 FDA-approved compounds (2016 unique) from the UCSF Small 

Molecule Discovery Center were tested at a final concentration of 2 µM in Vero cells 

infected with ZIKV-BR at MOIs of 1, 3, and 10, and in U87 cells at an MOI of 3. Toxicity 

screens in uninfected Vero and U87 cells were performed in parallel. In each screen, cells 

were treated with compounds 2 h before addition of ZIKV-BR or media and incubated for 

72 h, at which point cell viability was assessed using the CellTiter-Glo 2.0 luminescent 

assay (Promega). Candidates demonstrating cell viability >2.5 fold that of untreated cells 

in every Vero cell screen were identified, and compounds of interest as positive controls 

or for potential use in pregnancy were further validated in U87 cells using ZIKV-PR (see 

below). 

Drug Validation 
U87 cells or hPSC-derived astrocytes were treated with azithromycin (Selleck 

S1835, Sigma 75199 (analytical standard), Sigma PZ0007 (HPLC-purified)), or the clinical 

preparation Zithromax (Apotex Corp NDC 60505-6076-4)), daptomycin (Sigma D2446, 
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Selleck Chemical S1373), sofosbuvir (Selleck Chemical S2794), or vehicle (PBS, ethanol or 

DMSO final concentration <0.1%) for at least 1 h, then infected with ZIKV-PR. Cell 

viability assays were performed using CellTiter-Glo as above. To assess viral envelope 

production, cells were fixed and stained at 48 hpi using anti-flavivirus envelope (clone 

D1-4G2-4-15), and then quantified either by plate imaging with automated cell counting 

in Imaris v. 8.2 (Bitplane), or by flow cytometry. 
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The human brain develops via a tightly coordinated series of molecular events that 

define regions, cell types, and connections between them (Kriegstein and Alvarez-Buylla 

2009). This orchestration is highly reproducible. While resilient to some perturbations 

(such as a multitude of genetic variation), and susceptible in ways we don’t yet understand 

to many others (such as environmental contributors to neuropsychiatric disease), the 

course of development is very clearly damaged by Zika virus and other infections of the 

fetus during pregnancy, often with debilitating consequences (Patrícia Brasil et al. 2016; 

Ostrander and Bale 2019). Damage could take the egregious form of cell death and 

immune infiltration, or simply delaying and disorganizing the normal course of 

development. 

At the outset of this project, it was unclear how Zika virus might globally affect 

development. In particular, what mechanisms of damage occurred in a complete tissue 

representing all the cell types of the developing brain? Here, I explored how the innate 

immune response contributes to dysregulated development of the human brain. The focus 

is the changes that occur in uninfected cells, in response to cytokines and other changes 

that occur in infected cells. These uninfected, bystander cells may share a large role in the 

damage that occurs in the setting of viral infection. Importantly, the mechanisms by which 

they do so that may give us insight into pathophysiology of other developmental 

abnormalities where similar systems are activated without the initial viral insult. 
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Primary human brain exhibits a strong response to RNA viruses consistent 

with type I interferon signaling 

As an initial approach I cultured organotypic slices of mid-gestation human cortical 

tissue, infected in vitro with Zika virus, and then examined the transcriptional response 

with a method that allowed resolution of the multitude of cell types in the complex tissue: 

single cell RNA sequencing (scRNASeq) (Figure 2.1). Using the 10X platform, I observed a 

strong overall response that distinguished ZIKV from mock infection, with upregulation of 

genes involved in responding to type I interferon signaling such as ISG15 and IFI6 (Figure 

2.2,Figure 2.3). While a similar set of genes was upregulated across all cell types, the 

magnitude of change was greatest in radial glia and astrocytes compared to neurons 

(Figure 2.4, Figure 2.5, Figure 2.6). In addition, a few genes exhibited some cell-type 

specificity, such as CCL8 in microglia, IFI27 primarily in glial cells, and LGALS3BP which 

increased in many cell types but was absent from microglia while its ligand, LGALS3, is 

strongly expressed (Figure 2.7, Figure 2.8, Figure 2.9). 
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Figure 2.1 Approach: scRNA-Seq on primary human fetal brain tissue after in vitro 
infection. 
Tissue from primary human brain of ages GW15-23 was cultured, infected in vitro with 
Zika virus (ZIKV) or rubella virus (RV) or treated with recombinant human interferon-beta 
protein (IFNB). At 72hrs post-treatment, tissue was dissociated and processed on the 10X 
platform  to make single-cell RNA sequencing libraries, which were processed and 
analyzed using Cell Ranger, Seurat, and custom tools.  

 
Figure 2.2 Overall transcriptional response to ZIKV vs. mock 
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Volcano plot shows fold change and significance of each gene comparing ZIKV to mock 
across 3 samples. GO terms for significant genes shown at right, highlighting common 
pathways that are upregulated in response to type I interferon signaling. 

 

 

Figure 2.3 Consistency in transcriptional response to ZIKV between replicate 
samples. 
 
 
 
 

 

Figure 2.4 Cell type classification approach for scRNAseq 
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Figure 2.5 Cell type classification in scRNAseq data. 
Across all three samples (GW15,18,21), expected cell types were identified by canonical 
markers, including neurons, interneurons, intermediate progenitor cells, radial glia and 
astrocytes, dividing cells, oligodendrocyte precursor cells, microglia, and vasculature-
associated cells. 

 

 

Figure 2.6 Strongest transcriptional response to ZIKV observed in radial glia and 
astrocytes. 
Each gene is plotted as the fraction of cells in which that gene was detected, comparing 
ZIKV vs mock, in glial cells (left) and in neurons (right). 
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Figure 2.7 Distinguishing whether cell types show fundamentally different 
responses or different amplitudes of the same response. 
Left, comparing radial glia and astroctyes to neurons, many genes are significant only for 
glia, but the strongest transcriptional changes are seen in both. Right, comparing radial 
glia and astrocytes to microglia, there may be genes that are specific to the microliga 
response such as CCL8. 

 

Figure 2.8 Cell type-specific responses to ZIKV 
Most of the strongest response genes are observed across multiple cell types. A few 
highlighted here, may be more cell type specific, e.g. IFI27 and CCL8. 
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Figure 2.9 Putative cell-type specific responses to ZIKV 
For each gene, plotting normalized expression levels in ZIKV (“stim”) and uninfected 
(“ctrl”). The strongest are upregulated in all cell types, ISG15, IFI6. In contrast, IFI27 was 
not detectable in neurons at baseline or after stimulation, and LGALS3BP was not 
detectable in microglia. Both genes increased after infection in other cell types. Notably, 
CCL8 was observed to increase primarily in microglia. 

The set of genes activated were most canonically type I interferon response genes. 

Of course, the molecular pathways downstream of the various receptors that bind different 

classes of interferons are overlapping (Schneider, Chevillotte, and Rice 2014). However, 

for this project I chose to follow the strongest candidate molecule, interferon-beta (IFNB). 

The scRNA-Seq data showed very low counts of IFNB transcripts but only in the ZIKV 

condition (as expected for potent cytokines like this), and qPCR verified that IFNB  
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Figure 2.10 Upregulation of interferon-beta (IFNB) after ZIKV infection. 
Cytokines are potent, even at low RNA and protein levels. Left, in three samples, a very 
small number of cells showed >1 count to IFNB transcripts in ZIKV. Right, performing RT-
qPCR on additional slice cultures infected with ZIKV (or non-replicating control), clearly 
showed an increase in IFNB1 transcripts. 

 

 

Figure 2.11 Similarity of transcriptional response to ZIKV and to IFNB treatment. 
Within each rough cell type grouping, the overall response to ZIKV and to IFNB was 
similar, with most genes falling along the diagonal. In neurons, IFNB had little 
transcriptional effect, but the strongest genes were still activated in both (ISG15, IFI6). 
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was upregulated in response to ZIKV infection, with a requirement for viral replication 

(Figure 2.10). In addition, the transcriptional response in 3 major cell types was similar in 

tissues infected with ZIKV or treated with recombinant IFNB (Figure 2.11). In future 

experiments, this should be distinguished from other perturbations that may cause overall 

stress to the tissue. 

Do ISG15 and USP18 provide negative feedback to terminate T1IFN 

signaling in primary human brain cells? 

In an infected cell, viral sensing leads to the rapid induction and secretion of type I 

interferons (T1IFN) including IFN-β (Isaacs and Lindenmann 2015; McNab et al. 2015). 

Through autocrine and paracrine signaling, IFN-β then initiates a cascade of events to 

amplify the upregulation of over a hundred IFN-stimulated genes (ISGs), which establish 

an antiviral state in infected and nearby cells (McNab et al. 2015). Type I IFNs have been 

shown to have a protective role against many neurotropic viruses (Perry et al. 2005; 

Delhaye et al. 2006; Lindqvist et al. 2016; Daniels et al. 2017; Préhaud et al. 2005). 

However, genetic conditions such as Aicardi-Goutières and pseudo-TORCH syndromes 

demonstrate that unmitigated IFN signaling can disrupt neurodevelopment (Aicardi and 

Goutières 1984; Knoblauch et al. 2003; Meuwissen et al. 2016). In these diseases, 

mutations in genes involved in nucleic acid clearance or sensing such as three-prime 

repair exonuclease 1 (TREX1) and interferon induced with helicase C1 (IFIH1, aka MDA-5) 

provoke constitutive type I IFN production (Crow et al. 2006; Rice et al. 2014), while 

mutations in ubiquitin-specific peptidase 18 (USP18, aka UBP43) cause unopposed 
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response (Livingston and Crow 2016). Encephalopathy develops in utero or in the first year 

of life, with features that mimic congenital viral infections such as microcephaly and 

calcifications (Livingston and Crow 2016). These paradoxical properties for type I IFNs as 

both antiviral and neurotoxic raise intriguing questions: what mechanisms, if any, limit 

immune-mediated damage in the setting of type I IFN production in the developing 

human brain? It is tempting to speculate that irreplaceable cell types, such as post-mitotic 

neurons, might be protected from immune-mediated damage, while support cells 

(astrocytes) and self-renewing cells (progenitors) assume the burden of viral control for the 

tissue, complementing the actions of professional immune cells (resident microglia and 

infiltrating lymphocytes). At the outset of this project, this model had not yet been 

explored in the developing human brain. 

I first verified and characterized the response to type I interferons observed in single 

cell sequencing via orthogonal assays. RT-qPCR showed a strong (>100 fold) and 

reproducible increase in ISG15 RNA upon ZIKV activation that depended on viral 

replication (UV-inactivated virus was non-stimulatory), as seen in Figure 2.12. An increase 

in ISG15 transcripts was likewise observed within 2 hrs and peaking ~12 hrs after treating 

primary dissociated cells or slice cultures with recombinant human IFN-B protein (Figure 

2.13). Additional genes that were increased after ZIKV infection in the pilot scRNASeq 

experiment, IFIT1, MX1, ISG15, IFI6, BST2, IFI27, and IFI44L, were also increased after 

stimulating dissociated cells with IFN-B in a dose-dependent manner and with different 

time-courses (Figure 2.14). Finally, at the protein level, stimulation of primary cells with 

recombinant human IFNB resulted in expression of USP18 which was not detectable at  
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Figure 2.12 Dramatic increase in ISG15 RNA after ZIKV infection. 
RT-qPCR quantifies ISG15  transcripts after infecting slices with ZIKV or non-replicating 
control (UV-inactivated). 

 

 

 

Figure 2.13 Rapid increase in ISG15 RNA after treatment with recombinant IFNB. 
RT-qPCR after treating dissociated cells (left) or organotypic slice culture (right) with 
recombinant human IFNB. 
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Figure 2.14 Timecourse of type I interferon activation in primary neural cells 
RT-qPCR quantifies the response observed in canonical interferon-stimulated genes after 
treatment of dissociated primary human brain cells with recombinant human IFNB. 
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baseline, by 6hrs and lasting out 

to the final timepoint at 36hrs 

(Figure 2.15). In addition, I 

observed upregulation of Stat1 

protein with a transient increase 

in phosphorylation at the Y701 

site diminished by 12 hrs post-

treatment. Together, these data 

support the strong response to 

type I interferon signaling 

observed in primary cells, 

dissociated or in the tissue 

context, comparable when 

infected with ZIKV or stimulated 

with recombinant human IFN-B. 

 For the next step, I 

attempted to knock down 

proposed negative regulators of 

the ISG response, including 

USP18 and ISG15, which are 

purported to provide negative 

feedback to turn off type I 

α-pStat1-Y701
(CST) rep2

α-Usp18

α-GAPDH

α-vinculin

α-Stat1

α-pStat1-Y701
(CST) rep1

α-pStat1-Y701
(abcam)

6 66 36 12 24 1236 3624
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Figure 2.15 Protein upregulation and activation in 
ISGs after treatment of primary human brain cells 
with recombinant human IFNB. 
Western blots show strong and persistent increase in 
protein levels of Usp18 and Stat1 after treatment with 
IFNB. Transient phosphorylation of Stat1 at the Y701 
residue primarily observed at 6 hrs post-treatment, and 
is diminished thereafter. 
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Figure 2.16 Weak response to IFNB at baseline 
and no significant difference after attempted 
knockdown of USP18 RNA by shRNAs. 
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interferon signaling (Zhang et al. 2015; Il Kim and Zhang 2005). Reduced functioning in 

these proteins is one cause of the interferonopathies that resemble congenital viral 

infections (Rodero and Crow 2016). In pilot experiments, an attempt to knock down 

USP18 (Figure 2.16) showed little effect on ISG15 RNA levels. With technical 

improvements, these experiments may yet help us understand whether similar feedback 

loops are functional in primary brain cells, which could contribute to mechanisms for 

damage. 

Future directions: functional consequences of T1IFN signaling on progenitor 

cells 

To approach the question of immune-mediated damage from another angle, I asked 

what are the functional consequences of Type I interferon signaling on development in the 

human brain. First, I stimulated human cortical slice cultures with recombinant human 

IFNB and examined the tissue by immunohistochemistry for gross effects on cell death 

(staining for cleaved caspase 3 - CC3), on proliferation (assessing incorporation of pulsed 

BrdU to estimate newborn cells and staining for Ki67 to quantify dividing cells by phase of 

cell cycle), and on changes in the population size of different cell types (staining for Pax6, 

Satb2, and Iba1 which mark progenitors, neurons for the relevant age of tissue samples, 

and microglia respectively). In all of these analyses, I observed no strong effects (Figure 

2.17, Figure 2.18, Figure 2.19, Figure 2.20, Figure 2.21), despite parallel experiments 

showing strong transcriptional responses to the same perturbations. 
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While it is possible that parameters measured are not affected at all, I suspect there 

are technical limitations that reduced my sensitivity to observe changes in the progression 

of development. In particular, these pilot experiments were done with a small number of 

samples, heterogeneity in age, and on cortical tissue but not finer regional dissection. The 

dose of IFNB and duration of treatment before fixation may also need to be varied. Finally, 

it may be important to measure other parameters, such as motility in dividing progenitors 

or microglia, which would be better assessed in live/time-lapse imaging. These data 

should not be interpreted as harmless effects of IFN-B on the brain, but rather as 

motivation to study more complete model systems such as organoids or mice, or finer 

assays with more follow-up to better characterize how an inability to turn of IFN signaling 

could lead to the abnormalities seen in genetic conditions. 

 

Figure 2.17 Cell death vs. proliferation in primary brain tissue treated with IFNB. 
Each point represents 1 field of view, fields of view taken from minimum 2 tissue slices for 
each condition/sample. No strong distinction observed between IFNB-treated and 
untreated. Regions: GZ (germinal zone), OGZB (outer germinal zone boundary), FZ 
(fibrous zone), CP (cortical plate) 
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Figure 2.18 Proliferation in germinal zone after IFNB treatment of primary brain 
tissue. 
VZ (ventricular zone); GZ (broader germinal zone). Each point represents 1 field of view, 
fields of view taken from minimum 2 tissue slices for each condition/sample. No strong 
distinction observed between IFNB-treated and untreated. VZ (ventricular zone), GZ 
(broader germinal zone). 
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Figure 2.19 Relative size of Ki67-strong germinal zone after IFNB treatment of 
primary brain tissue. 
Measured distance from ventricular edge to cortical plate, and distance of strongest Ki67 
staining. No major difference in fraction of slice exhibiting strong Ki67 staining between 
treated and control. 
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Figure 2.20 Coarse assessment of progenitors and neurons in primary brain tissue 
treated with IFNB. 
Architecture broadly conserved after treatment, with no major difference seen in overall 
number and location of neurons (Satb2) or progenitors (Pax6). 
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Figure 2.21 Coarse assessment of microglia in primary brain tissue treated with 
IFNB. 
No major differences observed in location or density of microglia (Iba1+ cells). Requires 
finer resolution to assess morphology, and live imaging to understand behavior. 
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 Tropism of rubella virus in the human developing brain 

Contributions 
Includes contributions from: Galina Schmunk (sample acquisition, assistance with 

cell culture and experiments with dissociated microglia), Tomasz Nowakowski (guidance), 

Tom Hobman (infectious clone of rubella strain M33). 
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Rubella virus was first recognized as an important human pathogen in the 1940s, 

when it was connected to congenital cataracts (Gregg 1941). During the consequent 

epidemic that spread worldwide, it was found that rubella virus infection during 

pregnancy can cause multiple congenital abnormalities in the fetus, including 

microcephaly, deafness, and various others outside of the central nervous system such as 

heart defects (Banatvala and Brown 2004). In the late 1960s, highly effective vaccines 

were developed and deployed to curb the epidemic, such that congenital rubella 

syndrome is rare in developed countries today, where vaccine coverage is generally high. 

However, there remain over 100,000 cases annually of congenital rubella infection 

worldwide, especially in lower resource settings where vaccination is incomplete, 

resulting in a large burden of disease (Grant et al. 2017). 

 Several limitations have resulted in major gaps in our understanding of the 

pathophysiology of congenital rubella syndrome. Firstly, no reliable animal models were 

well-established that recreated the CNS manifestations in the fetus (Plotkin et al. 2011). 

Secondly, the success of the vaccine dramatically reduced cases such that human 

specimens are hard to obtain today – when they were more readily available, the 

molecular techniques for investigation were more basic. Finally, and related to the 

vaccine’s success, there has simply not been enough interest in this unique virus to 

maintain research programs. Rubella virus is the only member of its family to affect 

humans, is fairly distant from other human pathogens of the Alphavirus genus such as 

chikungunya virus, and has little in common at the genomic level with other viruses that 

cause congenital abnormalities, such as cytomegalovirus, HIV, herpes viruses,  
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lymphocytic choriomeningitis virus, and zika virus. Nonetheless, approaching the 

question of viral damage to the developing human brain from multiple complementary 

angles could help elucidate mechanisms of pathology that are common to many 

pathogens, and potentially non-infectious diseases as well. 

 During the early era of Rubella virus research, the manifestations of microcephaly 

were well-established, but it was not even clear whether the virus replicated in the brain 

itself. Although viral RNA and/or antigens have been found in the CNS (Lazar et al. 2016; 

Nguyen, Pham, and Abe 2015; Monif et al. 1965; Korones et al. 1965; Esterly and 

Oppenheimer 1967) there is no direct evidence for viral replication within particular cells 

or regions of the developing brain. Furthermore, it is not well understood how the infected 

cells or nearby uninfected cells may contribute to developmental abnormalities. Here, I 

identify cell types within primary human brain tissue that are targeted by rubella virus, and 

explore the consequences of this infection. These findings and follow-up studies may 

inform our understanding of the developmental consequences of perturbing such cell 

types. Such knowledge would extend equally to understanding the pathophysiology of a 

variety of neurotropic teratogenic viruses, in addition to syndromes of immune activation 

due to genetic or environmental causes. 

Microglia are targeted by rubella virus 

The initial approach for exploring tropism of rubella virus (RV) in the human 

developing brain was to perform organotypic slice culture of primary human mid-

gestation cortical tissue, inoculate with rubella virus in culture, and then at 72 hrs post  
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Figure 3.1 Rubella virus capsid protein in microglia after infection of primary human 
brain tissue   
Immunostaining shows viral capsid protein (RV capsid) in cells labeled by Iba1 (microglia 
marker), 72 hrs after inoculation of primary human brain tissue (gestational week 18-23) in 
organotypic slice culture with rubella virus (M33 strain). Top panel, low magnification 
showing near-full slice of ~5mm in diameter, showing cluster of RVcapsid+ cells on the 
right. Lower panels, increased magnification shows individual cells, many but not all co-
labeled with RVcapsid and Iba1. 
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inoculation, immunostain to identify rubella virus antigens and co-labeling cell type 

markers. This approach, on tissue from 5 individuals, repeatedly showed immunostaining 

for rubella capsid protein in cells that stained with Iba1, a microglia marker (Error! R

eference source not found.). In a pilot experiment, slice cultures from a single individual 

inoculated with rubella or mock (supernatant from Vero cells, processed comparably to 

viral stocks) were processed for single cell RNA sequencing on the 10X platform. Although 

counts of viral RNA were low  

Table 3.1 Number of cells from single cell RNA sequencing of Rubella virus or mock-
infected organotypic slice culture with (+) or without (-) RV RNA. 
 Microglia are the predominant cell type where RV RNA was observed.  

 
Mock-infected RV-infected 

 

- + Frac RV+ - + Frac RV+ 

dividing 2471 0 0.000 1349 9 0.007 

interneuron 4252 0 0.000 3592 5 0.001 

microglia 400 0 0.000 427 67 0.157 

neuron 6502 0 0.000 6102 9 0.001 

oligo 2033 0 0.000 1292 10 0.008 

RG/astrocyte 7583 0 0.000 8300 41 0.005 

vascular 77 0 0.000 97 0 0.000 

Figure 3.2 Single cell RNA sequencing of Rubella virus (RV)- and mock-infected 
organotypic slice culture. 
 RV RNA is predominantly found in microglia (AIF1/Iba1+). 
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for this poly-adenylated transcript, they were predominantly found in microglia (Figure 

3.2, Table 3.1). Relative to microglia without viral RNA in the same inoculated sample, 

microglia with detectable rubella RNA showed upregulated SOD2 and downregulated 

SPP1, suggesting putative responses specific to microglia that are actively infected. Major 

caveats to this pilot experiment include the lack of a heat-killed virus control (only a mock 

was included), and the absence of spike-in cells (e.g. a different species) to detect ambient 

viral transcripts recovered in droplets vs. true intracellular RNA. Nonetheless, together 

with the immunohistochemistry experiments, these provide modest evidence for rubella 

virus tropism for microglia along with a smaller contribution of other cell types in the 

human developing brain. 

Viral targeting of microglia depends on context of other cell types 

Given the apparent targeting of microglia observed in slice culture, where all cell 

types of the developing brain are present apart from infiltrating immune cells, we next 

attempted to develop a culturing system based on dissociated primary cells from the same 

tissue. In developing this system, we observed that rubella virus was very rarely found in a 

highly enriched microglia population, whereas much greater immunostaining for RV 

antigens was observed in microglia that were in contact with or shared media with other 

cell types from the same tissue (Figure 3.3, data from Galina Schmunk). Notably, even in 

the absence of rubella virus, the presence of other cell types may modify the microglia 

phenotype, perhaps making microglia more susceptible to virus or more activated and 

likely to take up the virus particles. Future experiments may define which other cell types 
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are most important for this phenotype (neurons, astrocytes, radial glia, oligodendrocyte 

precursors, intermediate progenitor cells, vascular cells etc.), and which components of 

media conditioned by these cell types are relevant to the increase of RV immunoreactivity 

in microglia. 

Characterization of infection 

Given the observations of RV capsid protein and RNA in microglia after inoculating slice 

culture or dissociated cells, we next asked whether a productive infection (replication of 

viral RNA/genomes and proteins, with packaging and release of infectious virions) had 

Figure 3.3 Rubella capsid in microglia depends on presence of other cell types 
 RV capsid immunostaining in microglia (Iba1+ cells) is rare in a purified population of 
microglia (top row), but highly prevalent when microglia are in direct contact with other cell 
types including neurons and glia (bottom row), or separated by a transwell from other cell 
types with free flow of media (middle row). Microglia were isolated from a GW18 cortical 
tissue using magnetic beads expressing anti-Iba1, then cultured with or without other cell 
types from the same tissue in direct contact or in a transwell. Cells were inoculated with RV 
(MOI ~1), then fixed at 72 hrs post-inoculation and immunostained for Iba1 and RVcapsid. 
Experiments and data analysis performed by Galina Schmunk (Nowakowski Lab, UCSF). 
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taken place. In the tissue and in the supernatant after inoculating slice culture with RV, no 

detectable increase in infectious RV could be observed out to 7 days post-inoculation 

(Figure 3.4, Figure 3.5). Likewise after inoculating microglia in co-culture, compared to  

the robust viral growth curve in Vero cells, little-to-no production could be measured 

above the baseline of the inoculum (Figure 3.6). 

 

Figure 3.4 Titering and qPCR for RV in tissue at multiple days after inoculation of 
slice culture. 
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Figure 3.5 qPCR for RV in 
supernatant at multiple days after 
inoculation of slice culture 
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 Turning to the viral RNA, we next asked whether negative strand virus was 

observed, which would indicate viral replication intracellularly. Validation of the FISH 

probes specific to negative strand (-) RV in Vero cells showed that only very robustly 

infected Vero cells had an increase in negative strand viral RNA detectable by this method 

(Figure 3.7, Figure 3.8). In co-cultured microglia, RV (+) strand RNA clearly accumulated 

intracellularly, but no difference in RV (-) strand was detectable compared to a heat-killed 

virus control (Figure 3.9, Figure 3.10). Overall, these data from titering, qPCR, and FISH 

suggest that if viral replication and productive infection occurs in microglia, it is not 

extensive. Given the technical limitations of sensitivity in these assays, confirmation of 

viral replication could be achieved using an engineered RV strain that expresses a marker, 

only when viral replication occurs, such as the fluorophore- p150 fusion strains (Sakata et 

al. 2014; Matthews and Frey 2012). I have generated a GFP strain of the M33 rubella virus 

(Figure 3.11), which can be used to test viral replication in microglia and other cell types.  

Figure 3.6 Titering for RV in supernatant at multiple days after inoculation of Vero 
cells or primary microglia in co-culture. 
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Figure 3.7 Validation of FISH probes and anti-RV capsid antibody for detection of 
rubella virus. 
 

 

Figure 3.8 Validation of negative strand FISH on RV-infected Vero cells. 
Dots for each probe were counted within the cell boundaries, as defined by wheat germ 
agglutinate-405 fluorescent dye, ofRV-infected cells, with Zika virus infection as a 
control.nCounts displayed separately for cells that wereweakly (1) or strongly (2/3) 
immunostained for RV capsid. 
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Figure 3.9 RV (+) strand accumulates in cells with anti-RV capsid. 
RVHI = heat-inactivated rubella virus. RVinf = infected with rubella virus. RVcap = RV 
capsid. 

 

Figure 3.10 Assessment of RV (-) strand RNA in microglia by FISH. 
No detectable difference in RV (-) strand RNA in microglia with or without anti-RVcapsid 
staining, or with or without RV (+) strandRNA. Mock = mock-infected. RVHI = heat-
inactivated rubella virus. RVinf = infected with rubella virus. RVcap = RV capsid. 



 

 
72 

 

Figure 3.11 RV M33 strain with inserted GFP, expressed as fusion to p150. 
Vero cells shown at 72h after inoculation with P1 of IVT-RNA launched viruses.Substantial 
cytopathic effect apparent in wildtype M33, and modest cytopathic effect in M33_p150-
GFP-linker with expression of GFP clearly visible. 

Future directions: consequences of viral infection for development 

The findings above raise several questions for follow-up. Is microglia activation 

required for infection? What components of the conditioned media make microglia 

susceptible? Ideally, the tropism of the virus for microglia could be assessed if tissue were 

available from natural infections in congenital rubella syndrome cases. Having defined 

tropism, one might ask why microglia rather than other cell types? Putative entry factors 

such as sphingomyelin, cholesterol, and MOG (Otsuki et al. 2017; Cong, Jiang, and Tien 

2011), are not specific to microglia at the transcriptional level in our single cell 

sequencing data. One could test whether inhibition of the sphingomyelin pathway affects 

susceptibility, or more broadly, screen for host dependency factors for rubella in microglia 

to identify putative cell-type specific factors. 

GFP

BF

Uninfected + M33_wt + M33_p150-GFP + M33_p150-GFP-linker

Veros, 72h after inoculation with P1 of new IVT-RNA launched viruses
3/7/2020
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In addition, the consequences of infection are important. I observe a strong 

transcriptional change in microglia and other cell types that is most similar to response to 

type I interferons, as discussed in Chapter 2. How do those transcriptional changes affect 

microglia morphology and behavior in a slice or organoid or animal model? One might 

activate or infect primary human microglia then transplant into a mouse to model such a 

scenario. Importantly, what are the lasting consequences of these changes? Perhaps what 

we learn from microglia targeted by rubella virus could help us understand mechanisms 

when development goes awry in the setting of other viral infections, or in genetic 

syndromes that prevent normal regulation of interferon responses. 
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Abstract 

Objective:  To identify molecular correlates of primary angiitis of the central nervous 

system (PACNS) through proteomic analysis of cerebrospinal fluid (CSF) from a biopsy-

proven patient cohort.  

Methods: Using mass spectrometry, the CSF proteome of biopsy-proven PACNS patients 

(n=8) was quantitatively compared to CSF from individuals with non-inflammatory 

conditions (n=11). Significantly enriched molecular pathways were identified using a gene 

ontology workflow, and high confidence hits within enriched pathways (fold change >1.5 

and concordant Benjamini-Hochberg-adjusted p-value <0.05 on DESeq and t-test) were 

identified as differentially regulated proteins.  

Results: Compared to non-inflammatory controls, 283 proteins were differentially 

expressed in PACNS patient CSF, with significant enrichment of the complement cascade 

pathway (C4-binding protein, CD55, CD59, properdin, complement C5, complement C8 

and complement C9) and neural cell adhesion molecules.  A subset of clinically relevant 

findings was validated by western blot and commercial ELISA.  

Conclusions: In this exploratory study we found evidence of deregulation of the alternative 

complement cascade in CSF from biopsy-proven PACNS as compared to non-

inflammatory controls. More specifically, several regulators of the C3 and C5 convertases 

and components of the terminal cascade were significantly altered. These preliminary 

findings shed light on a previously unappreciated similarity between PACNS and systemic 

vasculitides, especially Anti-Neutrophil Cytoplasmic Antibody (ANCA)-associated 
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vasculitis. The therapeutic implications of this common biology, and the diagnostic and/or 

therapeutic utility of individual proteomic findings warrant validation in larger cohorts. 

Introduction 

Primary angiitis of the central nervous system (PACNS) is a severe inflammatory 

disease affecting the blood vessel walls in the brain, spinal cord and meninges(Hajj-Ali and 

Calabrese 2013). Without treatment, PACNS is frequently progressive(Salvarani et al. 

2015),(Byram, Hajj-Ali, and Calabrese 2018). Although broadly acting immunosuppressants 

prevent mortality in ~80% of patients, these medications have adverse side effects and 

nearly half of patients relapse with debilitating neurological symptoms(Hutchinson et al. 

2010b). The basis for the variable response to therapy is unknown and cannot be 

reconciled with clinical data alone (Byram, Hajj-Ali, and Calabrese 2018).  The lack of 

molecular tools to aid in the clinical investigation of PACNS is an obstacle to improving 

patient outcomes.  

Due to the low prevalence of PACNS and lack of available mouse models, the 

molecular pathogenesis in PACNS is poorly understood (Alba et al. 2011).  To elucidate 

molecular correlates, a proteomic survey of patient CSF using mass spectrometry is a 

compelling approach. CSF is an accessible biologic fluid that circulates throughout the 

meninges and parameningeal structures of the brain and spinal cord. Molecular analysis of 

CSF can provide diagnostic information regarding disease pathologies occurring within 

these regions (Hajj-Ali and Calabrese 2013; Bastos et al. 2017). CSF abnormalities, 

including increased protein content, are observed in ~90% of PACNS patients, and 
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reversal of CSF abnormalities correlate with improved patient outcomes (Oliveira et al. 

1994). Previous attempts to characterize molecular abnormalities in PACNS CSF have 

been made, but without the benefit of biopsy-proven disease (Ruland et al. 2018).  

Here, we perform an unbiased proteomic analysis comparing the CSF profiles of 

biopsy-proven PACNS patients to those of non-inflammatory controls (NIC) and controls 

with reversible cerebral vasoconstriction syndrome (RCVS). Our goal was to identify 

candidate proteins and molecular pathways involved in the chronic inflammatory 

pathophysiology of PACNS and to highlight molecular targets for future therapeutic and 

diagnostic studies. 

Methods 

Full details regarding molecular protocols, including mass spectrometry and orthogonal 

validations, can be found in Appendix e-1. 

Patient recruitment and study protocol.  

PACNS and NIC patients were recruited as part of a larger study analyzing 

biological samples from patients with suspected neuroinflammatory disease at UCSF. The 

UCSF Institutional Review Board (IRB) approved the study protocol, and participants or 

their surrogates provided written informed consent. RCVS controls were recruited as part 

of a larger study analyzing biological samples from patients with CNS vascular disorders at 

Cleveland Clinic. The Cleveland Clinic IRB approved the study protocol, and participants 

or their surrogates provided written informed consent. PACNS and RCVS patients were 
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diagnosed according to standard clinical diagnostic criteria, including neuropathology 

evaluation in all of the patients diagnosed with PACNS.  

PACNS Clinical Vignettes 
Patient 1 

A previously healthy 50-year-old woman developed mild headaches with episodic, 

migrainous features including visual auras together with worsening "mental fogging" 

independent of the headaches, all of which worsened over 4 years. At that time, she was 

discovered to have a thoracic myelopathy on exam and inflammatory CSF of unclear 

etiology. On magnetic resonance imaging (MRI), she was found to have a thoracic 

myelitis with nodular leptomeningeal enhancement throughout the spine and the brain. 

An MR angiogram of the head and neck was unremarkable. A brain biopsy revealed 

evidence for a small vessel vasculitis and chronic meningitis. An extensive work-up for 

neoplastic, infectious and other autoimmune etiologies was unrevealing. The CSF profile 

from a sample from later in the patient’s clinical course was used for this study and 

showed a white blood cell (WBC) count of 2 cells/uL (66% lymphocytes, 34% monocytes) 

(0-5 cells/uL), red blood cell (RBC) count of 0 cells/uL (0-5 cells/uL), glucose 45 mg/dL 

(45-80 mg/dL), total protein 192 mg/dL (15-45 mg/dL), IgG index 1.8 (<0.6) and greater 

than 5 unique oligoclonal bands (OCBs) (£1 band). 

Patient 2 
A 39-year-old woman with a history of ulcerative colitis well controlled on 

mesalamine and oral budesonide developed increasing fatigue and increasingly painful, 

new left-sided headaches and left facial paresthesias over 6 weeks to the point that they 
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prompted hospitalization. A brain MRI revealed T2 hyperintensities in a gyriform pattern 

over the left parietal and temporal lobes with associated leptomeningeal enhancement. A 

CSF examination revealed a WBC count of 15 cells/uL (54% lymphocytes, 39% 

granulocytes, 7% other), an RBC count of 0 cells/uL, glucose 65 mg/dL, total protein 50 

mg/dL and 0 OCBs. A CT angiogram of the head and neck was unremarkable except for 

the “suggestion of mild smooth narrowing of the left carotid artery terminus and left M1 

segment of the middle cerebral artery”. Over the next few days, the patient developed 

aphasia and apraxia that prompted a brain biopsy which revealed a small vessel vasculitis. 

Extensive work-up for neoplastic, infectious and other autoimmune etiologies was 

unrevealing.  

Patient 3 
A 56-year-old man was hospitalized for rapid cognitive decline and was also found 

to have bilateral papilledema and a left abducens nerve palsy on exam. He had extensive 

confluent white matter T2 hyperintensities and multiple small areas of restricted diffusion 

consistent with acute infarcts on brain MRI. An MR angiogram of the head and neck was 

unremarkable. A CSF examination showed a WBC count of 26 cells/uL (53% neutrophils, 

39% lymphocytes, 8% monocytes), RBC count of 3,275 cells/uL, glucose 60 mg/dL, total 

protein 141 mg/dL and an IgG index of 0.9. An extra-ventricular drain was placed for 

elevated intracranial pressure, and a brain biopsy revealed a small vessel vasculitis. 

Extensive work-up for neoplastic, infectious and other autoimmune etiologies was 

unrevealing. 
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Patient 4 
A 55-year-old woman with a history of non-insulin dependent diabetes mellitus 

had progressive difficulty walking over 6 months before she acutely lost sensation in her 

right leg and developed severe urinary retention. She was found to have a longitudinally 

extensive transverse myelitis on MRI and a CSF examination that revealed a WBC count of 

8 cells/uL, an RBC count of 1 cell/uL, glucose 92 mg/dL, total protein 99 mg/dL, IgG index 

0.57, and 1 unique OCB. Despite initial attempts at immunosuppression with 

glucocorticoids, the patient developed new weakness in her left leg and urinary and fecal 

incontinence. Serial imaging revealed new inflammatory lesions in the cerebellum and 

overlying leptomeninges. All vascular imaging including a cerebral and spinal angiogram 

was unremarkable. A brain biopsy revealed a small vessel vasculitis. Extensive work-up for 

neoplastic, infectious and other autoimmune etiologies was unrevealing.  

Patient 5 
A 36-year-old man with a history of possible relapsing polychondritis, with one 

episode of ear chondritis, presented with a few weeks of new onset daily headaches and 

fatigue followed by visual hallucinations that prompted a neurologic evaluation. A CSF 

examination revealed a WBC count of 6 cells/uL (60% lymphocytes, 22% monocytes, 

18% neutrophils), an RBC count of 3 cells/uL, glucose 51 mg/dL, total protein 27 mg/dL, 

and an IgG index of 1.62. A brain MRI revealed patchy leptomeningeal enhancement, 

multiple areas of T2 hyperintensity with patchy gadolinium enhancement and multifocal 

areas of restricted diffusion consistent with acute infarcts. An MR angiogram of the head 

was normal, but a cerebral angiogram showed diffuse vasculopathy bilaterally in the distal 
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vasculature (i.e., M3, M4, ophthalmic arteries, P3 and P4 vessels). A brain biopsy showed 

small vessel vasculitis. Extensive work-up for neoplastic, infectious and other autoimmune 

etiologies was unrevealing. 

Patient 6 
A previously healthy 57-year-old woman presented with 2 months of new onset 

headaches with visual aura, 10 days of dizziness and vertigo and an isolated episode of 

hemi-body sensory symptoms who was found to have a subarachnoid T2 hyperintensity 

on brain MRI and faint leptomeningeal enhancement. A CT angiogram of the head and 

neck was normal. CSF examination revealed a WBC count of 31 cells/uL (90% 

lymphocytes, 6% monocytes, 2% neutrophils, 1% eosinophils and 1% unidentified), an 

RBC count of 102 cells/uL, glucose 54 mg/dL, total protein 75 mg/dL, IgG index 2.02 and 

more than 2 unique OCBs. and a brain biopsy revealed a small vessel vasculitis. Extensive 

work-up for neoplastic, infectious and other autoimmune etiologies was unrevealing. 

Patient 7 
A previously healthy 13-year-old girl presented with fever, headache, altered 

mental status and seizure and was found to have uni-hemispheric, subcortical T2 

hyperintense lesions on brain MRI, many of which enhanced with gadolinium. An MR 

angiogram of the head and neck was unremarkable. A CSF exam revealed a WBC count of 

11 cells/uL (84% lymphocytes, 16% monocytes), an RBC count of 6 cells/uL, glucose 49 

mg/dL, total protein 37 mg/dL and more than 5 unique OCBs. Brain biopsy revealed a 

small vessel vasculitis. Extensive work-up for neoplastic, infectious and other autoimmune 

etiologies was unrevealing. 
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Patient 8 
A 51-year-old man with a history of atrial fibrillation, hypertension and seizure 

presented with bony aches and migratory joint pains that went away and were followed 

months later with bilateral episcleritis, fever, numbness in his feet and confusion. A brain 

MRI showed leptomeningeal enhancement and overlying multifocal areas of swollen and 

T2 hyperintense cortex and possible subcortical U-fiber enhancement. An MR angiogram 

of the head and neck was unremarkable. CSF examination showed revealed a WBC count 

of 3 cells/uL (82% lymphocytes, 12% monocytes, 6% neutrophils), an RBC count of 1 

cell/uL, glucose 59 mg/dL, total protein 42 mg/dL, IgG index 0.7 and 5 unique OCBs. The 

clinical impression by the treating neurologist was that the systemic symptoms were 

unrelated to the patient’s neuroinflammatory disease. A brain biopsy revealed a small 

vessel vasculitis. Extensive work-up for neoplastic, infectious and other autoimmune 

etiologies was unrevealing. 

RCVS Clinical Vignettes 
Patient 9 

A 54-year-old woman with a history of hepatitis C virus infection and epilepsy, 

presented with  altered mental status, dysarthria, expressive aphasia, and left greater than 

right-sided weakness. An MR angiogram of the head revealed irregularities of the right 

anterior cerebral artery and left internal carotid artery. A cerebral angiogram showed 

narrowing and beading in multiple vessels including the basilar artery, bilateral posterior 

cerebral arteries, and the left M1 and A1 segments. There was also focal beading in the 

distal left anterior and middle cerebral arteries and an aneurysm at the origin of the right 
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temporal artery. Her CSF profile revealed a WBC count of 11 cells/uL (93% lymphocytes, 

3% monocytes, 4% other), an RBC count of 340 cells/uL, glucose 57 mg/dL, total protein 

22 mg/dL and no OCBs. She started on calcium channel blockers and repeated MRA of 

intracranial vessel 10 days later with marked improvement in the intracranial vessel 

abnormalities. 

Patient 10 
A 33-year-old woman presented with a sudden-onset, thunderclap headache that 

was clearly different from her typical migraine headaches. A CT angiogram of the head a 

non-contrast head CT revealed diffuse beading of the vasculature throughout the anterior 

and posterior circulation, and a parietal subarachnoid hemorrhage, respectively. A 

cerebral angiogram similarly found segmental irregularities of the intracranial vessels of 

the distal left anterior circulation.  Her CSF profiled revealed a WBC count of 1 cell/uL 

(82% lymphocytes, 8% monocytes, 10% other), an RBC count of 1,150 cells/uL, glucose 

65 mg/dL, total protein 115 mg/dL and an IgG index of 1.0. The patient was started on 

calcium channel blockers and had a rapid resolution of her symptoms and no disease 

recurrence.  

Patient 11 
A 57-year-old woman with a history of depression treated with citalopram and 

bupropion hydrochloride presented with 4 days of dizziness, lightheadedness, left greater 

than right leg weakness and falls followed by a rapid decline in mental status was found to 

have large areas of restricted diffusion in the bilateral parietal lobes on brain MRI. She 

became unresponsive and was intubated and transferred to the intensive care unit. A CT 
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angiogram of the head revealed irregularities in the distal portions of the anterior cerebral 

arteries, and a cerebral angiogram was similarly consistent with vasospasm. A CSF exam 

revealed a WBC count of 1 cell/uL, an RBC count of 29 cells/uL, glucose 95 mg/dL, and 

total protein 22 mg/dL. The patient improved clinically and radiologically after  

administration of intra-arterial nicardipine and verapamil. She was started on a calcium 

channel blocker, and citalopram and bupropion hydrochloride were discontinued.  

Patient 12 
A previously healthy 30-year-old woman was admitted with new left-sided 

weakness and severe hypothermia after experiencing new onset, recurrent thunderclap 

headaches for 2 weeks. A CT angiogram of the head and neck showed multiple foci of 

intracranial vascular narrowing in the bilateral anterior cerebral arteries, middle cerebral 

arteries and posterior cerebral arteries which was corroborated by a cerebral angiogram. A 

brain MRI showed acute bilateral subcortical infarcts. A high resolution brain MRI found 

no evidence of abnormal vessel wall enhancement. Her CSF exam revealed a WBC count 

of 0 cells/uL, an RBC count of 133 cells/uL, glucose 78 mg/dL, and a total protein of 33 

mg/dL. She was started on calcium channel blockers and improved clinically and 

radiographically. 

Mass Spectrometry 
Total protein concentration in patient CSF was determined to be 0.1–0.6 mg/ml by 

Bradford assay (Sigma, B6916). A total of five micrograms of protein was used from each 

patient CSF sample for LC-MS/MS analysis. See Supplementary Appendix e-1 (data 

available from Dryad) for full details regarding sample processing and data acquisition.  
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Statistical Analyses 
The following statistical analyses were performed in R v.3.4.1. For comparative 

analyses of the individual CSF proteomes, spectral counts were aggregated by protein (i.e., 

protein abundance) for each sample. The protein abundances for the unique 1,043 

proteins identified in CSF were compared between PACNS (n= 8) and NIC (n= 11) cohorts 

using two statistical approaches commonly used for mass spectrometry datasets, DESeq2 

v.3.7 and t-test9,10. DESeq2: this package utilizes a method based on the negative 

binomial distribution to assess differential expression in count data. Spectral counts for all 

1,043 unique proteins were used as the input for this package, which was then run with 

default settings. T-test: Spectral count values of zero were first replaced with counts of 

0.16, a value empirically determined to best approximate normal distributions for each 

protein within the NIC samples. Spectral counts were then divided by the sum of spectral 

counts for each sample and multiplied by 10,000, generating “normalized” spectral 

counts. Only proteins at sufficient abundance were considered in the t-test, defined as 

having a sum across all NIC and PACNS samples of ≥10 normalized spectral counts, and 

being observed in at least five of the combined group of NIC and PACNS samples. 

Normalized spectral counts for these 713 abundant proteins were then transformed by 

natural logarithm to avoid large differences in variances for different proteins, and then 

analyzed using two-sided t-tests assuming unequal variance to compare abundances 

between PACNS and NIC cohorts for each protein. The resulting p-values were then 

adjusted for multiple comparisons using the Benjamini-Hochberg (BH) method. 
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Table 4.1 Demographics and clinic features of the PACNS, RCVS, and NIC cohorts 

 PACNS (n=8) ID 
1-8 

RCVS (n=4) 
ID 9-12 

NIC (n=11) 
ID 13-23 

Age, median (range) 51 (13-57) 44 (30-57) 48 (31-62) 
Female, n (%) 5 (63) 4 (100) 8 (73) 
Immunosuppression at time of CSF 
samplinga, n (%) 5 (63) 1 (25) 0 

Brain imaging, n (%)    
    Angiographic abnormalityb 2 (25) 4 (100) — 
    Abnormal leptomeningeal 
    enhancement on MRI 7 (88) 0 — 

CSF parameters, median (range)    
    White blood cell count, cells/mm3 10 (2-31) 1 (0-11) — 
    Protein level, mg/dL 63 (27-192) 28 (22-115) — 
    Glucose, mg/dL 57 (45-92) 72 (57-95) — 
    IgG indexc 1.26 (0.57-2.02) — — 
    ≥2 CNS-specific OCBsc, n (%) 4 (67) — — 
Biopsy of CNS blood vessels, n (%)    
    Perivascular and intramural  
    inflammation with vessel wall damage 8 (100) — — 

        Lymphocytic 8 (100) — — 
        Granulomatous 1 (13) — — 
        Small to medium vessels 8 (100) — — 
Clinical course on follow-up, n (%)    
    Monophasic, resolved 0 4 (100) — 
    Active disease 3 (38) 0 — 
    In remission with immunosuppression 4 (50) 0 — 
    In remission, off immunosuppression 1 (13) 0 — 
Abbreviations: IgG = immunoglobulin G; NIC = noninflammatory control; OCB = oligoclonal bands; 
PACNS = primary angiitis of the CNS; RCVS = reversiblecerebral vasoconstriction; WBC = white 
blood cell. 
a Receiving immunosuppressive therapy at time of CSF sampling, including prednisone, budesonide, 
mesalamine, or cyclophosphamide. 
b On imaging modalities, including magnetic resonance angiography, CT angiography, or cerebral 
angiogram. 
c Calculated for 6 of 8 patients with PACNS in whom assay was performed. In patients with RCVS, the 
IgG index either was not assayed or was normal, and theOCB pattern either was not assessed or 
showed no CNS-specific OCBs. 
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Fold changes were calculated as the ratio between the mean of PACNS and NIC samples 

for each protein. In our conservative approach, only proteins that were significantly 

different (fold change > 1.5 and BH-adjusted p-value < 0.05) between PACNS and NIC in 

both tests were considered differentially regulated proteins in PACNS. Due to the low 

sample number in the RCVS cohort (n = 4) this comparative statistical analysis was 

restricted to the PACNS and NIC cohorts only.  

Unbiased hierarchical clustering was performed using numpy (v1.15.0) and 

seaborn (v0.9.0) packages in python (v3.7.0). For this analysis, abundant proteins across 

PACNS, NIC, and RCVS samples were grouped to combine counts for isoforms of the 

same protein with shared peptides (peptides mapping to multiple isoforms). Proteins and 

samples were then clustered by applying an unweighted pair group method with 

arithmetic mean (UPGMA) to the correlation distance matrix. 

Molecular Pathway Enrichment Analysis 
Pathway Enrichment analysis was performed using the Database for Annotation, 

Visualization and Integrated Discovery (DAVID) Bioinformatics resource 

(https://david.ncifcrf.gov/).  For enrichment analysis, the 222 downregulated proteins and 

61 upregulated proteins in PACNS were analyzed against the CSF background of all 1,043 

observed proteins. For 50 of the proteins most highly downregulated in PACNS, 

annotations for transmembrane and topological domains were retrieved from UniProt. The 

location of these domains, as well as the location of peptides observed in the NIC samples 

by mass spectrometry were then mapped onto the protein chains. 
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Data Availability  
Raw mass spectrometry data files and peak list files have been deposited at 

ProteoSAFE (http://massive.ucsd.edu) with accession number MSV000082129.  

Results 

Summary of clinical characteristics 
In addition to the individual patient vignettes above, an aggregated summary of 

patient demographics, clinical features, imaging abnormalities and clinical CSF 

parameters for the PACNS, NIC and RCVS cohorts is provided for comparison in   
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Table 4.1. The majority of our biopsy-proven PACNS patients were refractory to 

initial treatment strategies or notably, all PACNS patients had a chronic disease course, as 

compared to the monophasic nature of RCVS. 

All eight PACNS patients had a brain biopsy with documented transmural 

inflammation and vessel wall damage of small to medium-sized vessels in the brain 

parenchyma and/or meninges ( 

Figure 4.1). A single patient’s biopsy was described as having granulomatous 

vasculitis; the remainder were lymphocytic. Biopsies were not performed in RCVS or NIC 

individuals. No PACNS patient had evidence of amyloid angiitis or systemic vasculitis. All 

required continual immunosuppression to achieve remission. patients tested negative for 

anti-Neutrophil Cytoplasmic Antibody (ANCA)-associated vasculitis. 
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Figure 4.1 Demonstrative biopsies from patients with primary angiitis of the CNS 
(PACNS).  
Biopsies from all patients in our primary angiitis of the CNS (PACNS) cohort (n = 8) 
showed inflammation of small to medium-sized CNS blood vessels. (A)  Representative 
images from a patient biopsy (patient 3) demonstrating several hallmark features of 
PACNS histopathology, including (I)perivascular inflammation, (II) intra-mural 
inflammation with thickening of blood vessel wall, (III) leptomeningeal inflammation, and 
(IV) rupture of blood vessel wall. (B) Additional section of meningeal vessels (brain 
parenchyma, bottom left), showing transmural inflammation. (C) Immunohistochemistry 
with anti-CD3 shows enrichment of T cells among immune cell infiltrates corresponding to 
panel A. (D) High magnification of perivascular and intramural inflammation. Arrowheads 
in the inset indicate mononuclear lymphocytes. Tissue sections were stained with 
hematoxylin and eosin unless otherwise noted. Scale bar,100�m. 
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Unbiased discovery of a putative molecular phenotype in PACNS  
CSF samples from PACNS (n=8), RCVS (n=4), and NIC (n=11) individuals were 

analyzed by mass spectrometry. A total of 1,043 proteins were identified across all cohorts 

(Appendix e-2). Unbiased clustering of individuals based on the normalized protein 

counts showed that patients with PACNS were more similar to each other than to 

individuals in the RCVS and NIC cohorts (Figure 4.2).  

  

Figure 4.2 Unbiased clustering of patients by CSF proteome.  
Dendrogram (left) depicts the distance between samples (sample identifiers shown at 
branch tips). Two major clusters emerge from an unbiased clustering analysis: top, 
containing mostly primary angiitis of the CNS (PACNS) samples (purple); and bottom, 
containing noninflammatory control (light green) and reversible cerebral 
vasoconstriction (dark green) samples. Heat map displays levels of 651 proteins for every 
sample as a by-protein zscore. Hierarchical clustering was performed by applying the 
unweighted pair group method with arithmetic mean method to the correlation distance 
matrix. Length of horizontal lines on the dendrogram represents the distance between 
samples. 
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Defining differentially expressed proteins and molecular pathways in PACNS  
To identify specific proteins that distinguish PACNS from NIC, we compared 

protein abundances in PACNS versus NIC. We identified 283 proteins that had statistically 

significant differential regulation in PACNS, with 61 up-regulated and 222 down-regulated 

proteins compared to NIC (Appendix e-3). Pathway enrichment analysis showed 

significant enrichment for KEGG pathways “Complement and Coagulation Cascades” 

(adjusted p-value < 0.05) and “Cell Adhesion Molecules” (adjusted p-value < 0.01). 

Differentially expressed proteins in PACNS relative to NIC are shown in Figure 4.3. 

Although statistical analyses were not performed on the RCVS cohort due to the small 

number of patients, the relative protein abundances are displayed for qualitative 

comparison.  Note that RCVS patients have elevated levels of serum-derived proteins 

(Hemoglobin, Serum Amyloid 1, Serum Amyloid 2, carbonic anhydrase) similar to 

PACNS, but show minimal evidence of complement protein dysregulation. There are 

many significantly altered proteins within the complement pathway in PACNS, including 

Decay Accelerating Factor (CD55), MAC-Inhibitory Protein (CD59), properdin (CFP), 

Complement C4 Binding Protein A (C4BPA), Complement C4 Binding Protein B (C4BPB), 

Ficolin-3 (FCN3), Carboxypeptidase N catalytic chain (CPN1), Carboxypeptidase N 

subunit 2 (CPN2), Complement C5 (C5), C8, and C9. 

The enrichment for “Cell Adhesion Molecules” was driven by 22 proteins down-

regulated in PACNS compared to NIC. More specifically, these proteins are 

transmembrane cell adhesion molecules expressed in neural tissue. Manual inspection of 
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Figure 4.3 Comparison of 
discriminating proteins across 
cohorts.  
Relative protein abundances for a 
subset of differentially regulated 
proteins in primary angiitis of the CNS 
(PACNS) vs noninflammatory control 
(NIC) are reported. Proteins 
representing the statistically significantly 
enriched pathways cell adhesion 
molecules and complement and 
coagulation cascades are included, as 
well as a subset of proteins manually 
curated to reflect findings of significant 
clinical interest, with functional 
classifiers informed by Database for 
Annotation, Visualization and Integrated 
Discovery and KEGG annotations. Heat 
map displays relative protein 
abundance across individual samples 
(PACNS n = 8,NIC n= 11, and reversible 
cerebral vasoconstriction[RCVS], n= 
4),plotted as the zscore of the 
normalized spectral counts. Differential 
expression was evaluated with DESeq2 
and the ttest (see Methods), with 
significance defined as having fold 
change >1.5 and Benjamini-Hochberg–
adjusted p<0.05for both tests 
(*p<0.05,**p≤0.01, ***p≤0.001). 
n.s.=not significant. 
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the remaining 200 down-

regulated proteins revealed 

many more proteins that 

have roles in neural cell 

adhesion and contain 

transmembrane domains, 

including Amyloid Beta 

(APP), despite the absence of 

these proteins in the core set 

of the KEGG “Cell Adhesion 

Molecules” pathway. We 

localized the recovered 

peptides from mass 

spectrometry according to 

protein domain annotations 

assigned by UniProt and 

found that NIC CSF contained 

peptides specifically from the 

extracellular domains of 

transmembrane proteins 

which are down-regulated in 

PACNS CSF (Figure 4.4, 

Figure 4.4 Enrichment of peptides in extracellular 
domains in proteins downregulated in PACNS. 
A subset of proteins that are strongly downregulated in 
primary angiitis of the CNS (PACNS) compared to 
noninflammatory control (NIC) are shown with UniProt 
annotations for  transmembrane  and  topologic domains. 
Locations of peptides from mass spectrometry of NIC 
samples are plotted. Note the absence of peptides from 
cytoplasmic regions of proteins with transmembrane 
domains 
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Figure 4.5). In addition, we noted several significant findings that do not correspond to a 

specific pathway but pique clinical interest. These findings include elevated levels of 

immunoglobulins (IgM and IgA) and apolipoproteins (including ApolipopoteinB100 

(ApoB100) and lipoprotein(a) (LPA)) in PACNS. 

Orthogonal Confirmation 
To validate our technical approach, we reproduced a subset of findings by western 

blot and commercial ELISA. Due to the potential clinical and therapeutic implications of 

identifying a role for the alternative complement cascade in PACNS, specifically 

complement C5, we validated elevated C5 levels in PACNS CSF through western blotting 

with commercial antibody and commercial ELISA (Supplementary Figure e-1, 

Supplementary Figure e-2, data available from Dryad). Notably, the relative C5 levels by 

mass spectrometry analysis and by ELISA are correlated, suggesting that the variation in 

these data across patients is reproducible across technical approaches. The substantial 

changes in IgM and IgA levels identified by mass spectrometry were also reproduced 

orthogonally through western blotting.  

Discussion 

In this exploratory study, a mass spectrometry-based approach was used to 

characterize the CSF proteome associated with ongoing PACNS pathology relative to non-

inflammatory disease, with the intention to discover new diagnostic and/or therapeutic 

candidates. Currently, the diagnosis of PACNS remains challenging (Byram, Hajj-Ali, and 

Calabrese 2018). The diagnostics criteria for PACNS, including CSF cytology, imaging  
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Figure 4.5 Molecular phenotype in primary angiitis of the CNS (PACNS) CSF is 
informed by proteomic comparison of CSF between PACNS and noninflammatory 
control (NIC) cohorts. 
 Molecular data are overlaid onto the complement cascade pathway (adapted from KEGG, 
hsa04610). Fold change in protein abundance between PACNS and NIC was evaluated 
for all proteins annotated in the pathway. Proteins are reported as elevated (red, >1.5 fold 
significant increase in PACNS), unchanged (pink, not significantly changed in PACNS), 
decreased (blue, >1.5 fold significant reduction in PACNS), or not observed (white, no 
abundance in NIC or PACNS). The prediction for C3 and C5 convertase activity (activated, 
yellow; inhibited, gray) is informed specifically by molecular changes observed in the 
complement regulatory proteins CFP, complement C4 binding protein (C4BP), CD59, and 
CD55. The proposed model predicts a shift toward activation of the alternative pathway 
(CFP, CD55), active inhibition of classical pathway (C4BPA and C4BPB), and elevated 
signaling from the terminal cascade (CD59). 
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abnormalities, and neurological manifestations, are largely non-specific and long-term 

outcomes are variable (Hajj-Ali and Calabrese 2013),(Salvarani et al. 2007). Several of 

these features, including elevated protein and imaging abnormalities, are also observed in 

individuals diagnosed with an early mimic, RCVS, as detailed in the clinical summary of 

our patient cohorts (Table 1) and individualized clinical vignettes (Methods) for PACNS 

and RCVS patients (Ducros et al. 2007)(Rocha et al. 2019). We restricted our analyses to 

patients with biopsy-proven PACNS to enhance the rigor of this exploratory study and to 

ensure that our molecular data was most closely correlated to the key features that 

associate with PACNS pathology (D. V Miller et al. 2009).  

Our findings highlight the complement cascade as a significant feature of PACNS 

CSF. We find up to 12 significantly, dysregulated proteins in PACNS CSF that function 

within the complement cascade pathway and these changes are highly reproducible 

across the PACNS patient cohort. In addition, the proteomic changes within the 

complement pathway are specific, affecting the alternative and terminal cascade only, and 

include changes in transient, fluid phase regulators, whose presence/alteration are 

suggestive of an ongoing pathological process (Thurman and Holers 2006). Lastly, the 

robust changes in complement are not observed in patients with RCVS that, early in the 

disease course, can mimic PACNS clinically and radiologically but does not manifest with 

chronic inflammation (Ducros et al. 2007), (de Boysson et al. 2018). Thus, changes in the 

complement pathway in PACNS are unlikely due to secondary processes from acute 

vascular injury alone. Taken together, these data suggest that differential expression of the 



 

 
100 

complement pathway is a potential correlate of the ongoing inflammatory processes in 

PACNS. 

The specific proteomic findings within the complement cascade have predictable 

consequences on complement pathway function in PACNS. The complement cascade is 

one of the primary effector systems of an immunologically induced inflammatory reaction, 

that can be triggered via two separate proteolytic pathways, the classical pathway 

(homologous to the lectin pathway) and the alternative pathway (Gigli 1976) (Thurman 

and Holers 2006). Signaling events from the classical pathway and alternative pathway 

converge onto a common effector pathway, known as the terminal cascade, which 

enables lysis and phagocytosis of foreign/inflammatory material. The alternative pathway 

and classical pathways are molecularly unique at the level of the Complement C3 (C3) 

and C5 convertases, that drive cleavage of C3 and C5, respectively.  In PACNS CSF, 

elevated levels of the two major regulators of the C3 and C5 complement cascade 

convertases– CFP and C4BPA/C4BPB – were observed. CFP is the only known positive 

regulator of the alternative pathway, stabilizing the alternative pathway convertases, while 

C4BPA and C4BPB are well-studied inactivators of the C3 convertases specific to the 

classical pathway (Blatt, Pathan, and Ferreira 2016),(Gigli, I, Fujita, T, AND Nussenzweig 

1979). These two features are consistent with an alternative pathway activation state. 

Downstream, among the terminal complement components, an increase in C5 and 

members of the membrane attack complex (MAC) (C8A, C8B, C9), and a reduction in 

CD59, an inhibitor of the MAC were also observed (Thurman and Holers 2006). Taken 
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together, we speculate that abnormal signaling of the terminal cascade is occurring in 

PACNS CSF, and this is due to sustained activation of the alternative pathway.  

While the role of a dysregulated alternative complement cascade with respect to 

the pathogenesis of PACNS remains unclear, these findings implicate a critical pathway 

that has been exploited for therapeutic intervention in similar diseases15,(Xiao et al. 

2007),(Jayne et al. 2017). Specifically, activation of the alternative complement pathway 

has been implicated in ANCA-associated vasculitis. Blockade of the alternative pathway 

reduced disease activity in an ANCA-mediated mouse model of peripheral vasculitis and 

clinical trials have demonstrated the effectiveness of anti-C5a receptor therapies in ANCA-

associated vasculitis in humans (Bekker et al. 2016),(Xiao et al. 2007),(Jayne et al. 2017). 

Our results reveal a previously unappreciated overlap in molecular targets between 

PACNS and ANCA-associated vasculitis, suggesting that similar therapeutic interventions 

should be considered for future PACNS trials, assuming these findings extend to larger 

cohorts of PACNS patients and controls.  

Additionally, several observations in this cohort, beyond complement pathway 

components, warrant further investigation, either as diagnostic biomarkers, or as 

therapeutic candidates themselves.  These include elevated IgM, IgA, and ApoB100. 

While an elevated CSF IgG index is commonly found in PACNS, our finding of elevated 

IgA and IgM in CSF from PACNS patients has not been previously described (Byram, Hajj-

Ali, and Calabrese 2018),(D. V Miller et al. 2009),(Salvarani et al. 2007). While the 

functional significance of elevated IgA and IgM in the context of PACNS is unclear, 

elevated IgA and IgM levels may be explored as a separate diagnostic differentiator.  
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In contrast, there are several anecdotal pieces of evidence that implicate ApoB100 

with a subset of PACNS pathological features.  For one, an immune response to ApoB100, 

mediated by T-cells and IgM antibodies, is commonly observed in the progressive 

development of atherosclerotic lesions (Jan Nilsson, Björkbacka, and Fredrikson 2012) (J. 

Nilsson and Hansson 2008). Furthermore, elevated LDL and antibodies to apoB100 have 

been identified in alternative non-PACNS vasculitides, including ANCA-associated 

vasculitis. In the case of both MPO-ANCA and PR3-ANCA, elevated levels of anti-

apoB100 antibodies are thought to be an indirect result of the chronic inflammatory 

disease (Slot et al. 2007). Given the robust elevation of ApoB100 in this PACNS cohort, 

further investigation into the direct or indirect role of ApoB100 in PACNS pathology is 

warranted. 

Finally, an unexpected finding of this study was the loss of neural cell adhesion 

molecules in PACNS CSF. For non-inflammatory CSF, we observe peptides almost 

exclusively from the extracellular domains (ectodomains) of transmembrane proteins. 

Changes in these proteins in PACNS may be the result of transcriptional, translational, or 

post-translational regulatory differences (Tsumagari et al. 2017) (Shirakabe et al. 

2017),(Lichtenthaler, Lemberg, and Fluhrer 2018). The latter may include abnormal 

regulation of the normal process of ectodomain shedding (Tsumagari et al. 

2017),(Waldera-Lupa et al. 2017),,(M. A. Miller, Sullivan, and Lauffenburger 2017).  The 

clear absence of ectodomain peptides in PACNS CSF suggests a loss of these proteins or a 

loss of proteolytic homeostasis associated with shedding. While the roles of ectodomain 
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shedding are diverse, the mechanism and impact of dysregulated shedding in CSF is 

unknown.   

Overall, these exploratory findings suggest potential new biomarkers of PACNS, 

subject to validation in larger cohorts. These results also underline the importance of 

future mechanistic studies around the role of complement pathways in PACNS disease 

pathobiology, with the ultimate goal of creating targeted therapeutic interventions for this 

devastating and poorly understood disease.  
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Introduction 

The investigation of mass mortality events among wildlife populations can provide 

insight into ecosystem health and human impact. However, identifying an etiology is often 

challenging. Metagenomic next-generation sequencing (mNGS) provides an unbiased 

approach, which has been used successfully in human and animal infections (Wilson et 

al. 2014; Zylberberg et al. 2016; Dervas et al. 2017). Through the analysis of all nucleic 

acids in a sample, mNGS can simultaneously test for all known organisms, and can also 

identify novel pathogens including distantly related species. Furthermore, the cost of NGS 

technologies continues to decrease, making these methods an increasingly viable option 

for routine wildlife surveillance and disease investigations.  

In the past 50 years, several mass mortality events of unknown etiology have 

affected leopard sharks (Triakis semifasciata) in San Francisco (SF) Bay, California. In 1967, 

over 1,000 dead sharks, mainly leopard sharks, were collected in 1 mo in Alameda (Russo 

and HERALD 1968; Russo 2015). More recently, unusual shark deaths were noted in the 

spring of 2006, and mass mortality again afflicted SF Bay leopard sharks in the spring and 

early summer of 2011 involving likely hundreds of leopard sharks though the event was 

not systematically documented. Moribund sharks were often described as confused and 

disoriented, with erratic behaviors and swimming patterns. 

Scuticociliates are free-living marine protozoa that belong to the subclass 

Scuticociliatida of the phylum Ciliophora (Gao et al. 2016). As opportunistic pathogens, 

several species of scuticociliates have been reported to cause disease in diverse marine 
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teleost fish species (Munday et al. 1997; Ramos et al. 2007; Garza et al. 2017), and 

recently, in the subclass of cartilaginous fish known as elasmobranchs (Stidworthy et al. 

2014; W. Li et al. 2017). Scuticociliatosis is an economically important problem for 

commercial marine fish culture (R. Iglesias et al. 2001) but has not been observed in wild 

fish populations. 

We sought to identify a cause for mass mortality of leopard sharks in SF Bay in the 

spring of 2017. Using mNGS and confirmatory molecular and histologic assays, we 

identified the scuticociliate, Miamiensis avidus, in the central nervous system of stranded 

sharks, suggesting that this pathogen could contribute to significant disease in wild 

elasmobranchs. 

Materials and Methods 

Shark stranding surveillance 
The majority of shark and ray strandings were reported to the California 

Department of Fish and Wildlife (CDFW) by members of the public, often via The Marine 

Mammal Center (Sausalito, California) and the Pelagic Shark Research Foundation (Santa 

Cruz, California). Additional stranding data were provided by East Bay Regional Park 

District rangers (Oakland, California), the National Parks Service, and CDFW wardens 

working in and around San Francisco Bay. Stranding data were also acquired during three 

brief foot surveys of the Foster City shoreline conducted by CDFW in April, June, and 

August of 2017. Stranding data included date, location, species, approximate size, 

condition (live, dead, autolyzed), and presence of abnormal behavior (e.g., swimming in 
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circles). Photos were often submitted, with occasional videos. Stranding data were 

recorded and sorted on the basis of species and date.  

Sample collection 
Stranded sharks were chosen for necropsy by a CDFW pathologist based on 

condition, with preference given to live moribund and fresh dead sharks (non-autolyzed 

with red gills). Sharks were either necropsied in the field or iced and necropsied at CDFW 

(Vista, California) within 72 h. Heads of some sharks were removed and frozen at –10 C 

until necropsy. Two captive sharks were necropsied: one Pacific angelshark (Squatina 

californica) on display at the Aquarium of the Bay (San Francisco, California), and one 

moribund leopard shark on display at the Marine Science Institute (Redwood City, 

California). As controls, grossly normal leopard sharks were collected via gill net from 

Newport Bay in southern California. A great white shark (Carcharodon carcharias) and 

soupfin shark (Galeorhinus galeus) were collected from outside SF Bay. 

Necropsy 
Sampled sharks were cleaned of external mud and debris via freshwater spray. 

Species and sex were determined via examination of fins and dentition. Sharks were 

weighed and total and fork length measured. The dorsum of the head was cleaned with 

multiple passes using disposable disinfecting wipes (Clorox, Oakland, California, USA). 

When possible, endolymphatic pores were identified. The endolymphatic fossa (oval 

concave depression in the chondrocranium) was located by digital palpation. Using 

sterilized instruments, a 3x5 cm incision was made centered on the endolymphatic fossa 

and pores. Subcutaneous tissues overlying the fossa were sampled with a sterile cotton 
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swab for microbiologic assessment. Subcutaneous fluid was aspirated with a sterile 1 mL 

pipette for cytological assessment. The skin sample containing the endolymphatic pores 

and ducts was fixed in 10% formalin. The calvarium, including the endolymphatic fossa, 

was removed with a sterile scalpel and new blade, then fixed in formalin. Removal of the 

calvarium exposed both inner ears and the cerebellum. Cerebrospinal fluid (CSF) 

overlying the cerebellum was sampled with a sterile cotton swab. Two 1 mL CSF samples 

were taken by sterile pipette and frozen at –10 C in cryovials. A third CSF sample was 

taken for cytological assessment. Perilymph from one inner ear was sampled with a sterile 

cotton swab. A second perilymph sample was taken for cytological assessment. The brain 

and olfactory lamellae were exposed via sharp dissection. The meninges, CSF, brain, inner 

ears, and olfactory lamellae were examined for evidence of inflammation and 

hemorrhage. Brains were separated from the chondrocranium via inversion of the skull 

and severing cranial nerves. Olfactory lamellae and associated olfactory bulbs were 

removed via sharp dissection. The brain and olfactory lamellae were fixed in 10% 

formalin. In some sharks, one otic capsule was also taken and fixed in formalin. Gills, 

heart, kidneys, and abdominal organs were also examined at necropsy. Selected organs 

were sampled and fixed in formalin from some sharks. 

Cytology and histology 
Samples of subcutaneous fluid surrounding the endolymphatic ducts, inner ear 

perilymph, and CSF were examined on glass slides under darkfield light microscopy at 

200 and 400X using a binocular microscope. Red blood cells, inflammatory cells, and 

microbial pathogens were identified. Histology samples (primarily brain and nasal 
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olfactory lamellae) were immersion fixed in 10% formalin for 2 wk to 3 mo and then 

routinely paraffin processed. Paraffin blocks were sectioned at 5-7 µm and sections 

stained with hematoxylin and eosin, then examined with light microscopy. Degree of 

inflammation and necrosis, as well as numbers of protozoa in tissue sections, were semi-

quantitatively scored as: not present (0), mild (1+), moderate (2+), or severe (3+). 

Microbiology 
Samples of subcutaneous fluid surrounding the endolymphatic ducts, inner ear 

perilymph, and CSF were plated onto blood agar and Sabouraud-Dextrose agar. Cultures 

were incubated aerobically at room temperature (15-20 C) for 4 wk and checked daily for 

growth. Selected isolates were sent to the University of Florida (Gainesville, Florida) for 

biochemical and PCR identification. 

Nucleic acid extraction and sequencing 
For RNA, 250 µL of CSF was placed in TRI-Reagent (Zymo Research, Irvine, 

California, USA) and homogenized with 2.8 mm ceramic beads (Omni, Kennesaw, 

Georgia, USA) on a TissueLyser II (Qiagen, Germantown, Maryland, USA) at 15 Hz for 

two 30 sec pulses, separated by 1 min on ice. Total RNA was then extracted using the 

Direct-Zol RNA MicroPrep Kit with DNase treatment (Zymo Research), eluted in 12 µL 

and stored at –80 C until use. For DNA, 250 µL of CSF was placed in 750 µL Lysis 

Solution of the Fungal/Bacterial DNA kit (Zymo Research) and homogenized as above 

with a single 2 min homogenization pulse. Total DNA was then extracted using the 

Fungal/Bacterial DNA kit (Zymo Research), eluted in 25 µL, and stored at –80 C until use. 

RNA samples were processed using 5 µL total RNA as input into the NEBNext Ultra II 
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RNA Library Prep Kit for Illumina (New England Biolabs, Ipswich, Massachuetts, USA). 

Samples were sequenced on an Illumina MiSeq instrument using 150 nucleotide (nt) 

paired-end sequencing. A no-template control (nucleic acid-free water) was included in 

each batch of nucleic acid extractions and library preparation. Raw sequencing reads 

were deposited at the National Center for Biotechnology Information (NCBI) Sequence 

Read Archive (SRA) under BioProject PRJNA438541, SRA accession SRP136047.  

Primers used to amplify ciliate and shark genomic sequences are listed in Table S1. 

Purified PCR products were sequenced via the Sanger method by QuintaraBio (Albany, 

California, USA). See Supplemental Methods for details.  

Bioinformatics 
Next-generation sequencing data were analyzed using a computational pipeline 

originally developed to identify potential pathogens in human samples (Wilson et al. 

2014). Briefly, host sequences were identified using publicly available shark genomes and 

transcriptomes, and the remaining non-host sequences were compared to the NCBI 

nucleotide and protein databases. Potential pathogens were identified based on a 

minimum read abundance, likelihood of pathogenicity, and absence in negative control 

samples. For species determination, reads mapping to the ciliate 18S small subunit (SSU) 

and 28S large subunit (LSU) of the nuclear ribosomal RNA locus (rDNA) were assembled 

and compared to the NCBI database using BLASTn (S. F. Altschul et al. 1990). See 

Supplemental Methods for details. 

New sequences in this study include partial sequences of the mitochondrial (mt) 

cytochrome c oxidase I (cox1) gene, and SSU and LSU rDNA of the ciliate identified in the 
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shark samples, deposited in GenBank (Accession numbers MH078243-MH078249, 

MH062876, MH064355). See Supplemental Methods for details. 

Results 

Beginning in March 2017, members of the public reported sharks swimming with 

unusual behaviors and stranding on beaches along the SF Bay shoreline, with the majority 

of strandings occurring in the Foster City area (Figure 5.1). Leopard sharks were observed 

swimming unusually close to shore, appearing uncoordinated and disoriented, suggestive 

of an inner ear or central nervous system issue. At the height of the epizootic in April and 

May, 20-30 dead leopard sharks were being found daily along the shoreline in Foster City. 

We estimated that over 1,000 leopard sharks died between March and August 2017 in SF 

Bay. Necropsies were performed on 11 fresh dead or live moribund leopard sharks, and 

on the heads of five frozen sharks. Gross and cytological lesions were consistent with 

meningoencephalitis, and characterized by hemorrhage, cloudy CSF, and thickened 

meninges (Figure 5.2). Lesions were especially prominent in the olfactory bulbs and lobes. 

Olfactory lamellae, adjacent to olfactory bulbs, were often markedly hemorrhagic and 

inflamed. There was no gross evidence of inflammation in the subcutaneous tissues 

surrounding the endolymphatic ducts or inner ears, which are target organs for a common 

bacterial pathogen (Carnobacterium maltaromaticum) of sharks (Schaffer et al. 2013). (No 

lesions were observed in gills, heart, or abdominal organs. Cytologic exam of CSF 

revealed dense mixed inflammation (mononuclear inflammatory cells and 

polymorphonuclear cells). No pathogens were observed. Conventional microbiology was 
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uninformative: blood and Sabouraud-Dextrose agar cultures of CSF, inner ear perilymph, 

and subcutaneous tissues and surrounding endolymphatic ducts yielded no growth or 

fungal and bacterial contaminants associated with field sampling or postmortem 

colonization of tissues.  

 

Figure 5.1 Map and photographs of shark strandings occurring in San Francisco Bay 
(SF Bay) in spring of 2017.  
A) Map of SF Bay showing locations of stranded sharks and bat rays, including leopard 
sharks (Triakis semifasciata), a Pacific angelshark (Squatina californica), bat rays (Myliobatis 
californica), brown smoothhound sharks (Mustelus henlei), a soupfin shark (Galeorhinus 
galeus), and a sevengill shark (Notorynchus cepedianus). (MSI) Marine Science Institute. 
(AOTB) Aquarium of the Bay. B-D) Representative photographs of stranded leopard sharks 
around SF Bay taken between March and August 2017. 
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Figure 5.2 Gross observations of lesions in brains of stranded leopard sharks (Triakis 
semifasciata) in San Francisco Bay in spring of 2017 in which the scuticociliate 
Miamiensis avidus was involved.  
A-B) Dissection from the superior aspect of the head exposing the endolymphatic ducts 
(arrow). C) Brain with hemorrhagic lesions removed from cranial cavity of (B) and depicted 
in situ in (E). D-F) Dissection of cranial vault revealing superior surface of brain, 
hemorrhagic lesions and congested olfactory lamellae (arrows). (OB) olfactory bulb; (OLo) 
olfactory lobe; (Cb) cerebellum; (OLam) olfactory lamellae. Scale bars, 2cm. 
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Guided by the signs of meningoencephalitis, samples of CSF were taken for 

molecular analysis from 15 stranded or ill-appearing sharks from SF Bay including 11 

leopard sharks (Triakis semifasciata), one sevengill shark (Notorynchus cepedianus), and 

one soupfin shark (Galeorhinus galeus), one captive leopard shark from the Marine 

Science Institute (Redwood City), and one captive Pacific angelshark (Squatina californica) 

from the Aquarium of the Bay (San Francisco; Table 5.1, Table S2). Control CSF samples 

were collected from four grossly normal leopard sharks captured by gill net from Newport 

Bay in southern California, and from two sharks with meningoencephalitis that had died in 

southern or central California: one great white shark (Carcharodon carcharias) and one 

soupfin shark. 

To identify potential pathogens associated with leopard shark mortality, we 

performed mNGS on CSF samples from five sharks exposed to SF Bay water and two 

sharks from elsewhere on the California coast. Reads aligning to species in the Ciliophora 

phylum (taxonomy ID 5878) were identified in all five SF Bay sharks but were absent from 

the no-template control and non-SF Bay sharks (Table S3). No other credible pathogens 

were identiied. Sixty-four percent (64%) of identified Ciliophora reads aligned to the 

ciliate rDNA locus. High-confidence contigs were assembled for the partial SSU (943nt 

with a gap of 310nt) and LSU (1916nt with gaps of 39nt and 56nt) rDNA, with coverage 

between four and 2545 unique reads, and nucleotide identity >99%. The SSU contig 

aligned with greater confidence to M. avidus than other scuticociliate species by BLASTn. 
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Table 5.1 Histopathologic lesions in stranded and captive sharks from SF Bay. 
 Sharks were sampled as part of an investigation of a large-scale mortality event of leopard 
sharks (Triakis semifasciata) in March–August 2017. Species other than leopard sharks 
include Pacific angelshark (Squatina californica), and sevengill shark (Notorynchus 
cepedianus). Tissues were examined for inflammation (I), necrosis (N), and abundance of 
protozoa (P), and scored on a four-point scale as not present (0), mild (1+), moderate (2+), 
or severe (3+). 

Fish 
ID Shark Species 

Collection 
 

Histopathology mNGS 
Ciliateb 

PCR 
M. 
avidusc 

Date Location  Meningo-
encephalitisa 

Protozoa 
  

LS01 T. semifasciata 09 April 2017 SF  Severe Brain n/a + 
LS02 T. semifasciata 15 April 2017 Foster City  Severe Brain n/a + 
LS03 T. semifasciata 25 April 2017 Foster City  Severe – n/a + 
LS04 T. semifasciata 25 April 2017 Foster City  n/a n/a n/a + 
LS05 T, semifasciata 25 April 2017 Hayward  n/a n/a n/a + 
LS06 T. semifasciata 25 April 2017 Hayward  n/a n/a n/a + 
LS07 T. semifasciata 25 April 2017 Hayward  n/a n/a n/a + 
LS08 T. semifasciata 26 April 2017 Foster City  Severe Brain/OL + + 
LS09 T. semifasciata 26 April 2017 Foster City  Severe Brain n/a + 
LS10 T. semifasciata 02 May 2017 SF  Severe Brain/OL + + 
LS11 T. semifasciata 13 May 2017 Foster City  n/a n/a n/a + 

LS12 T. 
semifasciatad 23 May 2017 MSI  Severe Brain + + 

S1 S. californicad  17 May 2017 AOTB  Mild – + + 

S2 N. cepedianus 17 May 2017 San 
Leandro 

 Severe – + + 

S3 G. galeus 05 July 2017 Sausalito  Moderate – n/a – 

LS13 T. semifasciata 18 July 2017 Newport 
Harbor 

 n/a n/a n/a – 

LS14 T. semifasciata 18 July 2017 Newport 
Harbor 

 n/a n/a n/a – 

LS15 T. semifasciata 18 July 2017 Newport 
Harbor 

 n/a n/a n/a – 

LS16 T. semifasciata 18 July 2017 Newport 
Harbor 

 n/a n/a n/a – 

S4 C. carcharias 08 April 2017 Santa Cruz  Severe – – – 
S5 G. galeus 24 May 2017 La Jolla  Severe – – – 

a Meningoencephalitis in olfactory lamellae or brain (olfactory bulbs/lobes).  b Ciliate identified by 
mNGS as Miamiensis avidus. c Miamiensis avidus identified by PCR. d Captive shark on display in 
aquarium.–=absent/negative; +=present/positive; n/a=assay not performed (not applicable); 
OL=olfactory lamellae; MSI=Marine Science Institute (Redwood City, California); AOTB=Aquarium of 
the Bay (San Francisco, California).   
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To confirm mNGS results with an 

orthogonal molecular approach, we 

amplified a variable region of the ciliate 

cox1 gene from DNA extracted from CSF of 

these sharks. Amplification was detected in 

a nested PCR for M. avidus in five of five 

stranded sharks that were positive for M. 

avidus by mNGS (Figure 5.3A, Fig. S1), and 

no amplification was detected in two of 

two sharks negative by mNGS or in the no-

template control (Fig. S1). The sequence of 

the cox1 amplicons (via the Sanger 

method) was most similar to other M. 

avidus sequences (Figure 5.3B). 

Given these findings, brain and 

nasal tissues from nine affected sharks were 

more closely examined for histopathologic 

evidence of ciliated protozoa (Table 5.2). 

The majority of sharks histologically 

examined had moderate to severe 

inflammation and mild to severe necrosis 

in the olfactory lamellae of the nose (Figure 

Figure 5.3 Molecular identification of 
the scuticociliate parasite Miamiensis 
avidus in cerebrospinal fluid from 
leopard sharks (Triakis semifasciata) in 
San Francisco Bay in spring of 2017. 
A) DNA samples from SF Bay leopard 
sharks (LS1-12) and negative control 
animals (bat ray (BR) and S4) were tested 
by nested PCR using primers specific to 
the cox1 gene of M. avidus (expected size 
422bp). M: 25bp ladder. B) Neighbor-
joining phylogenetic tree constructed from 
mt cox1 nucleotide sequences. 
Tetrahymena pyriformis served as the 
outgroup. New sequences in this study are 
in bold, labeled according to Fish ID (see 
Table 1). Nodes are labeled with bootstrap 
values based on 1,000 resamplings (for 
values >80). GenBank accession numbers 
provided for reference sequences. Scale 
bar, nucleotide substitutions per site. 
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5.4). Inflammation was variable in composition but was largely a mixed infiltrate of 

mononuclear cells (macrophages and lymphocytes) and polymorphonuclear cells 

(primarily eosinophils and heterophils). 

Table 5.2 Histopathologic lesions in stranded and captive sharks from San Francisco 
Bay. 
Sharks were sampled as part of an investigation of a large-scale mortality event of leopard 
sharks (Triakis semifasciata) in the San Francisco Bay area in March–August 2017. Species 
other than leopard sharks include Pacific angelshark (Squatina californica), and sevengill 
shark (Notorynchus cepedianus). Tissues were examined for inflammation (I), necrosis (N), 
and abundance of protozoa (P), and scored on a four-point scale as not present (0), mild 
(1+), moderate (2+), or severe (3+). 

Fish 
 

Olfactory 
lamellae 

 
Olfactory 

bulbs 

 
Olfactory 

lobes 

 
Optic lobes 

 
Cerebellum 

ID Shark species I N P 
 

I N P 
 

I N P 
 

I N P 
 

I N P 
LS01 T. semifasciata 3+ 1+ 0 

 
3+ 3+ 1+ 

 
2+ 1+ 0 

 
0 0 0 

 
1+ 0 0 

LS02 T. semifasciata 3+ 0 0 
 

3+ 3+ 0 
 

3+ 1+ 0 
 

3+ 1+ 1+ 
 

2+ 0 0 
LS03 T. semifasciata n/a n/a n/a 

 
3+ 3+ 0 

 
3+ 1+ 0 

 
3+ 2+ 0 

 
1+ 0 0 

LS08 T. semifasciata 3+ 3+ 1+ 
 

3+ 3+ 2+ 
 

3+ 3+ 3+ 
 

1+ 0 0 
 

1+ 0 0 
LS09 T. semifasciata 3+ 2+ 0 

 
3+ 3+ 0 

 
3+ 3+ 2+ 

 
1+ 0 0 

 
n/a n/a n/a 

LS10 T. semifasciata 2+ 0 1+ 
 

3+ 3+ 3+ 
 

3+ 3+ 3+ 
 

2+ 3+ 3+ 
 

n/a n/a n/a 
LS12 T. semifasciata 2+ 1+ 0 

 
3+ 3+ 3+ 

 
3+ 3+ 3+ 

 
n/a n/a n/a 

 
n/a n/a n/a 

S1 S. californica 1+ 0 0 
 

1+ 1+ 0 
 

0 0 0 
 

0 0 0 
 

0 0 0 
S2 N. cepedianus 3+ 1+ 0 

 
3+ 3+ 0 

 
3+ 2+ 0 

 
3+ 2+ 0 

 
3+ 2+ 0 

n/a = not examined 
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  Lamellar inflammation was present within the hyperplastic mucosal epithelium, 

expanded submucosal connective tissues, and branches of the olfactory nerve. Ciliated 

protozoan parasites, morphologically consistent with M. avidus, were present in the 

olfactory lamellae of two sharks in small numbers. Protozoa were oblong, with irregular 

eccentric nuclei and characteristic vacuolated basophilic cytoplasm. Cytoplasmic 

vacuoles were clear or filled with pale eosinophilic material. Parasites were 20-30 µm in 

length by 10-20 µm wide. 

Figure 5.4 Histology showing protozoa morphologically consistent with the 
scuticociliate Miamiensis avidus in brain tissues of stranded leopard sharks in San 
Francisco Bay in spring of 2017. 
A) Olfactory lamellae (top left) and filament (center), with submucosal inflammation 
(bottom right) and scattered protozoa (arrow, magnified in inset). Scale bars, 200 µm and 
25 µm (inset). B-C) Olfactory bulb of the brain with congested vessels in overlying 
meninges (asterisks), inflammatory infiltrate, and protozoa (arrows, magnified in insets). 
Scale bars, 100 µm and 25 µm (insets). Representative sections stained with hematoxylin 
and eosin are shown. 
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In the brain, inflammatory and necrotizing lesions were concentrated rostrally in 

the meninges and parenchyma of the olfactory bulbs and olfactory lobes. Cellular 

composition of inflammatory lesions was comparable to that of lesions in the olfactory 

lamellae. Inflammatory lesions were consistently associated with moderate to marked 

congestion of capillaries and veins in the meninges and parenchyma of the brain. The 

majority of sharks also had severe congestion of blood vessels associated with the lateral 

ventricles of the olfactory bulbs and lobes. Many lateral ventricles were filled with mixed 

inflammatory cells. Necrotizing lesions were characterized by finely granular, pale 

eosinophilic cellular debris mixed with degenerating and necrotic inflammatory cells, 

degenerating and necrotic neurons, and variable numbers of protozoa. Small to large 

numbers of protozoa were found in olfactory bulb and/or lobe sections of five of nine 

sharks. In many necrotic sections of brain, protozoa were present in large numbers but 

were often difficult to detect because of loss of membrane integrity, and loss of 

cytoplasmic and nuclear basophilia. Necrotic protozoa could, however, be usually 

identified because of their relative large size and because of characteristic cytoplasmic 

vacuoles. Intact protozoa were similar to those observed in the olfactory lamellae. 

Caudally, inflammatory and necrotizing lesions were less common and less severe in the 

optic lobes and cerebellum, corresponding to fewer protozoa. Of the nine sharks 

examined, the captive angelshark (S1) had the fewest and mildest histologic lesions and 

no protozoa. 

With evidence for M. avidus as a candidate pathogen, we used PCR to screen nine 

additional leopard sharks that stranded in SF Bay in spring of 2017, compared to four 
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grossly normal leopard sharks that were caught in in southern California. A soupfin shark 

(Galeorhinus galeus) that stranded in SF Bay in July 2017 was also tested. The PCR was 

targeted to the ciliate SSU and mt cox1 regions, initially using universal ciliate primers 

(Jung et al. 2005; Whang et al. 2013), followed by Sanger sequencing or species-specific 

nested PCR for the cox1 gene to test for the related pathogenic ciliate species, Uronema 

marinum, Pseudocohnilembus longsietus, and Pseudocohnilembus persalinus (Whang et 

al. 2013). For cox1, amplification specific to M. avidus was detected in nine of nine SF 

Bay leopard sharks (Figure 5.3A, Fig. S2), and was not detected in the southern California 

leopard sharks (Fig. S3) or the SF Bay soupfin shark (Fig. S1). Amplicon sequencing 

revealed 99.1% pairwise identity. The cox1 sequences clustered together with reference 

M. avidus sequences on a neighbor-joining (NJ) tree (Figure 5.3B). For the SSU, an 

amplicon of the expected size was detected in three of 12 SF Bay leopard sharks and in 

the two SF Bay non-leopard sharks that were positive by mNGS and was absent from all 

four of the leopard sharks and both of the non-leopard sharks from southern California 

(Fig. S4). The sequences of the ciliate SSU amplicon from five sharks (LS3, LS4, LS11, S1, 

and S2) were 100% identical, were concordant with the regions of overlap from mNGS, 

and clustered together with reference M. avidus sequences on a NJ tree (Fig. S5). 

Discussion 

In this study, we described an epizootic of wild leopard sharks characterized by 

stranding behavior and meningoencephalitis and we provided strong molecular and 

histological evidence that implicated the ciliated protozoan, M. avidus, as the candidate 
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pathogen associated with the 2017 SF Bay mass mortality event. We identified M. avidus 

through an unbiased, NGS-based approach, which has been used previously in 

investigations of a wide range of human and non-human infectious diseases.  

The lack of a leopard shark genome presented a technical challenge, and thus we 

utilized sequences from related species. Despite being unable to identify all host 

sequences using our proxy-metagenome host sequences, we were still able to identify a 

plausible pathogen embedded in a large amount of unrelated and unidentified host 

sequence. Future contributions of shotgun sequencing data will improve our ability to 

identify sequences of unusual hosts, such as sharks, thereby improving our ability to detect 

novel pathogens. Among the species-specific regions flanked by conserved sequences, 

such as the commonly used ribosomal RNA (SSU and LSU) and cox1 genes, we found that 

cox1 was similar to SSU and better than LSU in discriminating between M. avidus and 

related pathogenic scuticociliates. This finding is consistent with reports of higher 

intraspecific variation of the cox1 gene (Budiño et al. 2011; Jung et al. 2011). Nonetheless, 

using multiple genes for molecular phenotyping can add confidence, as there remain 

discrepancies in the field about highly-similar taxa such as M. avidus and Philasterides 

dicentrarchi (Jung et al. 2011; De Felipe et al. 2017), and there are likely sub-species 

divisions yet to be realized (Gao, Katz, and Song 2012). 

We observed M. avidus only in sharks exposed to SF Bay water, including two 

wild-caught animals in captivity. The associated phenotype was consistent with other 

reports of ciliate infection of elasmobranchs, notable for necrotizing meningoencephalitis 

(Stidworthy et al. 2014; W. Li et al. 2017). Given the distribution of protozoa observed on 
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histopathology, pathogenesis in leopard sharks likely involves a nasal route as suggested 

for other host species (Moustafa et al. 2010), with initial protozoal invasion of olfactory 

lamellae, followed by extension into the olfactory bulbs and lobes of the brain. Massive 

inflammation and severe encephalomalacia, associated with M. avidus infection, could 

account for the disorientation and abnormal behavior of sharks prior to stranding. Further 

support implicating M. avidus in these repeated mortality events comes from the necropsy 

of a single leopard shark that stranded in the 2011 SF Bay epizootic, which showed 

extensive inflammation and an abundance of unicellular ciliated protozoa throughout the 

brain (Kubinski et al., n.d.). We found no evidence of other pathogens that have been 

reported in elasmobranchs near the Pacific coast of North America. 

We cannot exclude the possibility that M. avidus was not the primary or sole driver 

of disease and mortality. Factors such as water temperature, salinity, toxins, or other 

pathogens could increase susceptibility to an opportunistic infection by M. avidus 

(Hopkins and Cech 2003; Carlisle and Starr 2009). In SF Bay, leopard sharks may be 

especially vulnerable each spring when they aggregate in large numbers in the warm 

shallow waters of bays and estuaries (Hight and Lowe 2007; Nosal et al. 2013), with 

greater exposure to runoff that may contain toxins or decreased salinity. Lower salinity has 

been associated with increased fish mortality in the context of scuticociliate infection 

(Takagishi, Yoshinaga, and Ogawa 2009),  and with more rapid growth of Philasterides 

dicentrarchi (synonymous with M. avidus) in vitro (Iglesias et al. 2003). Notably, heavy 

seasonal rainfall with runoff into the bay preceded each of the spring epizootics in 2006, 
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2011, and 2017 (Figure 5.5; National Oceanographic and Atmospheric Administration 

National Centers for Environmental Information 2018). Although the specific conditions 

that led to the 2017 episode of scuticociliatosis are not fully known, it is worth noting that 

scuticociliates have frequently been observed in marine fish hatcheries in addition to wild 

fish populations. It would be prudent to better understand interactions between farmed 

and wild fish in order to identify risks to both populations. Further studies are needed to 

clarify susceptibility factors and exposures, especially in the context of major urban 

centers where planned human development could prevent or mitigate negative impacts of 

human activity on wild marine fish. 

Figure 5.5 Precipitation in regions draining to San Francisco Bay (SF Bay) by year, 
including 2017 when strandings of leopard sharks (Triakis semifasciata) were 
associated with infection by Miamiensis avidus. 
Six-month cumulative precipitation (solid lines) ending in March of given year, in 
California Climate District 2 (Sacramento Drainage, black) and Climate District 5 (San 
Joaquin Drainage, grey). Mean October-March precipitation values for 1901-2000 
plotted as baseline (dashed lines). Map of California (right) shows climate districts, 
respective to their outflow into SF Bay (star). Red highlights years with abnormal shark 
deaths in the spring. Precipitation data from NOAA National Centers for Environmental 
Information. 
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Future investigations of mass mortality events should include M. avidus as a 

potential pathogen. We anticipate that the episode of scuticociliatosis in wild 

elasmobranchs described here is not an isolated event. As similar epizootics are 

uncovered through seasonal monitoring, future research is needed to describe the host-

pathogen relationship and potential implications for nearby human populations. Although 

the only known ciliate parasite of humans, Balantidium coli, is far distantly related to 

scuticociliates (Schuster and Ramirez-Avila 2008), and no scuticociliates have been 

proven to cause pathogenic disease in mammals, sport fishing and consumption of 

leopard sharks is common in SF Bay and the consequences of M. avidus ingestion are 

unknown. Finally, this study demonstrates the ability of mNGS to rapidly identify potential 

pathogens in an unbiased manner. Surveillance and disease investigations in wildlife 

populations will likely benefit from the incorporation of mNGS-based techniques.  
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Addendum 

Further exploration of Miamiensis avidus biology 
The investigation of Miamiensis avidus as a pathogen in sharks in the wild led me 

to several further questions. Most importantly, what route did this unicellular organism 

take to invade the shark brain? Was this entirely opportunistic, or driven by certain 

chemoattractants?  

Figure 5.6 Field specimen collection, 2017. 
Left, collecting freshly-dead leopard shark carcasses south of the San Mateo Bridge, 
California. Right, performing field necropsies with Mark Okihiro to collect samples for the 
lab. 
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Figure 5.7 Moribund leopard shark (Triakis semifasciata) stranded in San Mateo, CA, 
2019. 
In the spring of 2019 (2 years following the initial sampling), many leopard sharks again 
stranded on the shores of San Francisco Bay. The individual shown here was found 
moribund at Coyote Point Marina, San Mateo, California. Upon dissection the brain was 
removed with intact olfactory bulbs and fixed in formalin. Histology (images and analysis 
courtesy of Mark Okihiro) showed substantial inflammation of the meninges and olfactory 
bulb, with a unicellular organism similar in appearance to the previously identified 
Miamiensis avidus. 
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Figure 5.8 Culture of Miamiensis avidus, fixed and stained for acetylated tubulin and 
DAPI 

To begin to answer these questions we cultured a lab strain of Miamiensis avidus 

(ATCC 50180) axenically, at room temperature in modified Leibovitz’s L-15 medium 

(salinity 10%, pH 7.2, supplemented with 10% heat-inactivated FBS, containing 90 mg/L 

adenosine, cytidine and uridine, 150 mg/L guanosine, 5g/L glucose, and 1X Sigma 

Antibiotic Antimycotic Solution). We found the ciliates to be quite robust, permissive of 

starvation which induced different morphology (more banana-shaped with elongated and 

narrower cells), and tolerant of freezing in 5-10% DMSO with thawing to reinitiate 

culture. See Figure 5.8 for morphology of cultured Miamiensis avidus, where cilia are 

apparent by acetylated tubulin staining. We also visualized the macro- and micro-nucleus 

(Figure 5.9). This genomic organization, common to ciliates, poses a unique challenge to 

genome sequencing of this organism. 

100 μm

DAPI

Acetylated tubulin

Brightfield
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In a project completed together with Catherine Kawaja, we labeled live Miamiensis 

avidus by feeding them E. coli expressing an inducible GFP, and were able to visualize 

and track the ciliates’ movements by the bright GFP in their food vacuoles. Working 

toward the goal of tracking live Miamiensis avidus during infection of a host fish to 

understand the route of invasion, we further assessed chemotaxis of Miamiensis avidus to 

various possible components of the brain, and found that complete tissue of zebrafish was 

a potent attractant, with yeast extract peptone dextrose and media with high lipid content 

being a far greater attractant than glucose or the control. It will be fascinating to 

understand how this unicellular organism invades the shark, burrowing through tissue to 

reach the brain where it appears to cause severe damage and eventual death with only 

scurrilous regard for its host. 
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Figure 5.9 Z-stack of cultured Miamiensis avidus, showing micronucleus. 
Z stack of 2 fixed Miamiensis avidus cells (left to right, top to bottom), stained for 
acetylated tubulin (green) and DAPI (blue). For each organism, the micronucleus is visible 
in just 1-2 planes (arrows).  
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Abstract 

Here, we report the coding-complete genome sequence of an avian 

metapneumovirus from a monk parakeet (Myiopsitta monachus), identified by 

metagenomic next-generation sequencing during an investigation into a disease outbreak 

in a captive parrot breeding facility. Based on divergence from known strains, this 

sequence represents a new subgroup of avian metapneumovirus. 
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Metapneumoviruses (genus Metapneumovirus, family Pneumoviridae) cause 

disease in birds and mammals, including humans. Avian strains are important pathogens 

in commercial poultry, causing acute upper respiratory illness often complicated by 

secondary bacterial infections in chickens and turkeys (J. K. A. Cook 2000; Majó et al. 

1997). We observed an unusual cluster of morbidity and mortality among young parrots at 

a captive breeding facility which could not be explained by routine diagnostics. Difficult-

to-control bacterial infections and persistent cryptosporidium infections suggested 

immunosuppression. This prompted our investigation into underlying infectious etiologies 

using metagenomic next-generation sequencing. 

At necropsy of an affected monk parakeet chick, the lung, liver, and spleen were 

sampled and stored at -80°C. For RNA extraction, ~50mg of combined tissues was 

homogenized in 2mL DNA/RNA Shield (Zymo Research) using 2.8mm ceramic beads 

(Omni) on a TissueLyser II (Qiagen) with 5 cycles of 30Hz for 30sec followed by 1min on 

ice. Samples were centrifuged at 16,000xg for 10min, and 250μL of homogenized tissue 

supernatant was added to 750μL Direct-zol (Zymo Research). RNA was extracted using a 

Direct-zol RNA MiniPrep Plus kit (Zymo Research) with DNase treatment (Qiagen) and 

quantified by Nanodrop. Sequencing libraries were prepared from 100ng of extracted 

RNA with 25pg of spike-in control RNA from the External RNA Controls Consortium 

(ERCC) collection (Thermo Fisher Scientific), using NEBNext Ultra II Directional RNA Lib 

Prep Kit for Illumina (New England BioLabs). A water sample was processed in parallel. 

Paired-end 150nt sequencing on an Illumina HiSeq 4000 yielded 35,053,607 raw read-

pairs.  
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A representative host database was built using all genome assemblies and 

mitochondrial genomes under TaxID 9224 (Psittacidae, parrots) in the National Center for 

Biotechnology Information (NCBI) database as of December 7, 2018. Host subtraction and 

quality control were performed as described previously (Retallack et al. 2018). The 

remaining 1,670,686 unique non-host read-pairs (4.8% of raw) were processed using the 

IDseq pathogen detection pipeline (v3.2, reference nt/nr database December 1, 2018) 

(Ramesh et al. 2018), which identified metapneumovirus reads in the sample. No other 

viruses were detected as credible hits by the following criteria: ≥10 mapped read-pairs per 

million non-host read-pairs (rpM) at the nucleotide level, and ≥1 rpM at the amino acid 

level. 

These metapneumovirus reads were used as seeds for Paired-End Iterative Contig 

Extension (PRICE v1.2, settings “-fpp <R1> <R2> 350 99 -mol 30 -target 80 8 2 2 -nc 10 -

lenf 500 8”) to assemble the full-length genome (Ruby, Bellare, and DeRisi 2013). Reads 

were then mapped back to the genome using Bowtie 2 (v2.2.4, “--very-sensitive-local” 

mode) (Langmead and Salzberg 2012). The final consensus sequence is 13,648nt in 

length, with 26x mean coverage and 39% GC content (Figure 1). Genome termini were 

not specifically identified. Consistent with active viral replication, we observed reads from 

both negative-strand (genomic) and positive-strand (mRNA transcript/anti-genomic) RNA. 

The most similar sequences in the NCBI’s nt and nr reference databases by BLAST 

were metapneumoviruses (Stephen F. Altschul et al. 1990). Phylogenetic analysis of the L 

gene (RNA-dependent RNA polymerase) at the amino acid level revealed 43-49% identity 

to representative members of the genus Orthopneumovirus and 61-66% identity to  
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Figure 6.1 Coverage and 
phylogenetic analysis of 
sequence representing a 
new subgroup of avian 
metapneumovirus.  
(A)Top, coverage plot 
showing number of reads 
aligning to the consensus 
sequence (y-axis) along 
the length of the 
consensus sequence (x-
axis, length in nucleotides, 
corresponding to the 
diagram of the viral 
genome below). Middle, 
percent identity (y-axis) for 
a 15-amino acid sliding 
window across an 
alignment of the 
consensus sequence and 
reference AMPV-B 
sequence (GenBank 
accession 
numberAB548428) for 
each viral protein. Red 
bars indicate an identity of 
<30%. Bottom, 

representation of likely genomic structure based on open reading frames and homology 
to other avian metapneumoviruses. (B) Phylogenetic tree of the Pneumoviridae. Amino 
acid level alignments of L genes (encoding RNA-dependent RNA polymerase [RdRp]) 
from representative viruses were used to construct a maximum likelihood tree.Multiple-
sequence alignment was performed in Geneious (v9.1.8) with default parameters; the 
phylogenetic tree was built using PhyML v2.2.3 (LG substitution model, 100 bootstraps) 
(9). The sequence identified in this study is highlighted in red. Values at branch points 
indicate the fraction of trees with this node, based on a bootstrapping method. Bar, 
0.2amino acid substitutions per site. (C) Maximum likelihood trees (PhyML, default 
parameters) constructed from nucleotide alignments (Geneious, default parameters) of all 
available avian metapneumovirus sequences for the fusion glycoprotein (F gene, left) and 
attachment glycoprotein (G gene, right). Bar, 0.2 nucleotide substitutions per site. 
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representative members of the genus Metapneumovirus, indicating that this sequence 

represents a new subgroup of metapneumoviruses (Figure 6.1) (Rima et al. 2017). Analysis 

of the F gene (fusion glycoprotein) and G gene (attachment glycoprotein) further supported 

this classification. 

We have identified the first member of a new subgroup of metapneumoviruses, 

distinct from avian metapneumoviruses A, B, C, and D. Despite similarities between this 

outbreak and outbreaks of avian metapneumovirus in commercial poultry, it remains 

unknown whether the virus identified here directly caused the symptoms observed in this 

individual and/or flock. 

Data availability.  

The avian metapneumovirus sequence described here has been deposited at 

GenBank under the accession number MK491499. 
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Addendum 

Following the initial discovery of a new strain of avian metapneumovirus, aMPV-E, 

I validated a diagnostic PCR (Table 6.1, Figure 6.2), used to screen multiple samples from 

later outbreaks in an attempt to identify samples for viral isolation. I also used this assay to 

identify key organs targeted by the virus (Figure 6.3, Figure 6.4). 

Table 6.1: Primers for diagnostic testing for aMPV-E (based on MK49199 genome 
sequence) 

 

Primer 
Name Sequence 

Tm 
( C) 

Genome L 
position 

Genome 
R position Gene 

Amplicon 
length (nt) 

oHR3000 AAGGCATTGGGCTCGTCTTC 60 702 721 N 102 
oHR3001 CACCCCACCTCAGCATAGTC 60 785 804    
oHR3002 TGCTGCACGAGATGGAATCA 60 1,775 1,794 P 141 
oHR3003 ACTGCCATTTCCGATCTTGC 60 1,897 1,916    
oHR3010 CATAGCGCGTCTTTTGGTGG 60 2,811 2,830 M 107 
oHR3011 AAAAGCTAGGGGCAGGAACC 60 2,723 2,742    
oHR3008 TCCGGTCTGTCTGTTTCGTG 60 6,687 6,706 G 170 
oHR3009 CACAACTGCGAAACCGATCC 60 6,536 6,555    
oHR3006 ACACTGCTCTCGGTGATTGG 60 13,114 13,133 L 148 
oHR3007 CCGGGCTATTCAGAGGTGAG 60 12,985 13,004   
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Figure 6.2 Validation of Diagnostic PCR for aMPV-E. 
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Figure 6.3: Dissection of Quaker parrot (monk parakeet, Myiopsitta monachus) that 
had died during an outbreak of aMPV-E following sudden onset illness.  
Organs sampled include brain, “neck” (containing spinal cord and esophagus), trachea, L 
and R lung, heart, liver, and not shown here: intestines, kidney, and the globule-like bursa 
of Fabricus located adjacent to the cloaca and involved in immune response. 
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Figure 6.4: PCR identifies aMPV in additional parrots, by organ.  
Left: panel of primer pairs to aMPV on each lung of two parrots (PAR-065 and PAR-066). 
Right: glycoprotein (G) primer pair across organs from PAR-065, shown during dissection 
in Figure 6.3. 
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 Wildlife investigations with no infectious agent 

identified by mNGS 

Contributions 
Includes contributions from Padraig Duignan and Barbie Halaska (Marine Mammal 

Center, specimen collection and photo documentation, seal), Jill Murray (Oklahoma State 

University, specimen collection, frogs), David Guzman, Sarah Ozawa, and Tracy 

Drazenovich (UC Davis, specimen collection and photo documentation, rabbit), Eric 

Chow and Derek Bogdanoff (UCSF CAT, sequencing). 
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The investigations on die-offs of animals in Chapter 5 (sharks) and Chapter 6 

(parrots) proved fruitful in identifying likely infectious etiologies. In these cases, pathology 

was severe, the course of illness was definable, and a cluster of affected animals was 

available for study. Of course, in many situations metagenomic next-generation 

sequencing (mNGS) does not find a pathogenic culprit. While it can be easy to miss 

infections if sample collection, handling, or other technical aspects are not optimal, a 

negative result can also yield valuable information that directs the investigation toward 

other possible causes of death. Here follow three examples where I found no explanation 

for the animals’ deaths by mNGS. 

Toboggan, Ribbon Seal (Histriophoca fasciata) 

Ribbon seals are normally found on the Arctic pack ice off Alaska and Russia. In 

December of 2017, staff at the Marine Mammal Center rescued a female juvenile Ribbon 

seal, Toboggan, that had stranded at Morro Bay, California, with severe alopecia and 

pneumonia (Fig 7.1) (Duignan, Padraig 2018). Despite initial recovery, this individual 

suddenly developed bloody diarrhea and died with hemorrhagic enteritis and colitis and 

identification of Clostridium perfringens enterotoxin A in the colon. 

Given the natural range of this species, this was a rare opportunity to investigate a 

broader phenomenon if this death was related to the unusual mortality event in Alaska in 

2011 and 2016, where many seals were observed to have similar forms of alopecia 

characterized by a defluxion event (when the hair growth cycle abruptly halts) (Burgess, 

Tristan 2013). No conclusive cause was identified at that time. 
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Specimens taken from this animal included blood, skin (top of head), and spleen. 

Next-generation sequencing libraries were prepared from extracted RNA from these 

samples, yielding 17-32 million read-pairs (Table 7.1) 

As no genome existed for 

this species at the time, to 

subtract host sequences a 

database was built from two full 

genomes, for Leptonychotes 

weddellii (Weddell seal) and 

Neomonachus schauinslandi 

(Hawaiian monk seal), as well as 

13 mitochondrial genomes for 

related seals within the Phocidae 

(True Seals, taxID 9709). In the 

computational analysis (methods 

akin to (Chapter 5 and Chapter 

6), 95-97% of the reads were 

identified as belonging to seal. 

The remaining non-seal reads 

were compared to the NCBI 

database of all nucleotide and  

Figure 7.1 Alopecia in female ribbon seal Toboggan 
(Histriophoca fasciata), stranded at Morro Bay 
December 2017. 
Photos courtesy of Padraig Duignan (Marine Mammal 
Center). 
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Table 7.1 Sequencing metrics for ribbon seal 

 protein sequences. In the skin sample, a small number of sequences likely derived from 

Proteus mirabilis were observed. In the blood sample, there were 3-4 read-pairs to each of 

a papillomavirus and an adenovirus. Such low levels are rarely relevant unless truly 

pathogenic, and these particular viral families have been seen in seals before (Smeele et 

al. 2018; Chiappetta et al. 2017; Cortés-Hinojosa et al. 2016). Other than these findings, 

mNGS identified no fungi, eukaryotes, or other viruses or bacteria of note. 

Lizzy, Dutch Dwarf Rabbit (Oryctolagus cuniculus) 

Papillomatous anorectal masses are 

relatively common in rabbits, including household 

pets. While it is believed that such masses may 

have viral origins, for only a subset has a viral 

etiology been identified (Shope and Hurst 1933). 

We received a flash-frozen sample from excision 

of such a mass in a Dutch Dwarf rabbit in 2017 

(Fig 7.2), and processed for mNGS. The data 

revealed >99.99% rabbit, with no viruses or other 

pathogens identified. 

sample ID sample type Total read-pairs % pass QC 
Unique, non-seal reads (includes 
ERCCs) 

SEA1 blood 17658458 87 791609 (4.48 %) 
SEA2 spleen 17464057 87 424102 (2.43 %) 
SEA3 skin 32285242 82 734354 (2.27 %) 
SEA4 NTC 197997 87 113688 (57.42 %) 

Figure 7.2 Papillomatous 
anorectal mass of uncertain 
etiology in a Dutch Dwarf rabbit 
(Oryctolagus cuniculus). 
Photo courtesy of David Guzman 
(UC Davis). 
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Blanchard’s Cricket Frogs (Acris blanchardi) 

We were contacted by a researcher whose colony of wild-caught Blanchard’s 

Cricket Frogs (Acris blanchardi) experienced acute and unexplainable mortality. Tadpoles 

were caught in in the spring of 2016 and raised in captivity, developing normally until 

October, when mortality suddenly approached 30-50% across the colony. Animals 

became thin in body condition, anorexic, and dehydrated before death. All routine 

analysis and testing was non-contributory, including standard cultures, and water analysis. 

Histopathology of a subset of animals revealed mild lymph node distension with edema 

and seriously atrophic adipose stores. 

 

Figure 7.3 Blanchard’s Cricket Frogs to be processed for mNGS. 
Left and center images are opposing views of the same individual. 

We processed samples from 1 asymptomatic animal and 4 diseased animals 

sacrificed in December 2016, and 1 water control (Figure 7.3). Given the clinical picture 

and common pathogens that are transmitted on the skin in such animals, we sampled the 

abdomen, and separately prepared libraries from the digits (1 front and 1 rear foot) and 

scraped skin from the inner thighs and abdomen. Standard mNGS libraries were prepared  

 akin to Chapter 5 and Chapter 6, yielding metrics in Table 7.2. 
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Table 7.2 Sequencing metrics for frogs 

As no complete genome existed for this species at the time, we compiled a host 

subtraction database from related species including the standard laboratory model animal, 

Xenopus tropicalis, as well as Nanorana parkeri, and 10 related mitochondrial genomes in 

order to identify frog-like sequences.  

No overwhelming bacterial or fungal pathogens were observed. The bacteria 

Aeromonas was seen in 3 sick animals, and had been cultured by the veterinarian  

overseeing the colony, but was determined to be low-level environmental and not 

clinically relevant in this situation. No evidence of common frog pathogens was found, 

including chytrid, mucor, rhizopus, saprolegnia, ranaviruses, herpesviruses or pathogenic 

eukaryotes. No viruses were found, apart from Drosophila A virus -- all animals were fed 

drosophila, and there is no known pathogenicity of DAV in amphibians. In conclusion, we 

were unable to identify an infectious etiology for this colony’s mass mortality. 

  

Sample ID Sample Type N raw readpairs Post-QC % non-host 
 FRG-D1-abd_S75  Diseased; abdomen 27842334 7.33 

 FRG-D1-skd_S74  Diseased, skin + digits 24545918 10.52 

 FRG-D2-abd_S77  Diseased; abdomen 24840430 6.58 

 FRG-D2-skd_S76  Diseased, skin + digits 30366389 8.21 

 FRG-D3-abd_S79  Diseased; abdomen 30921287 4.38 

 FRG-D3-skd_S78  Diseased, skin + digits 28505738 9.83 

 FRG-D6-abd_S73  Diseased; abdomen 25459198 4.50 

 FRG-D6-skd_S72  Diseased, skin + digits 27348784 5.17 

 FRG-H1-abd_S71  Healthy; abdomen 23687950 7.43 

 FRG-H1-skd_S70  Healthy; skin + digits 1990991 11.82 

 FRG-H2O_S69  H2O 2045 11.05 
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Abstract 

Mosquitoes are a disease vector with a complex ecology involving interactions 

between transmissible pathogens, endogenous microbiota, and human and animal blood 

meal sources. Unbiased metatranscriptomic sequencing of individual mosquitoes offers a 

straightforward and rapid way to characterize these dynamics. Here, we profile 148 

diverse wild-caught mosquitoes collected in California, detecting sequences from 

eukaryotes, prokaryotes, and over 70 known and novel viral species. Because we 

sequenced singletons, it was possible to compute the prevalence of each microbe and 
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recognize a high frequency of viral co-infection. By analyzing the pattern of co-

occurrence of sequences across samples, we associated ‘dark matter’ sequences with 

recognizable viral polymerases, and animal pathogens with specific blood meal sources. 

We were also able to detect frequent genetic reassortment events in a highly prevalent 

quaranjavirus undergoing a recent intercontinental sweep. In the context of an emerging 

disease, where knowledge about vectors, pathogens, and reservoirs is lacking, the 

approaches described here can provide actionable information for public health 

surveillance and intervention decisions. 

  



 

 
160 

Introduction 

Mosquitoes are known to carry more than 20 different eukaryotic, prokaryotic, and 

viral agents that are pathogenic to humans (WHO, 2017). Infections by these mosquito-

borne pathogens account for over half a million human deaths per year, millions of 

disability-adjusted life years (GBD 2017 Disease and Injury Incidence and Prevalence 

Collaborators, 2018; GBD 2017 Causes of Death Collaborators, 2018; GBD 2017 DALYs 

and HALE Collaborators, 2018), and periodic die-offs of economically important 

domesticated animals (Cohnstaedt, 2018). Moreover, recent studies of global patterns of 

urbanization, warming, and the possibility of mosquito transport via long-range 

atmospheric wind patterns point to an increasing probability of a global expansion of 

mosquito habitat and a potential concomitant rise in mosquito-borne diseases within the 

next 2-3 decades (Kraemer et al., 2019; Huestis et al., 2019). While mosquito control has 

played a major role in eliminating transmission of these diseases in many parts of the 

world, costs and resources associated with basic control measures, combined with 

emerging pesticide resistance, pose a growing challenge in maintaining these gains 

(Wilson et al., 2020).  

Female mosquitoes subsisting on blood meals from humans and diverse animals in 

their environment serve as a major source of trans-species introductions of infectious 

microbes. For well-studied mosquito-borne pathogens such as West Nile virus, an 

understanding of the transmission dynamics between animal reservoir, mosquito vector, 

and human hosts has been essential for public health monitoring and intervention 
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(Hofmeister, 2011). For less well-studied microbes with pathogenic potential, the 

dynamics are less clear. 

We also lack a comprehensive understanding of the composition of the 

endogenous mosquito microbiota and how it impacts the acquisition, maintenance, and 

transmission of pathogenic microbes. Evidence supporting the case for a potentially 

important role of endogenous mosquito microbiota on mosquito-borne infectious diseases 

stems from decades of research on Wolbachia, a highly prevalent bacterial endosymbiont 

of insects (Werren et al., 2008). Wolbachia have been shown to inhibit replication of 

various mosquito-borne viruses that are pathogenic to humans, including dengue, 

chikungunya, and Zika viruses, when introduced (or “transinfected”) into susceptible 

mosquito species in which naturally occurring Wolbachia infections are rare or absent 

(Moreira et al., 2009).  

These observations have led to the development of Wolbachia-based mosquito 

control programs for Aedes aegypti mosquitoes, which vector yellow fever virus, dengue 

virus, Zika virus, and chikungunya virus (reviewed in Ritchie et al., 2018; Flores and 

O’Neill, 2018). Experimental releases of Aedes aegypti mosquitoes transinfected with 

Wolbachia have resulted in a significant reduction in the incidence of dengue virus 

infections in local human populations in several countries (Hoffmann et al., 2011; O’Neill 

et al., 2019; Anders et al., 2018). Laboratory-based studies have identified additional 

endogenous mosquito microbes, such as midgut bacteria (Shane et al., 2018) and several 

insect-specific flaviviruses (Vasilakis and Tesh, 2015), with potential to interfere with 

mosquito acquisition and competence to transmit pathogenic Plasmodium species and 
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human flaviviruses, respectively. However, definitive evidence for a role of these agents in 

naturally occurring infections or transmission of known human pathogens has not yet 

been established (reviewed in Bolling et al., 2015). 

Endogenous microbiota of mosquitoes could also provide a source of candidate 

surveillance biomarkers to follow mosquito movements, sharing of reservoirs, and 

potential transmission of co-occurring human pathogens carried by mosquitoes. Molecular 

methods for tracking that rely on mosquito genomic information are hampered by the long 

generation time of mosquitoes and the relatively large mosquito genome. Incorporating 

highly prevalent endogenous microbes of mosquitoes could simplify and refine such 

analyses. For example, RNA viruses have short generation times, extremely compact 

genomes, high mutation rates, and in some cases, undergo genetic reassortment. They are 

readily recovered in great numbers from mosquitoes and other insects via metagenomic 

sequencing (Li et al., 2015). Moreover, modest datasets of RNA virus sequences can reveal 

information that would be difficult to acquire through direct analysis of host populations. 

These features have enabled tracking of animal populations in the wild. For example, 

feline lentiviruses have been used to track native North American felids in the wild 

(Wheeler et al., 2010; Lee et al., 2014), and rabies virus have been used to track dogs in 

North Africa (Talbi et al., 2010). Similar approaches may enhance mosquito tracking. 

Such exciting possibilities have, in part, motivated a series of recent unbiased 

metagenomic analyses of pools of mosquitoes collected around the world (Li et al., 2015; 

Shi et al., 2015, 2016; Fauver et al., 2016; Shi et al., 2017, 2018; Sadeghi et al., 2018, 

2017; Xia et al., 2018; Thongsripong et al., 2018; Atoni et al., 2018; Xiao et al., 2018a,b), 
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(reviewed in Xia et al., 2018; Atoni et al., 2019). However, these studies have primarily 

focused on analysis of viruses. While these data have had a tremendous impact on our 

understanding of the breadth of viral diversity present in mosquito populations worldwide, 

they have not shed light on the potential reservoirs of these viruses or their prevalence 

within mosquito populations. 

To link microbes with one another and with bloodmeal sources, single mosquito 

analyses are required. A handful of small-scale studies have demonstrated that it is 

possible to identify divergent viruses and evidence of other microbes in single mosquitoes 

by metagenomic next-generation sequencing (Chandler et al., 2015; Bigot et al., 2018; Shi 

et al., 2019). Here, we analysed the metatranscriptomes of 148 individual mosquitoes 

collected in California, USA, to characterize the composition of their microbiota, identify 

blood meal sources and associated pathogens, recover complete viral genomes, and infer 

connectivity between mosquito populations worldwide. This analysis crucially depended 

on the large number of individuals sequenced, which allowed us to link nucleic acid 

sequences detected together across many samples even when they had no homology to a 

reference sequence. Our findings demonstrate how large-scale single mosquito 

metatranscriptomics can provide insight into the mosquito’s complex microbiota and 

contribute to the development and application of measures to control mosquito-borne 

pathogen transmission. 
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Results 

Specimen demographics 
Adult mosquito species circulating in California in late fall of 2017 were collected 

to acquire a diverse and representative set of 148 mosquitoes for analysis. We targeted 

collections across a variety of habitats within 5 geographically distinct counties in 

Northern and Southern California (Figure 8.1). Visual mosquito species identification was 

performed at the time of collection (Materials and Methods), and specimens were skewed 

to include primarily female mosquitoes to enrich for blood-feeding members of the 

population responsible for transmission of animal and human diseases. 

Total RNA from each mosquito was used as the input template for 

metatranscriptomic next generation sequencing (mNGS) library preparation to capture 

both polyadenylated and non-

polyadenylated host, viral, 

prokaryotic, and non-host 

eukaryotic RNA. No 

ribosomal RNA depletion was 

performed. On average, 52 

million reads were obtained 

per mosquito (range, 11 

million - 150 million reads). 

We validated the mosquito 

Figure 8.1 Number of each genus and species of 
mosquitoes collected across 5 regions in California 
Placer, Alameda, West Valley, Coachella Valley, and San 
Diego. Map inset at lower right shows locations of 
collection sites. Colors of circles in the map correspond 
to colors of bar labels in plot at left. 
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species identification made at the time of collection using hierarchical clustering of the 

complete metatranscriptomes of each mosquito through a reference-free, kmer-based 

approach for computing genomic distances (Harris, 2018). The computed species calls 

based on the metatranscriptomes agreed with the visual calls for most of the specimens 

(Materials and Methods, Figure 8.8). For the 8 specimens where discrepancies were 

detected, visual calls were reassigned to their computed calls. 

Read distribution among non-host contigs 
To investigate the microbiota of each mosquito, host, low quality, and low 

complexity sequences were filtered from each mosquito (Materials and Methods). The 

0.001% - 2.80% reads remaining for each sample were then separately de novo 

assembled. This yielded a total of 891,000 contigs for further analysis. Contigs were then 

aligned in parallel to the NCBI nt and nr databases. For all prokaryotic and eukaryotic 

species, only a fraction of a genome was recovered, thus a lowest common ancestor (LCA) 

analysis of the BLAST results was used to infer the taxa the contigs represented (Materials 

and Methods). For viral contigs, recovery of complete or near complete genomes of RNA 

viruses facilitated viral taxonomic assignment directly from their BLAST results. We further 

manually curated contigs likely to code for viral RNA-dependent RNA polymerases 

(RdRps) and contigs that were physically unlinked but showed evidence of co-occurrence 

with viral RdRps (see Methods). Figure 8.2 shows the taxonomic distribution of reads that 

were assembled into contigs. 
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From the resulting input pool of just under 22.7 million reads, slightly more than 

17.1 million (75%) assembled into contigs with more than two reads. A full 4.1 million 

Figure 8.2 Read count distribution across non-host taxonomic groups detected 
among the set of 148 mosquitoes. 
Treemap overview of taxa detected among the assembled contigs are plotted in squares 
shaded according to taxon identity (legend) and sized according to number of reads 
supporting each contig (legend). Due to the uncertainty in prokaryotic and eukaryotic 
taxonomic assignments, cellular organisms are assigned to the lowest plausible taxonomic 
rank. Each distinct viral lineage is displayed as its own compartment. Reddish hues 
indicate negative-sense RNA viruses; purple hues indicate double-stranded RNA viruses; 
blue, green and yellow hues indicate positive-sense RNA viruses. The "uncurated viruses" 
box indicates contigs that were clearly viral in origin but were too fragmented and/or not 
associated with a RNA-dependent RNA polymerase. 
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reads in these contigs were classified as Hexapoda, likely host sequences too diverged 

from reference to be recognized in the host filtering stage, and were excluded from further 

analysis. Metagenomic “dark matter”, i.e. reads in contigs without recognizable homology 

to previously published sequences, comprise 0.38 million reads. Of the remaining 13.0 

million reads, 10.5 million were distinctly of viral origin. Eukaryotic and bacterial contigs 

comprised 0.85 and 0.68 million reads, respectively, with an additional 0.55 million reads 

not classifiable as either (either assigned to root or cellular organisms). We identified an 

additional 384 thousand viral reads from the “dark matter” (i.e. effectively all reads in this 

category, save for 167 individual reads) using co-occurrence analysis. We thus were able 

to classify, to at least kingdom level 95.7% of the non-host reads which assembled into 

contigs. 

Viruses comprise the vast majority of the reads in our data, with positive-sense 

RNA viruses (7.4 million), followed by negative-sense RNA viruses (2.25 million) and 

double-stranded RNA viruses (0.94 million) with a small portion (0.37 million) being 

clearly viral in origin but incomplete or not associated with an RdRp and are listed under 

the “uncurated viruses” category. Reads in this category were largely from RNA viruses of 

Bunyavirales order and Flaviviridae family, though small numbers of reads belonged to 

contigs most similar to DNA viruses, such as nucleocytoplasmic large DNA viruses, 

members of Polydnaviridae, Alphabaculovirus, Nudiviridae, Circovirus-like sequences, 

phages, and others. 

Within the viral taxa, we observed striking heterogeneity in read numbers, both 

within and across viral genome categories. This likely resulted not only from actual 
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differences in amounts of virus carried within or on any given mosquito, but also from 

differences in viral copies in organisms carried on or in the mosquitoes. For example, the 

recently described Marma virus (Pettersson et al., 2019), a known virus of mosquitoes, 

comprised nearly a quarter (23.9%) of all viral reads. In contrast, six Botourmiavirus taxa, 

corresponding to viruses known to infect fungi, were detected at very low levels (<200 

reads each). All of the Botourmiaviruses were found in sample CMS002_053a, presumably 

corresponding to an infection of the ergot fungus (Claviceps sp.) that was detectable in the 

same sample. 

Second in abundance by read number were bacterial taxa, with Wolbachia 

comprising most of the reads (Wolbachia endosymbiont of Culex quinquefasciatus with 

0.22 million reads and Wolbachia pipientis with 11,000 reads). Various other bacterial 

taxa were detected at lower abundance (other members of Alphaproteobacteria, 

Gammaproteobacteria, Terrabacteria group, and Spirochaetes); Spironema culicis (73,000 

reads) makes up 68% of Spirochaete reads. 

Of the eukaryotic non-host sequences, members of Trypanosomatidae comprised 

53% of reads (0.45 million). Approximately 56% (0.25 million) of these belonged to 

members of Leishmaniinae. The second most abundant group of eukaryotes detected in 

the dataset was the Bilateria (animals) taxa, with 0.20 million reads. This group was made 

up of the mammals (Boreoeutheria, 73,000 reads), birds (Aves, 51,000 reads), and 

invertebrates (Ecdysozoa, 36,000 reads). The reads derived from vertebrate taxa almost 

certainly belong to blood meal hosts, which we investigate in detail below. 
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The third largest eukaryotic category by read numbers was fungi (79,000 reads), 

with Microsporidia (56,000 reads) being the largest fungal group. The Microsporidia 

largely comprised genus-level Amblyospora taxa (29,000 reads). A mixture of 

subkingdom-level Dikarya reads (21,000 reads) were also observed, of which most are 

assigned to ascomycete yeasts (taxonomic designation Saccharomyceta, 17,000 reads). 

Plants (Viridiplantae, 62,000 reads) comprise the last category of eukaryotes with notable 

read prevalence in our data. Many contigs could only be assigned at the highest 

taxonomic levels: cellular organisms (1.87 million), bacteria (0.68 million), and eukaryotes 

(0.85 million reads). 

Quantifying yield of new genetic information 
From the 148 mosquitoes sequenced for this study, a diverse set of 70 unique viral 

taxa were recovered with identifiable RdRp sequences and complete or near-complete 

genomes. These viral taxa correspond primarily to RNA viruses and encompass a wide 

variety of genome types. Twenty-one of these viruses are closely related or identical to 

previously identified mosquito viruses: 8 correspond to viruses previously detected in 

California mosquitoes (Sadeghi et al., 2018; Chandler et al., 2015; Tyler et al., 2011), and 

13 correspond to viruses identified from mosquito specimens collected outside of 

California (Göertz et al., 2019; Shi et al., 2019; Parry and Asgari, 2018; Waldron et al., 

2018; Bigot et al., 2018; Shi et al., 2016). The remaining 50 viral genomes share less than 

85% amino acid sequence identity to any publicly available viral sequences. Despite this 

divergence, family-level features such as conserved sequences at the 5’ and 3’ ends of 

bunyavirus segments allowed us to demonstrate complete genome recovery of a novel 
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peribunya-like virus from a single mosquito at relatively low abundance (4.9% of non-host 

reads) (Figure 8.10). To reduce the likelihood of mis-annotating non-infectious 

endogenous viral elements (EVEs) present within eukaryotic genomes (Ter Horst et al., 

2019; Palatini et al., 2017; François et al., 2016; Katzourakis and Gifford, 2010), the set of 

viruses considered here was restricted to those with complete or nearcomplete genomes. 

Nevertheless, it is difficult to rule out this possibility with mNGS alone and we identify 

two viral RdRp-like sequences, RdRp group 88, Tombus-like virus, and RdRp group 246, 

Reo-like virus, which fall into clades containing both replicating viruses and sequences 

proposed to be integrated in the genome of Leptomonas trypanosomatid and Ochlerotatus 

mosquito, respectively (Grybchuk et al., 2018; Cook et al., 2013). 

We quantified the evolutionary novelty of these genome sequences by the total 

amount of branch length (in expected amino acid substitutions per site) contributed per 

viral lineage not derived from previously published sequences (Figure 8.3). We define this 

contribution of evolutionary novelty (CEN) as branch lengths of a substitution phylogeny 

(inferred from an untrimmed alignment) not visited after tip-to-root traversals from every 

background (i.e. non-study) sequence (Figure 8.11). Since branch lengths in molecular 

phylogenies represent discrete and independent periods of evolution, CEN is additive over 

studies (so long as the tree topologies agree). In contrast, statistics from pairwise 

comparisons, such as percent identities to the closest previously described sequence, will 

depend on the order in which new genomes are considered. According to this metric, our 

data contribute a range of evolutionary novelty across different viral families. While most  
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Figure 8.3 Quantifying contribution of new viral sequences. 
Top panel, A collection of three unrooted trees representing varying degrees of 
evolutionary novelty contribution from the current study - four lineages belonging to a 
subgroup of Solemoviridae related to Motts Mill virus, four lineages of Quaranjavirus in 
Orthomyxoviridae and one lineage distantly related to Berant virus in Mononegavirales. 
Scale bars under each tree indicate the distance corresponding to 1.0 amino acid 
substitutions per site (in black) as well as branch length contribution of lineages in the tree 
from this study (in color). Bottom panel, Bar chart depicting the evolutionary novelty 
contribution from each lineage described here, colored by viral family/group (same color 
scheme as Figure 2). Bars outlined in black with a triangle above indicate viral lineages 
displayed in the trees above. 
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viral lineages detected here contribute only modest lineages were readily identified, 

despite mosquitoes being a frequent target of metagenomic studies. 

Microbial cargo of single mosquitos 
We next delved into the single mosquito distribution of the viral, prokaryotic, and 

eukaryotic taxa detectable across the specimens included in this study. All confidently 

called contigs for microbial taxa detected within each mosquito were compiled, and the 

fraction of non-host reads aligning to each contig was computed to estimate the 

composition and proportions of microbial agents detectable within each mosquito. Figure 

8.4 displays those agents detectable at a level above 1% of non-host reads plotted as bars. 

Confidently called contigs with less than 1% non-host read support are plotted as symbols 

above the x-axis coordinate for each relevant mosquito sample. 

Viruses detected in single mosquitos 
Examining first the 70 unique viral taxa on a single mosquito basis. Among single 

mosquitoes, co-infections predominated, with 120/136 mosquitoes harboring 2 or more 

distinct viral taxa (Figure 8.12). This insight is only possible by analyzing mosquitoes 

individually rather than in bulk. Furthermore, single mosquito analysis also highlighted the 

variability in the composition and amount of viral reads both within and across mosquito 

species, and their corresponding collection sites (Figure 8.4, top panel, Figure 8.14). We 

find that the average abundance of a virus (i.e. the average number of reads across a set of 

mosquitoes) is not necessarily predictive of the prevalence of that virus (i.e. the number of 

mosquitoes in which it occurs). For example, Culex narnavirus 1 and Culex pipiens-

associated Tunisia virus were found in similar abundances in Culex erythrothorax 
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mosquitoes at the same collection site in West Valley, but the latter was 3 times more 

prevalent (Figure 8.13). The differentiation between abundance and prevalence would not 

be possible without single mosquito sequencing. 

Prokaryotes detected in single mosquitos 
We restricted our single mosquito analysis of prokaryote infections to Wolbachia, 

which was the most abundant prokaryotic taxon detected in this study (Figure 8.2) and a 

known endosymbiont of mosquitoes that could impact the microbiota of its mosquito 

hosts (Werren et al., 2008). We detected Wolbachia in 32 mosquitoes belonging to Culex 

Figure 8.4 Distribution of viruses, Wolbachia, and eukaryotes in single mosquitoes. 
Individual mosquito proportions of non-host reads supporting assembled contigs 
corresponding to detectable viruses (top panel), Wolbachia (middle panel), and selected 
eukaryotic microbes (bottom panel) supported by ≥ 1% of non-host reads (plotted bars). 
Parallel symbols plotted on Wolbachia and eukaryotic microbes panels indicate microbes 
detected at ≤ 1% (middle panel, black circles = Wolbachia taxa; bottom panel, light grey 
circles outlined with black = Apicomplexa taxa; grey triangles = Microsporidia taxa; black 
diamonds = Trypanosomatidae taxa). Samples were aggregated by mosquito species (top 
labels), and ordered by collection site location from north to south (see x-axis color bar at 
the below bottom panel and inset California map at bottom right of plot), and viral 
abundance (descending order, left to right). 



 

 
174 

quinquefasciatus, Culex pipiens, and Aedes albopictus species. These observations are 

consistent with previous observations of wild-caught mosquito species that are naturally 

infected with Wolbachia (Rasgon and Scott, 2004; Kittayapong et al., 2000). Among these 

3 species, Wolbachia was detected in all or nearly all of the mosquitoes. However, the 

fraction of non-host reads assigned to Wolbachia per mosquito varied from <1% to 74% 

(Figure 8.4, middle panel, black bar plots and circle symbols). Since all or nearly all the 

individual mosquitoes among the 3 species were Wolbachia-positive, it was not possible 

to investigate how the presence of different levels of Wolbachia, or even the presence or 

absence of Wolbachia, influenced the composition or relative amount of co-occurring 

viral taxa detectable among these mosquitoes. 

Eukaryotic microbes detected in single mosquitos 
For analysis of eukaryotes, we focused on: Trypanosomatidae, the most abundant 

eukaryotic taxon detected and containing established pathogens of both humans and 

birds, Microsporidia, a fungal taxon known to infect mosquitoes, Apicomplexa, which 

encompasses the causative agents of human and avian malaria, Nematoda, which contain 

filarial species that cause heart worm in canines and filarial diseases in humans. 

Twelve mosquitoes were found to harbor Trypanosomatidae taxa. We detected 

sequences corresponding to monoxenous (e.g. Crithidia and Leptomonas species), 

dixenous (Trypanosoma, Leishmania species), as well as the more recently described 

Paratrypanosoma confusum species. Eight of the Trypanosomatidae-positive mosquitoes 

corresponded to Culex erythrothorax mosquitoes that were all collected from the same 
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trap site in Alameda County at different times. The four other Trypanosomatidae-positives 

corresponded to 2 different species of mosquitoes (2 Culex pipiens and 2 Culex tarsalis). 

After the Trypanosomatidae taxa, the next most abundantly detected eukaryotic 

microbial taxa among the mosquitoes corresponded to the fungal taxa Microsporidia 

(Figure 8.2). Single mosquito analysis indicated that 6 mosquitoes (4 Culex tarsalis and 2 

Culex erythrothorax) harbor Microsporidia contigs. However, only a single Culex tarsalis 

mosquito collected in West Valley was found to have > 1% non-host reads assigned to 

this taxon (Figure 8.4, bottom panel, gray bar plot and triangle symbols). 

We also investigated the single mosquito distribution of the Apicomplexa contigs 

and reads we observed within our dataset. This phylum encompasses the Plasmodium 

genus, which includes several pathogenic species that cause avian and human malaria. 

Single mosquito analysis identified 9 mosquitoes with Apicomplexa contigs. These 

corresponded to 3 Aedes aegypti mosquitoes and 1 Culex quinquefasciatus mosquito, 

both collected in San Diego, and 3 Culex erythrothorax mosquitoes, 1 Culex pipiens 

mosquito, and 1 Culex tarsalis mosquito, collected in Alameda County. Only the Culex 

quinquefasciatus mosquito harbored Apicomplexa reads at a level above 1% non-host 

(Figure 8.4, bottom panel, light gray bar plot and circle symbols outlined in black). 

Interestingly, no viruses were observed in this mosquito. 

Finally, we examined taxa falling under Nematoda, a phylum which encompasses 

a diverse set of more than 50 filarial parasites of humans and animals. Here, we saw 

evidence of Nematoda carriage in 3 Culex mosquitoes: 2 Culex tarsalis mosquitoes and 1 

Culex pipiens mosquito (Figure 8.4, bottom panel, dark gray bar plot and diamond 
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symbols). Two of these mosquitoes were collected in Alameda County, and showed very 

low levels Nematoda (≤ 1% of non- host reads, Figure 8.4, bottom panel, diamond 

symbols). In the third mosquito, a Culex tarsalis collected in Coachella Valley, the 

Nematoda make up 2% of the non-host reads. 

Blood meals and associated microbes 
We next investigated the possibility of identifying the blood meal host directly from 

metatranscriptomic sequencing. We restrict this analysis to the 60 mosquitoes from 

Alameda County, as they were selected for visible blood engorgement. For 45 of the 60 

mosquitoes, there was at least one contig with an LCA assignment to the phylum 

Vertebrata (range = 1-11 contigs, with 4-12,171 supporting reads). To assign a blood meal 

host for each of these mosquitoes, we compiled their corresponding Vertebrata contigs 

and selected the lowest taxonomic group consistent with those contigs. For all samples, 

the blood meal call fell into one of five broad categories, as shown in Figure 8.5: even-

toed ungulates (Pecora), birds (Aves), carnivores (Carnivora), rodents (Rodentia), and 

rabbits (Leporidae). For 

10 samples, this call was 

at the species level, 

including rabbit 

(Oryctolagus cuniculus), 

mallard duck (Anas 

platyrhynchos), and 

raccoon (Procyon lotor).  

Figure 8.5 Consensus taxonomic calls of vertebrate contigs 
for 45 of 60 blood fed mosquitoes collected in Alameda 
County. 
The remaining 15 samples had no vertebrate contigs. Red 
blocks represent individual mosquito samples; colored circles 
represent co-occurring contigs matching Orbivirus, Anaplasma, 
Avian Apicomplexa and Avian Trypanosomatidae representing 
possible bloodborne pathogens of the blood meal host. 
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These findings are broadly consistent with the habitats where the mosquitoes were 

collected. For the 25 samples collected in or near the marshlands of Coyote Hills Regional 

Park, we compare our calls to the wildlife observations in iNaturalist, a citizen science 

project for mapping and sharing observations of biodiversity. iNaturalist reports 

observations consistent with all five categories, including various species of squirrel, 

rabbit, raccoon, muskrat, and mule deer. The mosquitoes with blood meals in Pecora are 

likely feeding on mule deer, as no other ungulate commonly resides in that marsh 

(iNaturalist, 2020).  

We also investigated whether bloodborne pathogens of the blood meal were 

detectable. We performed a hypergeometric test for association between each blood meal 

category and each microbial taxon. The only statistically significant association (p = 

0.0005, Bonferroni corrected) was between Pecora and Anaplasma, an intracellular 

erythroparasite transmitted by ticks. Anaplasma was detected in 11 of the 20 samples with 

Pecora, indicating a possible burden of anaplasmosis in the local deer population. 

Additionally, we detected evidence for three other bloodborne pathogens which, because 

of the small number of observations, could not pass the threshold of statistical 

significance. These include an orbivirus closely related to those known to infect deer 

(Cooper et al., 2014; Ahasan et al., 2019a,b), a Trypanosoma species previously found in 

birds (Zídková et al., 2012), and the apicomplexans Plasmodium and Eimeria from species 

known to infect birds (Carlson et al., 2018; Harl et al., 2019) (See Methods). The likely 

hosts of these pathogens were also concordant with the blood meal calls. 
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Recovery of previously unrecognizable viral genome segments 
Although many new viruses can be identified in bulk samples, the majority of these 

are identified only via their conserved RdRp (Li et al., 2015; Shi et al., 2017, 2019; 

Pettersson et al., 2019). Recovering complete genomes for segmented viruses from bulk 

samples is challenging, as genes which are not highly conserved may be unrecognizable 

by sequence homology. Moreover, the assignment of putative segments to a single 

genome can be confounded if a mosquito pool contains mosquitoes with multiple 

infections of related segmented viruses. 

By sequencing many single mosquitoes, we can exploit the fact that all segments of 

a segmented virus will co-occur in the samples where that virus is present and be absent 

in samples where the virus is absent, enabling identification of previously unidentified 

viral genome segments. To do so, we first grouped all contigs longer than 500 nucleotides 

from the study into clusters of highly homologous contigs, then grouped these clusters by 

cooccurrence across all the samples. This requires only the sequence information from the 

study, and does not use any external reference. We then scanned each cluster for 

sequences containing a viral RdRp domain (see Methods). For each RdRp cluster, we 

consider any other contig cluster whose sample group overlaps the set of samples in the 

viral RdRp cluster above a threshold of 80% as a putative segment of the corresponding 

virus (Figure 8.16). We show a cluster-by-sample heatmap for all segments co-occurring 

with RdRps in Figure 8.15. This resulted in 27 candidate complete genomes for segmented 

viruses. For the 79 of the 96 putative segments recognizable by homology to published 

sequences (colored in black), these groupings into genomes were accurate. This supports 
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the notion that the remaining 17 putative segments (colored in red), which lack homology 

to any known sequences at either nucleotide or amino acid level, may indeed be part of 

viral genomes. These putative segments represented 8% of the “dark matter” portion of the 

reads in the study. 

Orthomyxoviruses 

Detailed co-occurrence analysis for orthomyxoviruses is shown in  

Figure 8.6. These are a family of multi-segmented viruses containing influenza 

viruses, isaviruses, thogotoviruses, and quaranjaviruses that infect a range of mammalian, 

avian, and fish species. Many quaranjaviruses infect arthopods, and in this study, we 

identified four quaranjaviruses, two of which were previously observed in mosquitoes 

collected outside California (Wuhan Mosquito Virus 6 (WMV6) (Li et al., 2015; Shi et al., 

2017) and Guadeloupe mosquito quaranja-like virus 1 (GMQV1) (Shi et al., 2019). While 

influenza viruses are known to have 7 or 8 segments, the published genomes for 

quaranjaviruses contained 6 or fewer segments. 

For the WMV6 and GMQV1 isolates detected here, we observed all of the 

previously identified segments (PB1, PB2, PA, and NP segments for both; and two 

additional segments, gp64 and “hypothetical”, for WMV6). We moreover found evidence 

for two distinct putative segments, which we name hypothetical 2 and hypothetical 3. We 

confirmed the existence of the 2 putative segments for WMV6 by assembling homologous 

segments from reads in the two previously published datasets describing this virus (Li et 

al., 2015; Shi et al., 2017). For GMQV1, we were able to find reads in the published SRA 
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Figure 8.6 Previously unrecognized Orthomyxovirus genome segments identified 
among unaligned “dark matter” contigs using co-occurrence analysis. 
Matrix of contigs derived from four distinct Orthomyxoviruses and one Phasma-like virus 
that were detected via their distinct co-occurrence pattern across mosquitoes. Rows are 
clusters of highly similar (>99% identity) contigs and columns are individual mosquito 
samples. Light grey vertical lines delineate mosquito samples, dark black vertical lines 
indicate boundaries between mosquito species of each sample. Dark horizontal lines 
delineate segments comprising viral genomes. Labels on the right indicate viruses, with 
genomes delineated by horizontal lines. Guadeloupe mosquito quaranja-like virus 1 and 
Wuhan mosquito virus 6 were previously described and Usinis, Barstukas and Astopletus 
were named here. At left, plain text indicates putative labels for homologous clusters; 
black text indicates segments identifiable via homology (BLASTx) and red text indicates 
contig clusters that co-occur with identifiable segments but themselves have no 
identifiable homology to anything in GenBank. The Phasma-like Barstukas virus exhibits a 
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nearly perfect overlap with Usinis virus (except for one sample in which Usinis was not 
found) but is identifiable as a Bunya-like virus due to having a three-segmented genome 
with recognizable homology across all segments to other Phasma-like viruses. Cells are 
colored by contig lengths (see color scale legend), highlighting their consistency which is 
expected of genuine segments. Deviations in detected contig lengths (e.g., Aedes aegypti 
samples that harbor shorter Usinis virus genome segments) reflect the presence of partial 
or fragmented contig assemblies in some of the samples. 

entries that are similar at the amino acid level to putative protein products of the two new 

segments, there was not sufficient coverage to reconstruct whole segments.) Furthermore, 

phylogenetic trees constructed separately for each of the eight segments have similar 

topologies (See tanglegram, top panel of Figure 8.7), suggesting that the two new putative 

segments have evolved in conjunction with the previous six, bringing the total number of 

segments for each genome to eight. 

For the two quaranjaviruses discovered in this study, Usinis virus and Astopletus 

virus, the co-occurence analysis also produced 8 segments, 5 and 4 of which, 

respectively, were recognizable by alignment to NCBI reference sequences. The 

hypothetical 2 and hypothetical 3 segments we identified from these four quaranjavirus 

genomes are too diverged from one another to align via BLASTx, but they do share 

cardinal genomic features such as sequence length, ORF length, and predicted 

transmembrane domains Figure 8.17. The four viruses discussed here are part of a larger 

clade of quaranjaviruses, as pictured in Figure 8.18. It is likely that the remaining seven 

viruses in this clade also have eight segments. 
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Figure 8.7 Phylogenetic analysis of Wuhan mosquito virus 6. 
Top panel, Tanglegram of 20 Wuhan mosquito virus 6 genomes comprised of 8 
maximum likelihood (ML) segment trees. The Chinese strain (QN3-6) was originally 
described from a single PB1 sequence while Australian (orange) viruses were described as 
having 6 segments. In this study we report the existence of two additional smaller 
segments (named hypothetical 2 and hypothetical 3) which we have assembled from our 
samples and the SRA entries of Chinese and Australian samples. Strains recovered in 
California as part of this study are colored by sampling location (Placer in green, Alameda 
County in purple, West Valley in yellow). Strain names and hosts are indicated on the far 
right with colored lines tracing the position of each tip in other segment trees with 
crossings visually indicating potential reassortments.  
Bottom panel, Reassortment time network of the same data as above. Clonal evolution is 
displayed as solid lines with dashed lines indicating inferred reticulate evolution. 
Information about which segments are reassorting is represented by eight squares 
arranged in the same order as the maximum likelihood trees above with black squares 
indicating traveling segments with posterior probability of reassortment in brackets 
displayed towards the end of the tree at the same level along the y axis as the origin of the 
reassorting lineage. Reassortment contributions (i.e. “landing” of a lineage) are indicated 
by small white arrows and nodes with posterior probability greater than 0.05 are indicated 
by white circles; posterior probabilities indicated if the node is the ancestor of at least 
three tips. Grey rectangles mark the 95% highest posterior density (HPD) interval for node 
heights. 
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The high rate of viral co-infections (Figure 8.12) detected among the single 

mosquitoes we analyzed indicated a high likelihood that multiple mosquitoes could 

harbor more than one multi-segmented virus. A co-occurrence threshold of 0.8 was 

sufficient to deconvolve those segments into distinct genomes in all cases but one. There 

were 15 mosquito samples containing both Usinis virus, an orthomyxovirus with eight 

segments (three of which were unrecognizable by BLASTx), and Barstukas virus, a 

Phasma-like bunyavirus, with one additional sample where only Barstukas virus was 

found ( 

Figure 8.6, top two blocks). In this case, we were able to disentangle the genomes 

of these two viruses using additional genetic information: Barstukas virus contains all three 

segments expected for a bunyavirus (L, GP, and NP), all of which had BLASTx hits to other 

Phasma-like viruses, while the unrecognizable segments of Usinis virus shared features 

with the other quaranjaviruses in the study (as described above).  

Culex narnavirus 1 

Beyond detection of missing genome segments for known multi-segmented viruses, 

the co-occurrence analysis also revealed additional genome segments in “dark matter” 

contig clusters for viruses with genomes previously considered to be non-segmented. A 

striking example is an 850 nucleotide contig cluster that co-occurred with the Culex 

narnavirus 1 RdRp segment in more than 40 mosquitoes collected from diverse locations 

across California (Figure 8.15). Like the RdRp segment, the putative new second segment 

shares the exceptional feature of ambigrammatic open reading frames (ORFs) (DeRisi et 

al., 2019; Dinan et al., 2019) (Figure 8.17). The phylogentic tree topology for the set of 42 
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putative second segments is similar to the tree for the RdRp segments, suggesting co-

inheritance (Figure 8.19). Moreover, we were able to recover nearly identical contigs from 

previously published mosquito datasets, all of which also contained the Culex narnavirus 

1 RdRp segment. This provides strong evidence that this otherwise unrecognizable 

sequence is a genuine Culex narnavirus 1 segment, which we refer to here as the Robin 

segment. 

Since the Narnaviruses were first described in fungi (Hillman and Cai, 2013) and 

recent studies have shown other eukaryotes can serve as Narnavirus hosts (Göertz et al., 

2019; Charon et al., 2019; Richaud et al., 2019; Dinan et al., 2019), we investigated 

whether this virus co-occurred with a potential non-mosquito host. There was no 

significant co-occurrence with a non-mosquito eukaryotic taxon, or between the 

abundance of Culex narnavirus 1 and abundance of fungi (Figure 8.20). 

As the putative new Robin segment was pulled from the “dark matter” fraction of 

contigs, each of the ORFs it encodes corresponds to a hypothetical protein without 

sequence similarity to any publicly available sequence. To investigate differences in 

potential functional constraints of the opposing ORFs across both Robin and the RdRp 

segments, we compared the amino acid alignments among the isolates for each of their 

ORFs. Among the 42 Culex narnavirus 1 RdRp segments we identified and the 3 closely 

related reference sequences, we detected 139 variable sites in the RdRp compared with 

413 in the reverse ORF. In the Robin segment, there were 98 and 126 variable sites in the 

forward and reverse ORFs, respectively. Taken together, the discovery of a second 

segment sharing the ambigrammatic structure and the large difference in amino acid 
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conservation between forward and reverse ORFs, are consistent with a model where the 

opposition of ORFs is important for the viral lifecycle, rather than simply an efficient 

encoding of unrelated viral proteins. 

Wuhan mosquito virus 6 phylogeography 
Thorough identification of complete genomes for segmented viruses also provides a 

more refined and accurate understanding of both genetic history and reassortment 

potential. We used the set of 12 complete WMV6 genome sequences recovered from 

California via the co-occurrence analysis described above, plus the additional complete 

genomes we assembled from data provided for the previously reported Chinese (Li et al., 

2015) and Australian WMV6 isolates (Shi et al., 2017), to investigate the phylogeography 

of WMV6. Taken together, these provided 4 years of data for our analysis (Drummond et 

al., 2003). We reconstructed a reassortment network (Figure 8.7, bottom panel) (Müller et 

al., 2019)), to partition the WMV6 evolution into clonal parts (informed by nearly 12,000 

nucleotides) and reticulate parts from reassorting segments. This limited sampling of 

WMV6 from mosquitoes reveals limited population structure within sampling locations 

(Australia and California) but clear, presumably oceanic, boundaries between viruses from 

different studies (Figure 8.7, bottom panel). Viral diversity appears to be distance-

dependent where Australian viruses (collected at most 400km apart) have lower diversity 

than viruses seen in California (collected at most 700km apart). In both cases, however, 

viral populations are exceedingly homogeneous with times to most recent common 

ancestor (TMRCA) of ≤1 year (with reassortant exceptions). This, combined with an east-

to-west-oriented ladder-like phylogeny, suggests that WMV6 is potentially undergoing a 



 

 
186 

transcontinental sweep restricted to Culex mosquitoes where California represents the 

most recent landing of the virus. Additional sequence data not shown here suggest the 

origins of the sweep could be as far east as Europe (Pettersson et al., 2019) with Southeast 

Asian samples falling in the expected position between China and Australia under a 

hypothesis of a westerly global sweep. 

Discussion 

We demonstrate how metatranscriptomic sequencing of single mosquitoes, 

together with reference-free analyses and public databases, provides in a single assay 

information about circulating mosquito species, prevalence, cooccurrence, and 

phylodynamics of diverse known and novel viruses, prokaryotes, and eukaryotes, blood 

meal sources and their potential pathogens. While unbiased sequencing of individual 

mosquitoes is not practical or appropriate in all contexts, it offers a straightforward and 

rapid way to characterize a population of mosquitoes, their blood meals, and their 

microbial cargo. In the context of an emerging disease, where knowledge about vectors, 

pathogens, and reservoirs is lacking, the techniques here can provide actionable 

information for public health surveillance and intervention decisions. 

Inferring biology from sequence in the context of an incomplete reference 
The power of metatranscriptomic sequencing depends on the ability to extract 

biological information from nucleic acid sequences. For both bulk and single mosquito 

sequencing studies, the primary link between sequence and biology is provided by public 

reference databases, and thus the sensitivity of these approaches will depend crucially on 
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the quality and comprehensiveness of those references. In practice, even the largest 

reference databases, such as nt/nr from NCBI, represent a small portion of the tree of life, 

so the best match for a sequence from a sample of environmental or ecological origin is 

often at a low percent identity. Here, we manage that uncertainty by assigning a sequence 

to the lowest common ancestor of its best matches in the reference database. However, 

there is a fundamental limit to the precision of taxonomic identification from an 

incomplete reference. 

An advantage of single mosquito sequencing is that it offers an orthogonal source 

of information: the ability to recognize nucleic acid sequences detected in many samples 

even when they have no homology to a reference sequence. This allowed us to associate 

unrecognizable sequences with viral polymerases, generating hypothetical complete 

genomes supported, retrospectively, public datasets. The strategy of linking contigs that 

co-occur across samples is utilized in analysis of human and environmental microbiomes, 

where it is referred to as "metagenomic binning" (Roumpeka et al., 2017; Breitwieser et 

al., 2019). In this manner we pulled 8% the reads in the “dark matter” fraction of our 

dataset into the light. The putative complete genomes were supported, retrospectively, by 

public datasets, and can be further validated by biological experiments or approaches 

such as short RNA sequencing that indicate a host antiviral response (Aguiar et al., 2015; 

Waldron et al., 2018). 

Another advantage of single mosquito sequencing is the ability to validate visual 

species identifications using molecular data. Though only 3 of the 10 mosquito species in 

this study had complete genome references, it was possible to estimate pairwise SNP 
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distances between samples in a reference-free way and perform an unsupervised 

clustering. The clusters were largely concordant with the visual labels, and the outliers 

were easy to detect and correct (Figure 8.8). In a bulk pool, the microbiota from 

mislabeled specimens would be blended in with the correctly labeled ones, and difficult 

or impossible to deconvolute after the fact. This approach generalizes to any collection of 

metatranscriptomes containing multiple representatives of each species, including the 

more than 200 mosquito species without full genomes, other arthropods, bats, or any 

other disease vector. 

Distribution of microbes within mosquito populations 
Once sequences have been mapped to taxa, it is relatively straightforward to 

characterize the composition of the microbes within a circulating population of 

mosquitoes. This information can inform basic research and epidemiologic questions 

relevant for modeling the dynamics of infectious agents and the efficacy of interventions. 

A key parameter is the prevalence of a microbe, which cannot be inferred from bulk data. 

For the 70 viruses in this study, the prevalence ranged from detection in one mosquito 

(RdRp group 61, peribunya-like virus) to detection in all 36 Culex tarsalis samples in the 

study (Marma virus). 

For some questions, the prevalence data supplied by single mosquito sequencing is 

helpful for experimental design. For example, in our dataset, Wolbachia was either absent 

or endemic in each mosquito species sampled. Thus it is not possible to detect an effect of 

Wolbachia on virome composition or abundance within any species. Single mosquito 

sequencing could address such questions via more extensive, targeted sampling of 
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mosquito populations where Wolbachia (or any other agent of interest) is expected to 

have an intermediate prevalence. 

Also, the high incidence of viral co-infections has implications for the potential for 

viral recombination or reassortment within the mosquito population. As described for 

WMV6 below, such information can provide clues to transmission, virus evolution, and 

mosquito movements over time. 

Blood meal sources and xenosurveillance 
The identification of blood meal hosts is important for understanding mosquito 

ecology and controlling mosquitoborne diseases. Early field observations were 

supplemented by serology (Washino and Tempelis, 1983), and, more recently, molecular 

methods based on host DNA. Currently, the most popular method of blood meal 

identification is targeted PCR enrichment of a highly-conserved "barcode" gene, such as 

mitochondrial cytochrome oxidase I, followed by sequencing (RATNASINGHAM and 

HEBERT, 2007; Reeves et al., 2018). To monitor specific relationships between mosquito, 

blood meal, and pathogen, studies have combined visual identification of mosquitoes, 

DNA barcode identification of blood meal, and targeted PCR or serology for pathogen 

identification (Batovska et al., 2018; Tedrow et al., 2019; Boothe et al., 2015; Tomazatos 

et al., 2019). Here, we extend the spectrum of molecular methods, and show that 

unbiased mNGS of single mosquitoes can identify blood meal hosts, while simultaneously 

validating the mosquito species and providing an unbiased look at the pathogens. This 

allows for both reservoir identification, which seeks to identify the unknown host of a 

known pathogen, and xenosurveillance, which seeks to identify the unknown pathogens 
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of specific vertebrate populations (Grubaugh et al., 2015). For example, in this study we 

found a high prevalence of the tick-borne pathogen Anaplasma in mosquitoes that had 

likely ingested a blood meal from deer. In one deer-fed mosquito, we found Lobuck virus, 

a member of a clade of orbiviruses implicated in disease of commercially farmed deer in 

Missouri, Florida, and Pennsylvania (Cooper et al., 2014; Ahasan et al., 2019b,a). Our 

data suggest that mosquito species are a potential vector for such orbiviruses. For these 

analyses, it was crucial that single mosquitoes were sequenced—if the mosquitoes had 

been pooled, it would not have been possible to associate potential vertebrate pathogens 

with a specific blood meal hosts. 

Tracking specific microbes and mosquitos 
As the rate of metagenomic sequencing increases, new studies are more likely to 

find previously characterized viruses. (In fact, while this manuscript was in preparation, a 

study of viruses in the Caribbean island of Guadaloupe (Shi et al., 2019) described the 

existence of a virus, Guadaloupe Mosquito Virus 1, which we also detected here in 

California.) Each virus becomes more interesting the more places it is seen, as the 

accumulation of observations allows for the construction of more detailed phylogenies. 

These can reveal the evolution of the virus, its evolutionary rate, reassortment dynamics, 

and geographic distribution. As the gross structure of the virome is filled out, the rate of 

uncovering novel genetic diversity (i.e. branch length) will decrease and the fine structure 

of viral evolution will begin to be elucidated. 

The case of Wuhan Mosquito virus 6 illustrates this trend well. In the course of five 

years, our understanding of a virus has gone from a single segment found in one city (Li et 
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al., 2015) to eight segments seen across three continents, with evidence for rapid spread, 

co-infection, and concomitant reassortment. As further studies provide more closely 

related sequences to the viruses first described in this and other reports, the portrait of 

mosquitoborne RNA virus evolution and migration will come into focus. In the context of 

potential habitat changes due to global warming (Kraemer et al., 2019), documented 

transcontinental transportation of mosquitos by humans (Enserink, 2008), and recent 

evidence of wind-borne long-distance mosquito migration (Huestis et al., 2019), the fast 

molecular clock of RNA virus evolution may prove a useful tool for the precise tracking of 

shifting mosquito populations. 

A critical role for public data in public health 
This study would have been impossible without rich public datasets containing 

sequences, species, locations, and sampling dates. These provided the backbone of 

information allowing us to identify the majority of our sequences. Non-sequence 

resources, such as the iNaturalist catalog of citizen scientist biodiversity observations, was 

a valuable complement, providing empirical knowledge of species distributions in the 

mosquito collection area that resolved the ambiguity we detected in sequence space. 

Evidence-based public health interventions could benefit from a combination of 

unbiased, single mosquito sequencing, targeted analysis of mosquito pools, and field 

observations of mosquitoes and the animals they bite. As shown here, single mosquito 

mNGS can map an uncharted landscape that targeted sequencing can cheaply monitor, 

informing physical inspection and interventions. As mosquitoes and their microbiota 
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continue to evolve and migrate, posing new risks for human and animal populations, 

these complementary approaches will empower scientists and public health professionals. 

Data and Code Availability 

Raw sequencing data is available on the NCBI Short Read Archive at accession 

PRJNA605178. Code is available on Github at github.com/czbiohub/california-mosquito-

study. Derived data (including all contigs) and supplementary data is available on Figshare 

at dx.doi.org/10.6084/m9.figshare.11832999. 

Materials and Methods 

Mosquito collection 
Adult mosquitoes were collected using encephalitis virus survey (EVS) or gravid 

traps that were baited with CO2 or hay-infused water, respectively. The collected 

mosquitoes were frozen using dry ice or paralyzed using triethyl amine and placed on a -

15◦C chill table or in a glass dish, respectively, for identification to species using a 

dissection microscope. Identified female mosquitoes were immediately frozen using dry 

ice in deep well 96-well plates and stored at -80◦C or on dry ice until the nucleic acids 

were extracted for sequencing. 

RNA Preparation 
Individual mosquitoes were homogenized in bashing tubes with 200uL DNA/RNA 

Shield (Zymo Research Corp., Irvine, CA, USA) using a 5mm stainless steel bead and a 

TissueLyserII (Qiagen, Valencia, CA, USA) (2x1min, rest on ice in between). Homogenates 

were centrifuged at 10,000xg for 5min at 4◦C, supernatants were removed and further 
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centrifuged at 16,000xg for 2min at 4◦C after which the supernatants were completely 

exhausted in the nucleic acid extraction process. RNA and DNA were extracted from the 

mosquito supernatants using the ZR-DuetTM DNA/RNA MiniPrep kit (Zymo Research 

Corp., Irvine, CA, USA) with a scaled down version of the manufacturer’s protocol with 

Dnase treatment of RNA using either the kit’s DNase or the Qiagen RNase-Free DNase Set 

(Qiagen, Valencia, CA, USA). Water controls were performed with each extraction batch. 

Quantitation and quality assessment of RNA was done by the Invitrogen Qubit 3.0 

Fluorometer using the Qubit RNA HS Assay Kit (ThermoFisher Scientific, Carlsbad, CA, 

USA) and the Agilent 2100 BioAnalyzer with the RNA 6000 Pico Kit (Agilent 

Technologies, Santa Clara, CA, USA). 

Library Prep and Sequencing 
Up to 200ng of RNA per mosquito, or 4uL aliquots of water controls extracted in 

parallel with mosquitoes, were used as input into the library preparation. A 25pg aliquot 

of External RNA Controls Consortium (ERCC) RNA SpikeIn Mix (Ambion, ThermoFisher 

Scientific, Carlsbad, CA, USA) was added to each sample. The NEBNext Directional RNA 

Library Prep Kit (Purified mRNA or rRNA Depleted RNA protocol; New England BioLabs, 

Beverly, MA, USA) and TruSeq Index PCR Primer barcodes (Illumina, San Diego, CA, 

USA) were used to prepare and index each individual library. The quality and quantity of 

resulting individual and pooled mNGS libraries were assessed via electrophoresis with the 

High Sensitivity NGS Fragment Analysis Kit on a Fragment Analyzer (Advanced Analytical 

Technologies, Inc.), the High-Sensitivity DNA Kit on the Agilent Bioanalyzer (Agilent 

Technologies, Santa Clara, CA, USA), and via real-time quantitative polymerase chain 
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reaction (qPCR) with the KAPA Library Quantification Kit (Kapa Biosystems, Wilmington, 

MA, USA). Final library pools were spiked with a non-indexed PhiX control library 

(Illumina, San Diego, CA, USA). Pair-end sequencing (2 x 150bp) was performed using a 

Illumina Novaseq or Illumina NextSeq sequencing systems (Illumina, San Diego, CA, 

USA). The pipeline used to separate the sequencing output into 150-base-pair pair-end 

read FASTQ files by library and to load files onto an Amazon Web Service (AWS) S3 

bucket is available on GitHub at https://github.com/czbiohub/utilities. 

Mosquito Species Validation 
To validate and correct the visual assignment of mosquito species, we estimated 

SNP distances between each pair of mosquito transcriptomes by applying SKA (Split Kmer 

Analysis) to the raw fastq files for each sample. The hierarchical clustering of samples 

based on the resulting distances was largely consistent with the visual assignments, with 

each cluster containing a supermajority of a single species. To correct likely errors in the 

visual assignment, samples were reassigned to the majority species in their cluster, 

resulting in 8 changes out of 148 samples. 

Host and Quality Filtering 
Raw sequencing reads were host- and quality-filtered and assembled using the 

IDseq (v3.2) platform https://idseq. net, a cloud-based, open-source bioinformatics 

platform designed for detection of microbes from metagenomic data. 

Host Reference 
We compiled a custom mosquito host reference database made up of: 



 

 
195 

• All available mosquito genome assemblies under NCBI taxid 7157 (Culicidae; n=41 
records corresponding to 28 unique mosquito species, including 1 Culex, 2 Aedes, and 25 
Anopheles records) from NCBI Genome Assemblies (accession date: 12/7/2018). 

• All mosquito mitochondrial genome records under NCBI taxid 7157 available in NCBI 
Genomes (accession date: 12/7/2018; n=65 records). 

• A Drosophila melanogaster genome (GenBank GCF_000001215.4; accession date: 
12/7/2018). 

Mosquito Genome Assembly and mitochondrial genome accession numbers and 

descriptions are detailed in Supplemental Data file mosquito_genome_refs.txt. 

Read Filtering 
To select reads for assembly, we performed a series of filtering steps using the IDSeq 

platform: 

• Filter Host 1 Remove reads that align to the host reference using the Spliced Transcripts 
Alignment to a Reference (STAR) algorithm (Dobin et al., 2013). 

• Trim Adapters Trim Illumina adapters using trimmomatic (Bolger et al., 2014). 
• Quality Filter Remove low-quality reads using PriceSeqFilter (Ruby et al., 2013). 
• Remove Duplicate Reads Remove duplicate reads using CD-HIT-DUP (Li and Godzik, 

2006; Fu et al., 2012). 
• Low-Complexity Filter Remove low-complexity reads using the LZW-compression filter 

(Ziv and Lempel, 1978). 
• Filter Host 2 Remove further reads that align to the host reference using Bowtie2, with flag 

very-sensitive-local (Langmead and Salzberg, 2012). 

The remaining reads are referred to as "putative non-host reads." A detailed description of 

all parameters is available in the IDseq documentation. 

https://github.com/chanzuckerberg/idseq-dag/wiki/IDseq-Pipeline-Stage-%231: -Host-

Filtering-and-QC 

Assembly 
The putative non-host reads for each sample were assembled into contigs using 

SPADES with default settings. The reads used for assembly were mapped back to the 
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contigs using Bowtie2 (flag very-sensitive), and contigs with more than 2 reads were 

retained for further analysis. 

Taxonomic Assignment 
We aligned each contig to the nt and nr databases using BLASTn (discontinuous 

megablast) and PLAST (a faster implementation of the BLASTx algorithm), respectively 

(Altschul et al., 1990; Van Nguyen and Lavenier, 2009). (The databases were downloaded 

from NCBI on Mar 27, 2019.) Default parameters were used, except the E-value cutoff was 

set to 1e-2. For each contig, the results from the database with a better top hit (as judged 

by bitscore) are used for further analysis. 

For contigs with BLAST hits to more than one species, we report the lowest 

common ancestor (LCA) of all hits whose number of matching aligned bases alignment 

length*percent identity is no less than the number of aligned bases for the best BLAST hit 

minus the number of mismatches in the best hit. (In the case that the same segment of the 

query is aligned for all hits, this condition guarantees that the excluded hits are further 

from the best hit than the query is.) 

For 172,244 contigs there was a strong BLAST hit was to a species in Hexapoda, 

the subphylum of arthropods containing mosquitoes. This is likely a consequence of the 

limited number and quality of genomes used in host filtering, and all contigs with an 

alignment to Hexapoda of at least 80% of the query length or whose top hit (by e-value) 

was to Hexapoda were discarded from further analysis. 

Contigs with no BLAST hits are referred to as "dark contigs". 
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For RNA viruses, where complete or near-complete genomes were recovered, a 

more sensitive analysis was performed. 

Viral Polymerase and Segment Assignment 
Alignments of viral RNA-dependent RNA polymerases used to detect domains were 

downloaded from Pfam. These were RdRP_1 (PF00680, Picornavirales-like and 

Nidovirales-like), RdRP_2 (PF00978, Tymovirales-like and Hepe-Virgalike), RdRP_3 

(PF00998, Tombusviridae-like and Nodaviridae-like), RdRP_4 (PF02123, Toti-, Luteo-, and 

Sobemoviridae-like), RdRP_5 (PF07925, Reoviridae-like), Birna_RdRp (PF04197, 

Birnaviridae-like), Flavi_NS5 (PF00972, Flaviviridae-like), Mitovir_RNA_pol (PF05919, 

Narnaviridae-like), Bunya_RdRp (PF04196, Bunyavirales-like), Arena_RNA_pol (PF06317, 

Arenaviridae-like), Mononeg_RNA_pol (PF00946, Mononega- and Chuviridae-like), 

Flu_PB1 (PF00602, Orthomyxoviridae-like). Hidden Markov model (HMM) profiles were 

generated from these with HMMER (v3.1b2) (Finn et al., 2011) and tested against a set of 

diverged viruses, including ones thought to represent new families (Obbard et al., 2019). 

Based on these results only the RdRP_5 HMM was unable to detect diverged Reovirus 

RdRp, such as Chiqui virus (Contreras-Gutiérrez et al., 2017). An additional alternative 

Reovirus HMM (HMMbuild command) was generated by using BLASTp hits to Chiqui 

virus, largely to genera Cypovirus and Oryzavirus, aligned with MAFFT (E-INS-i, 

BLOSUM30) (Katoh et al., 2005). 

All contigs of length >500 base pairs were grouped into clusters using a threshold 

of ≥ 99% identity (CD-HIT-EST (Li and Godzik, 2006; Fu et al., 2012)). Representative 

contigs from each cluster were scanned for open reading frames (standard genetic code) 
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coding for proteins at least 200 amino acids long, in all six frames with a Python script 

using Biopython (Cock et al., 2009). These proteins were scanned using HMM profiles 

built earlier and potential RdRp-bearing contigs were marked for follow up. We chose to 

classify our contigs by focusing on RdRp under the assumption that bona fide exogenous 

viruses should at the very least carry an RdRp (per Li et al. (2015)) and be mostly coding-

complete. Contigs that were not associated with an RdRp or coding-complete included 

Cell fusing agent virus (Flaviviridae, heavily fragmented) and Phasma-like nucleoprotein 

sequences (potential piRNAs) in a few samples. 

Co-Occurrence 
For each cluster whose representative contig contained a potential RdRp, we 

identified as a putative viral segment each other CD-HIT cluster whose set of samples 

overlapped the set of samples in the RdRp cluster at a threshold of 80%. (That is, a 

putative segment should be present in at least 80% of the samples that RdRp is present in, 

and RdRp should be present in at least 80% of the samples that the putative segment is 

present in). 

In cases where a singleton segmented (bunya-, orthomyxo-, reo-, chryso-like, etc) 

virus was detected in a sample we relied on the presence of BLASTx hits of other segments 

to related viruses (e.g. diverged orthobunyavirus). We thus linked large numbers of viral or 

likely viral contigs to RNA-dependent RNA polymerases representing putative genomes for 

these lineages. 
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Final Classification 
There were 1269 contigs identified as viral either by RdRp detection or co-

occurence, and the resulting specieslevel calls are used for further analysis in lieu of the 

LCA computed via BLAST alignments. This included 338 “dark contigs” which had no 

BLAST hits, 748 with LCA in Viruses; the LCAs for the remainder were Bacteria (9), and 

Eukaryota (4), and Ambiguous (170), a category including (including root, cellular 

organisms, and synthetic constructs). Reads are assigned the taxonomic group of the 

contig they map to. 

Water Controls and Contamination 
There are many potential sources of contaminating nucleic acid, including lab 

surfaces, human experimenters, and reagent kits. We attempt to quantify and correct for 

this contamination using 8 water controls. We model contamination as a random process, 

where the mass of a contaminant taxon t in any sample (water or Mosquito) is a random 

variable xt. We convert from units of reads to units of mass using the number of ERCC 

reads for each sample (as a fixed volume of ERCC spike-in solution was added to each 

sample well). We estimate the mean of xt using the water controls. We say that a taxon 

observed in a sample is a possible contaminant if the estimated mass of that taxon in that 

sample is less than 100 times the average estimated mass of that taxon in the water 

samples. Since the probability that a non-negative random variable is greater than 100 

times its mean is at most 1% (Markov’s inequality), this gives a false discovery rate of 1%. 

For each possible contaminant taxon in a sample, all contigs (and reads) assigned to that 

taxon in that sample were excluded from further analysis. A total of 46,603 reads were 
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removed as possible contamination using this scheme. (Human and mouse were identified 

as the most abundant contaminant species.) 

For every sample, "classified non-host reads" refer to those reads mapping to 

contigs that pass the above filtering, Hexapoda exclusion, and decontamination steps. 

"Non-host reads" refers to the classified non-host reads plus the reads passing host filtering 

which failed to assemble into contigs or assembled into a contig with only two reads. 

Treemap 
Treemaps are a way of visualising hierarchical information as nested rectangles 

whose area represents numerical values. To visualise the distribution of reads amongst 

taxonomic ranks, we first split the data into two categories: viral and cellular. For cellular 

taxonomic ranks (Bacteria, Eukaryotes, Archaea and their descendants) we assigned all 

reads of a contig to the taxonomic compartment the contig was assigned (see above, 

"Taxonomic Assignment"). For viral taxa we relied on the curated set of viral contigs 

coding for RdRp and their putative segments, where a putative taxonomic rank (usually 

family level) had been assigned. All the reads belonging to contigs that comprised putative 

genomes were assigned to their own compartment in the treemap, under the curated rank. 

Additional compartments were introduced to either reflect aspects of the outdated and 

potentially non-monophyletic taxonomy which is nevertheless informative (e.g. positive- 

or double-strandedness of RNA viruses) or represent previously reported groups without 

an official taxonomic ID on public databases (e.g. Narna-Levi, Toti-Chryso, Hepe-Virga, 

etc). 
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To prototype the cellular part of the treemap, all taxonomic IDs encountered along 

the path from the assigned taxonomic ID up to root (i.e. the taxonomic ID’s lineage) were 

added to the treemap. Based on concentrations of reads in particular parts of the resulting 

taxonomic treemap, prior beliefs about the specificity of BLAST hits, and information 

utility, this was narrowed down to the following taxonomic ranks: cellular organisms, 

Bacteria, Wolbachia, Gammaproteobacteria, Alphaproteobacteria, Spirochaetes, 

Enterobacterales, Oceanospirillales, Terrabacteria group, Eukaryota, Opisthokonta, Fungi, 

Dikarya, Bilateria, Boroeutheria, Pecora, Carnivora, Rodentia, Leporidae, Aves, 

Passeriformes, Trypanosomatidae, Leishmaniinae, Trypanosoma, Ecdysozoa, Nematoda, 

Microsporidia, Apicomplexa, Viridiplantae. 

Microbiota distribution in single mosquitos 
In Figure 8.4, the denominators are non-host reads. The numerators are numbers of 

reads from contigs with confident assignments. For viruses, these contigs came from viral 

curation or co-occurrence. For Wolbachia and eukaryotes, these contigs had LCA 

assignment within the Wolbachieae tribe (taxid: 952) and Eukaryota superkingdom (taxid: 

2759), respectively, and had a BLAST alignment where the percentage of aligned bases 

was at least 90%. Groups within viruses, Wolbachia, and eukaryotes were excluded for a 

given sample if the cumulative proportion of nonhost reads was less than 1%. Samples 

were excluded if the total proportions of non-host reads belonging to viruses, Wolbachia, 

or eukaryotes were all below 1%. 
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Branch Length Contributions 
Representative contigs with an encoded RdRp from each virus lineage detected 

were used to perform a BLASTx search under default parameters. The top 100 hits were 

downloaded, combined based on viral family, and duplicate hits removed. Through an 

iterative procedure of amino acid alignment using MAFFT (E-INS-i, BLOSUM30) and 

initially neighbour-joining (Saitou and Nei, 1987) and in later stages maximum likelihood 

phylogeny reconstructions using PhyML (Guindon and Gascuel, 2003), alignments were 

reduced and split such that they contained study contigs and some number of BLASTx 

hits. The goal was to generate alignments with catalytic motif of RdRp (motif C: GDD, 

GDN, ADN or SDD) perfectly conserved and total number of identical columns in the 

alignment to be at least 1.0%. This is in contrast to the more commonly used approach 

where poorly aligning regions of the alignment are irreversibly removed, precluding future 

re-alignment of sequence data if taxa. By focusing our attention on the closest relatives of 

our contigs we largely avoided having to deal with acquisition/migration of protein 

domains that occur over longer periods of evolution. For broader context we relied on 

previously published large-scale phylogenies to indicate more distant relationships. 

Given the trees, the branch length contribution was quantified using "contribution 

of evolutionary novelty" (CEN), defined to be the total branch length the phylogeny not 

visited after tip-to-root traversals from every background sequence (as illustrated in Figure 

8.11). This is additive in the sense that if one were to consider two studies, study 1 and 

study 2, added to a fixed set of background sequences, and the phylogeny fit to 

(background + study 1) were a subset of the phylogeny fit to (background + study 1 + 
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study 2), then the CEN of study 1 (against the fixed background) plus the CEN of study 2 

(against the fixed background + study 1) would be the same as the CEN of the composite 

study consisting of sequences from both (against the fixed background). 

Blood meal Calling 
For each of the 60 bloodfed mosquito samples from Alameda County, we selected 

each contig with LCA in the subphylum Vertebrata, excluding those contained in the order 

Primates (because of the possibility of contamination with human DNA). For each sample, 

we identified the lowest rank taxonomic group compatible with the LCAs of the selected 

contigs. (A taxonomic group is compatible with a set of taxonomic groups if it is an 

ancestor or descendent of each group in the set.) For 44 of the 45 samples containing 

vertebrate contigs, this rank is at class or below; for 12 samples, it is at the species level. 

Each taxonomic assignment falls into one of the following categories: Pecora, Aves, 

Carnivora, Rodentia, Leporidae. In Figure 8.5, each sample with a blood meal detected is 

displayed according to which of those categories it belongs to. The remaining sample, 

CMS001_022_Ra_S6, contained three contigs mapping to members of Pecora and a single 

contig with LCA Euarchontoglires, a superorder of mammals including primates and 

rodents; we annotate this sample as containing Pecora. 

Notably, 19 samples contain at least one contig with LCA in genus Odocoileus and 

another contig with LCA genus Bos. While the lowest rank compatible taxonomic group is 

the infraorder Pecora, it is likely that a single species endemic in the sampled area is 

responsible for all of these sequences. Given the observational data in the region 
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(described in the main text), that species is likely a member of Odocoileus whose genome 

diverges somewhat from the reference. 

Phylogenetic analysies 
We chose a single Wuhan mosquito virus 6 genome from our study 

(CMS001_038_Ra_S22) as a reference to assemble by alignment the rest of the genome of 

strain QN3-6 (from SRA entry SRX833542 as only PB1 was available for this strain) and 

the two small segments discovered here for Australian segments (from SRA entries 

SRX2901194, SRX2901185, SRX2901192, SRX2901195, SRX2901187, SRX2901189, and 

SRX2901190) using magicblast (Boratyn et al., 2018). Due to much higher coverage in 

Australian samples, magicblast detected potential RNA splice sites for the smallest 

segment (hypothetical 3) which would extend the relatively short open reading frame to 

encompass most of the segment. Sequences of each segment were aligned with MAFFT 

(Auto setting) and trimmed to coding regions. For hypothetical 3 segment we inserted Ns 

into the sequence near the RNA splice site to bring the rest of the segment sequence into 

frame. 

PhyML (Guindon and Gascuel, 2003) was used to generate maximum likelihood 

phylogenies under an HKY+Γ4 (Hasegawa et al., 1985; Yang, 1994) model. Each tree was 

rooted via a least-squares regression of tip dates against divergence from root in TreeTime 

(Sagulenko et al., 2018). Branches with length 0.0 in each tree (arbitrarily resolved 

polytomies) were collapsed, and trees untangled and visualised using baltic 

(https://github.com/evogytis/ baltic). 
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A reassortment network (Müller et al., 2019) model implemented in BEAST2 

(Bouckaert et al., 2019) (v2.6) was used to infer a tree-like network describing the 

reticulate evolution of Wuhan mosquito virus 6 sequences. Sequences were analysed 

using a strict molecular clock with tip-calibration, an HKY+Γ4 (Hasegawa et al., 1985; 

Yang, 1994) model of sequence evolution, under a constant population size prior. Four 

independent MCMC analyses were set up to run 200 million steps, sampling every 20,000 

states and combined after the removal of 20 million states as burnin. Sampled networks 

were summarised by using network-specific software provided with BEAST2. The network 

was visualised using baltic (https://github.com/evogytis/baltic).  

Thanks to the presence of closely related viral sequences that were collected a 

number of years ago (Drummond et al., 2003) we were able to carry out tip-calibrated 

temporal phylogenetic analyses for two additional viruses - Hubei virga-like virus 2 (Shi et 

al., 2016) and Culex bunyavirus 2 (another lineage also submitted to GenBank as 

"Bunyaviridae environmental sample"). For Hubei virga-like virus 2 there were two 

sequences of RdRp segment (KX883772 and KX883780) collected in 2013 that were 

≥93% identical at nucleotide level to 35 sample contigs from our study. Hubei virga-like 

virus 2 sequences were aligned with MAFFT (Katoh et al., 2005) and analysed with BEAST 

v1.10.4 (Suchard et al., 2018) under an HKY+Γ4 (Hasegawa et al., 1985; Yang, 1994) 

substitution model, coalescent constant population size tree prior, no partitioning into 

codon positions and a strict molecular clock model. The clock model was tip-calibrated 

(Rambaut, 2000) with an uninformative reference prior (Ferreira and Suchard, 2008) 

placed on the rate of the molecular clock. MCMC was run for 50 million steps, sampling 
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every 5000 steps. MCMC convergence was confirmed in Tracer v1.7 (Rambaut et al., 

2018) and posterior trees summarised with TreeAnnotator distributed with BEAST. 

For Culex bunyavirus 2/Bunyaviridae environmental sample there were three 

sequences of L segment that codes for RdRp (accessions MH188052, KP642114, and 

KP642115 (Chandler et al., 2015; Sadeghi et al., 2018)) collected in 2016 and 2013. The 

two sequences collected in 2013 were collected in and around San Francisco (KP642114, 

and KP642115) are up to 98.7% identical to contigs in our study whereas the 2016 

sequence (MH188052) is 99.2% identical. The three previously published sequences were 

aligned to 32 L segment contigs from our study with MAFFT (Katoh et al., 2005) and 

analysed with BEAST v1.10.4 (Suchard et al., 2018). Sites were codon partitioned (1+2 

and 3) and their evolution modeled with an HKY+Γ4 (Hasegawa et al., 1985; Yang, 1994) 

substitution model with a tip-calibrated (Rambaut, 2000) strict molecular clock model 

under a coalescent constant population size tree prior. The analysis did not converge 

when using an uninformative prior but did when being constrained with a uniform prior 

with bounds (0.000001 and 0.01 substitutions per site per year). MCMC was run for 50 

million steps, sampling every 5000 steps, convergence being confirmed with Tracer v1.7 

(Rambaut et al., 2018) and posterior trees summarised with TreeAnnotator distributed as 

part of the BEAST package. 

To generate the Culex narnavirus 1 tanglegrams, 42 sequences of RdRp and 42 co-

occurring Robin segment sequences from our samples and three previously published 

RdRp sequences (MK628543, KP642119, KP642120) as well as their three corresponding 

Robin segments assembled from SRA entries (SRR8668667, SRR1706006, SRR1705824, 
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respectively) were aligned with MAFFT (Katoh et al., 2005) and trimmed to just the most 

conserved open reading frame (as opposed to its complement on the reverse strand). 

Maximum likelihood phylogenies for both RdRp and Robin segments were generated with 

PhyML (Guindon and Gascuel, 2003) with 100 bootstrap replicates under an HKY+Γ4 

(Hasegawa et al., 1985; Yang, 1994) substitution model. The resulting phylogenies were 

mid-point rooted, untangled and visualised using baltic 

(https://github.com/evogytis/baltic). 
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Supplemental Figures 

 

Figure 8.8 Unbiased identification of mosquito species. 
Hierarchical clustering of pairwise single-nucleotide polymorphism�(SNP) distances 
between samples estimated using SKA (Harris, 2018), ranging from 0 (no SNPs�detected, 
black) to 0.01 (1% of comparable sites had SNPs, blue). Outside color bar indicates visual�
species label for each sample (Visual), inside color bar indicates consensus transcriptome 
species�label for each sample’s cluster (Computed). Computed mosquito species calls 
were used when�Visual and Computed calls were discordant. 
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Figure 8.9 Breakdown of reads for each sample into broad categories. 
A breakdown of reads for each sample, into unassembled (those�which did not assemble 
into contigs), dark (those which assembled but were not identifiable taxonomically), 
Ambiguous (those with LCA at root or cellular organisms), Bacteria, Archaea, Eukaryota,�
Metazoa, Viruses (via alignment to reference), and Viral via co-occurrence analysis (See 
Figure 6).�Top panel is a stacked bar decomposing the total reads per sample. Middle 
panel shows the break-�down scaled as a fraction of all reads in a sample. Bottom panel 
shows the fractional breakdown�among assembled reads. 
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Figure 8.10 Analysis of peribunya-like virus showing completeness. 
(A) Read�coverage in blue across the length of each genome segment.Diagrams of 
genome segments�display the longest ORF and indicate amino acid identity with a sliding 
window of 15 amino acids.�Regions of homology to known domains are indicated by 
Pfam labels, and on the L segment, the�locations of canonical RdRp motifs are indicated 
by red underlining. (B) Ends of the assembled�contigs are shown (sequence in filled 
boxes). Regions complementary between 5’and 3’end for�each segment are indicated by 
a black outline. These contig ends were aligned to the conserved end�sequences of 
orthobunya and nearby peribunya viruses (logo diagram shows conservation after�
alignment of reference sequences). (C) Maximum likelihood phylogenetic tree with 
representative�orthobunyaviruses and nearby peribunyaviruses. 
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Figure 8.11 Schematic describing method for branch length contribution�
calculation.  
Final calculation of branch length for a given group of viruses quantifies the contribution�
of evolutionary novelty, in units of substitutions/site. 

 

Figure 8.12 Distribution of mosquitoes within the study in which no, one,�or 
multiple viral lineages were detectable. 
The sample with 13 distinct viral lineages is sampleCMS002_053a which contains six 
Botourmia-like viruses thought to primarily infect fungi and is also�the sample where there 
is evidence for the presence of an ergot fungus. 
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Figure 8.13 An example of viruses with similar bulk abundance but different�
prevalence. 
Viral abundance is often calculated based on bulk mosquito sequencing, which does�not 
provide information about the prevalence or heterogeneity in abundance of a virus across 
the�mosquito population. Both Culex narnavirus 1 and Culex pipiens-associated Tunisia 
virus were�found in Culex erythrothorax mosquitoes at the same collection site in West 
Valley. A total of 10�C. erythrothorax mosquitoes were collected at this site, and the bulk 
abundances as calculated by�the mean % non-host reads averaged across the 10 
mosquitoes for Culex narnavirus 1 and Culex�pipiens-associated Tunisia virus were 8.3% 
and 10.6%, respectively. The prevalence differed more,�at 30% and 90%, respectively. 

 

Figure 8.14 Prevalence of each virus by mosquito species.  
For each virus, the fraction of individuals infected within each�species was calculated, 
shown on a color scale. Mosquito species arranged according to a phylogeny�based on 
the cytochrome c oxidase subunit I(COI) gene. 
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Figure 8.15 Co-occurrence analysis to identify additional viral segments. 
Rows indicate groups of contigs clustered based on nucleotide�identity (>99%). Columns 
are samples with computed mosquito species indicated. Cells are colored�by fraction of 
nonhost reads in sample with color bar legend at the bottom. Clusters of rows likely�
comprising a single genome are separated from other such putative genomes by black 
horizontal�lines with identified or proposed virus names. Black vertical lines delineate 
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blocks of neighbouring�samples with the same computed mosquito species. Sampling 
locations are indicated by colored�rectangles at the bottom, above the color bar legend. 

 

Figure 8.16 Methods for co-occurrence analysis.  
Contigs are assembled from each mosquito and grouped into clusters of high sequence 
identity to find identical and variant sequences of the same viral segment�across different 
mosquitoes. Here, sequences that come from repeated sampling of the same viral�
segment in different mosquitoes are shown in the same color. Contig clusters are then 
grouped�together based on their co-occurrence across different samples. After 
identifying known viral�segments using Hidden Markov Models (for RdRps) and BLASTx, 
the remaining contig clusters�that co-occur with the known segments are assigned to the 
same putative viral genome. Finally,�bioinformatic validation included consideration of 
features that supported viral assignment, such�as sequence and ORF length, putative 
protein domains, and consistency with known genomic�structure for other viruses in the 
same family. See Methods for details. 
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Figure 8.17 Genome diagrams for newly proposed viral segments. 
Diagrams of newly discovered genome segments for quaranjaviruses in this study, 
including Wuhan Mosquito Virus 6 (WMV6), Usinis, Astopletus, and Guade-�loupe 
Mosquito Quaranja-Like Virus 1 (GMQLV1) (panels A-D, respectively), and Culex 
narnavirus 1�(panel E), are shown (displayed 5’to 3’, left to right, not aligned to each 
other). A-D, The longest ORFs�of the new quaranjavirus segments were analyzed for the 
presence of transmembrane domains�and similarity to known domains (see Methods for 
details). Weaker support for these predictions�is indicated by lighter color and dashed 
border. In the hypothetical 3 segment of WMV6, putative�splicing events could result in a 
jump to a frameshifted ORF, which would substantially increase the�coding region of the 
segment. E, In both segments of the Culex narnavirus 1, long uninterrupted�ORFs are 
found on both RNA strands (arrowheads indicate 5’to 3’direction), and in each case the 
codon boundaries are aligned. 
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Figure 8.18 RdRp-based maximum likelihood tree spanning the quaranjaviruses in 
this study for which 8 segments were recovered. 
The 8 boxes in the graphic to the right�of the tree correspond to each of these 8 genome 
segments, which are labeled at top right. Levels�of evidence for the existence of each 
segment is highlighted by a grey scale shading of the segment�boxes, ranging from 
strong (black) to modest (white), based on: homology to BLAST hits from�NCBInt/nr 
database (black); assembly of contigs >500nt from SRA samples containing the RdRp, or�
co-occurrence in >10 samples in our data (dark grey); reads mapping from SRA and co-
occurrence�in 5 samples in our data (light grey); or co-occurrence in <5 samples and 
shared protein domains�(white). 
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Figure 8.19 Phylogenetic relationship of narnavirus RdRp and Robin segments. 
Tanglegram shows two mid-point�rooted nucleotide phylogenies of Culex narnavirus 1 -
RdRp segment on left and Robin segment�on right. Tips are colored based on visual 
presence of clusters on longer branches -clusters in�red, blue, green, and purple are 
sequences reported in this study. Grey tips in the RdRp phylogeny�were published by 
other studies, and their Robin segment counterpart was assembled here from�
corresponding SRA entries. Reassortment between the two segments is largely restricted 
to lineages�within clusters, but reassortment also took place in either the red or the blue 
lineage. One possibility�is a replacement of a red/blue lineage RdRp with a blue/red 
lineage or a replacement of red Robin�with a diverged and unsampled lineage. White 
dots on nodes indicate bootstrap support >60 out�of 100 replicates. Scale at the bottom 
of each tree is nucleotide substitutions per site. 
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Figure 8.20 Lack of association between abundance of narnavirus and fungi in 
individual mosquitoes. 
Tips are colored based on visual presence of clusters on longer branches -clusters in�red, 
blue, green, and purple are sequences reported in this study. Grey tips in the RdRp 
phylogeny�were published by other studies, and their Robin segment counterpart was 
assembled here from�corresponding SRA entries. Reassortment between the two 
segments is largely restricted to lineages�within clusters, but reassortment also took place 
in either the red or the blue lineage. One possibility�is a replacement of a red/blue 
lineage RdRp with a blue/red lineage or a replacement of red Robin�with a diverged and 
unsampled lineage. White dots on nodes indicate bootstrap support >60 out�of 100 
replicates. Scale at the bottom of each tree is nucleotide substitutions per site. 
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Abstract 

Narnaviruses have been described as positive-sense RNA viruses with a remarkably 

simple genome of ~3 kb, encoding only a highly conserved RNA-dependent RNA 

polymerase (RdRp). Many narnaviruses, however, are ‘ambigrammatic’ and harbour an 

additional uninterrupted open reading frame (ORF) covering almost the entire length of 

the reverse complement strand. No function has been described for this ORF, yet the 

absence of stops is conserved across diverse narnaviruses, and in every case the codons in 
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the reverse ORF and the RdRp are aligned. The >3kb ORF overlap on opposite strands, 

unprecedented among RNA viruses, motivates an exploration of the constraints imposed 

or alleviated by the codon alignment. Here, we show that only when the codon frames are 

aligned can all stop codons be eliminated from the reverse strand by synonymous single-

nucleotide substitutions in the RdRp gene, suggesting a mechanism for de novo gene 

creation within a strongly conserved amino acid sequence. It will be fascinating to explore 

what implications this coding strategy has for other aspects of narnavirus biology. Beyond 

narnaviruses, our rapidly expanding catalogue of viral diversity may yet reveal additional 

examples of this broadly-extensible principle for ambigrammatic-sequence development. 

Introduction 

Narnaviruses (a contraction of naked RNA viruses) are RNA viruses with a 

seemingly simple genome (Hillman and Cai 2013). The only manifestation of narnaviral 

infections documented to date is the presence of large concentrations of the viral RNA in 

the cytoplasm of the host cell, often detected as double-stranded RNA. These infections 

were first observed in cultured yeast (Kadowaki and Halvorson 1971; Wesolowski and 

Wickner 1984). Subsequent metagenomic sequencing revealed narnaviruses in other fungi 

(Osaki et al. 2016), oomycetes (Cai et al. 2012), mosquitoes (S. Cook et al. 2013; 

Chandler, Liu, and Bennett 2015; Göertz et al. 2019; Shi et al. 2017), other arthropods 

(Harvey et al. 2019), algae (Waldron, Stone, and Obbard 2018), trypanosomatid 

(Grybchuk et al. 2018; Akopyants et al. 2016; Lye et al. 2016) and potentially 

apicomplexans (Charon et al. 2019), although the precise host species is not always clear. 
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The known examples of 

narnaviruses are 

approximately 3 kb in size 

and code for a single 

protein, an RNA-

dependent RNA 

polymerase (RdRp), with 

the exception of two 

putative bipartite 

narnaviruses (Grybchuk et 

al. 2018; Lye et al. 2016; 

Charon et al. 2019). A 

remarkable feature of 

some narnaviruses is the 

existence of an additional large open reading frame (ORF), defined as a region devoid of 

stop codons, which spans nearly the full length of the reverse complement sequence of 

the virus genome. We refer to these examples, with large reverse open reading frame 

(rORF) features, as ambigrammatic narnaviruses, where the adjective is derived from 

ambigram, a set of letters with two, orientation-dependent readings (Hofstadter 1985). 

Such large uninterrupted rORFs are very unlikely to occur by chance, since for a typical 

Figure 9.1 Ambigrammatic sequences in narnaviruses. 
 Coding region for the RNA-dependent RNA polymerase�
(RdRp) of Phytophthora infestans RNA virus 4 (a), Culex 
narnavirus 1 (b), and Wenling narna-like virus 7 (c)�in the 
reference +0 frame and all five other reading frames (see 
Fig. 2 for our frame-labelling conventions).�Stop codons in 
each frame are depicted as vertical lines. Large uninterrupted 
open reading frames (ORFs) are�highlighted in colour. 
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nucleotide sequence, there are likely to be codons for which the reverse complement read 

is a stop codon. This is illustrated in Figure 9.1a, which shows a typical viral genome 

spanned by a single ORF and where all five alternative reading frames contain many stop 

codons. In contrast, Figure 9.1b shows the genetic sequence of Culex narnavirus 1, where 

one of the reverse reading frames also has an uninterrupted ORF spanning nearly the 

whole sequence. All known examples of ambigrammatic narnaviruses have the large 

reverse ORF in a reading frame where the codons are aligned with those in the forward 

direction (i.e., in “frame −0” in the conventions of Figure 9.2). Figure 9.1c considers an 

intriguing intermediate case, which will be discussed further below. The existence of these 

very long rORFs is a surprising observation which demands an exploration. Interestingly, 

not all narnaviruses have an ambigrammatic genome (indeed, the example of Figure 9.1a 

is also in the Narnaviridae family). In agreement with previously reported observations 

(Dinan et al. 2019), overlaying the lengths of detectable rORFs on the narnavirus 

phylogeny shows that ambigrammatic sequences are present in at least two different 

clades. This finding, illustrated in Figure 9.3, indicates 

that the ambigrammatic feature is polyphyletic and 

may have been gained and lost multiple times in the 

evolution of this viral family 

In this paper we explore how a large open 

reading frame might arise in the reverse complement 

sequence of the RNA. While there is an extensive literature on the statistics of codons in 

overlapping genes (discussed in (Smith and Waterman 1980; Shukla 2015; Brandes and 

Figure 9.2 Labelling 
conventions used in this paper 
for reading frames. 
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Linial 2016; Lèbre and Gascuel 2017)) and on the evolution of overlapping genes in 

viruses ((Staden 1984; Krakauer 2002; 2002; Belshaw, Pybus, and Rambaut 2007; 

Rancurel et al. 2009; Chirico, Vianelli, and Belshaw 2010), the vast majority of these 

analyses handle cases of overlapping genes being translated in the same direction, with 

few papers considering antisense overlaps (see, e.g. (Merino et al. 1994)). 

 

Figure 9.3 Maximum likelihood tree of amino-acid sequences for RNA-dependent 
RNA polymerase (RdRp)�of 42 representative narnaviruses, identified by homology 
to the narnaviruses observed in culture, Culex�narnavirus 1 and Phytophthora 
infestans virus 4. 
 Unrooted tree shown with midpoint rooting�for display. Branch colouring indicates the 
fraction of RdRp coding sequence overlapped by the longest open�reading frame 
(defined as a region uninterrupted by stops) in the reverse complement aligned frame (−0 
frame)�for sequences at tips (see colour bar, bottom left). The sequence names in bold 
correspond to those shown�in Fig. 1. Numbers at nodes indicate bootstrap values (shown 
when >80). The branch length is given by the�amino-acid substitutions per site, as 
illustrated by the scale bar. 
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In contrast, narnaviruses are unique in demonstrating long uninterrupted reading frames in 

the reverse complement sequence of RNA. Moreover, most analyses of overlapping genes 

are complicated by the fact that, in the general case, the sequences of both genes can 

evolve. Analysing cases where one of the overlapping genes is more strongly conserved is 

very difficult in general, and most earlier works treat the two overlapping genes 

symmetrically (Smith and Waterman 1980). In this work we adopt a different approach 

and treat one of the genes as having a fixed amino acid sequence. This could represent a 

gene with a critical function such as viral polymerases which are often strongly conserved. 

We suggest that even under these very strong constraints it may be possible for a novel 

large rORF to arise, but only in one of the three possible reverse reading frames. The two 

alternative forward reading frames, though not directly relevant for experimental 

observations in narnaviruses, are also discussed for completeness. We discuss how this 

mechanism may give rise to a narnaviral genome that is ambigrammatic, in the sense that 

it can code for two proteins, each translated from one of the two complementary strands 

of RNA. Finally, we note that ambigrammatic coding in other RNA viruses has not been 

observed to date, and make some speculative remarks about the potential role of the 

narnavirus rORF. 

Results  

Synonym sudoku.  
Usually, an alternative reading frame for a gene is found to have many stop 

codons, so that it cannot, therefore, code for a polypeptide or protein of useful length. Let 
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us assume that a nucleotide sequence already codes for a gene which has an essential 

function. In this case the sequence of amino acids should not be changed. The nucleotide 

sequence, on the other hand, can still be altered by replacing codons with synonyms 

(codons which code for the same amino acid). We can ask whether a sequence of single-

nucleotide mutations can remove the stop codons that are expected to occur in alternative 

reading frames, while replacing codons with others that are synonyms in the original 

reading frame. For some base sequences this will always be possible, but we consider 

whether all of the stop codons in an alternative reading frame can be removed by single-

nucleotide mutations in an arbitrary polypeptide sequence. There are five possible 

alternative reading frames (two in the original strand and three in the reverse complement 

sequence, see Figure 9.2). Like a Sudoku puzzle, there is no alternative but to explore all 

five possibilities in turn. In our discussion, we frame our argument in terms of an RNA 

genome, so that the base pairings are A=U and G=C, and the stop codons are UAA, UAG, 

UGA. For the purposes of understanding ambigrammatic sequences observed in 

narnaviruses, we focus below on the three reverse complement reading frames; the two 

alternate forward reading frames are discussed in Methods section.  

Frame −0: aligned complementary reading frames. 
First, consider the case where the reading frames of the forward and reverse 

complement sequences have their codons aligned (the −0 frame). In this context, stop 

codons UAA, UAG, UGA become, respectively, UUA, CUA, UCA in the +0 frame, 

encoding the amino acids Leu, Leu, Ser. Tus, only instances of leucine and serine in the 

+0 reading frame can result in stop codons in the −0 reading frame. We should now 
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consider if synonymous substitution of Leu or Ser codons in the +0 frame can remove the 

stop codons in the −0 frame. The synonyms of Leu are CU*, UUA, and UUG (where * 

means any nucleotide). The synonyms of Ser are UC*, AGU, and AGC. Hence, the Leu 

codon UUA can be transformed to UUG by a single substitution. Similarly, the Leu codon 

CUA can be transformed to CUU, CUG or CUC by single substitutions, while the Ser 

codon UCA is transformed to UCU, UCG or UCC by single substitutions. Thus, when 

frames are aligned, 7 types of single-nucleotide synonymous substitutions in the +0 frame 

are sufficient to remove stops in the reverse direction. 

Ambigrammatic narnavirus sequences have been identified in fungi17, where the 

mitochondrial genetic code uses only two stop codons. The fact that the narnavirus rORF 

sequences lack all three possible stop codons suggests that translation of the narnavirus 

rORF in these hosts is not occurring in the mitochondria, unlike viruses of the related 

Mitovirus genus (Hillman and Cai 2013). 

Frames −1, −2: staggered complementary reading frames. 
The cases of staggered reverse complement reading frames are more complex, 

because a codon in the original +0 reading frame straddles two codons in each of these 

alternate reading frames. Let us first study the case of the −1 reading frame, where the 

codons of the reverse reading frame are shifted towards the 3′ end (Figure 9.2). Consider 

the sequence CUA in the forward direction, with a shift of one base between frames, so 

we have, using | to denote triplet codon boundaries, x, y, … for unspecified bases and x, , 

y … for their pairing complementary bases: 
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Note that the reversed read UAG is one of the stop codons we wish to avoid, which we 

could do by changing either UAz or xyC to a synonym. Let us start with UAz, which can 

only be Tyr (either UAU or UAC; the other two values of y correspond to stops). UAU and 

UAC are the only codons that translate to Tyr, so it is not possible to find a synonym of 

UAz that avoids the stop in the reverse sequence. The alternative is to find a synonym of 

xyC. Here we note that if transforming C to U is the only synonymous change, this will 

still yield a stop codon in the reverse read frame. This occurs if xyC represents Asn, Asp, 

Cys, His, Phe, Tyr, and those Ser codons which begin with AG. Exactly the same 

restrictions arise from considering the U|UA sequence, and no additional cases of non-

removable stops arise from considering U|CA. Tus we find that the following 

combinations of four +0 codon pairs will prevent an ambigrammatic partner rORF in the 

−1 frame: (Asn,Tyr), (Asp,Tyr), (Cys, Tyr), (His, Tyr), (Phe, Tyr), (Tyr, Tyr), and some cases 

of (Ser,Tyr). In the case of the −2 frame, the codons are shifted to the 5′ end. Let us 

consider when the stop codon in the reverse-read direction is UAA 

 

Consider the possible synonym changes to the codons in the +0 frame that will remove 

the stop codon in the −2 frame. The second codon, beginning with A, can be either Arg, 
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Asn, Ile, Lys, Met, Ser or Tr. Of these, changing the first base can only give a synonym for 

Arg (AGC and AGT, coding for Ser, yield synonyms by changing two bases). The first 

codon, ending in UU, can only be Ile, Leu, Phe or Val and it is not possible to obtain a 

synonym by changing its second base. Finally, it is always possible to obtain a synonym 

by changing the third base, but, if the first codon is UUU, there is only one synonym, 

UUC, which also gives a stop in the complementary chain. Considering the case of UC|A 

yields the same set of excluded combinations, and CU|A does not lead to further 

examples. We conclude that if the +0 frame contains Phe followed by Asn, Ile, Lys, Met, 

Ser or Tr; then there is a stop codon in the reverse-read frame which cannot be removed. 

The potential of synonymous substitutions for generating a new ORF. 
In conclusion, the −0 reading frame is the only one of the three reverse reading 

frames where stop codons can always be removed by synonymous single-nucleotide 

mutations in the +0 original (conserved) amino-acid sequence. This is consistent with the 

observation that the forward and the reverse open reading frames in ambigrammatic 

narnaviruses have their codons aligned. Thus, synonymous substitutions provide a 

possible route to the generation of a new ORF (as discussed in Methods section, large 

ORFs could also be generated in the +2, but not in the +1, reading frame by single-

nucleotide synonymous substitutions, although this possibility has not been observed in 

narnaviruses). We should consider the extent to which this is an effective mechanism for 

creating new coding potential. In addition to removing stop codons in the −0 reading 

frame, replacing other codons of the original +0 ORF by synonyms can result in changes 

to the amino-acid sequence of the rORF, without changing the protein encoded in the +0 
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frame. It is these synonymous substitutions which allow scope for evolutionary adaptation 

of the new protein. If the changes in the +0 frame are strictly limited to synonym 

substitutions, the range of available proteins that can be produced by the new ORFs is 

quite constrained. We discuss how this can be quantified in the Methods section. 

A hypothesis about the evolution of narnaviruses.  
First we should consider a null hypothesis, that the rORF (spanning approximately 

3 kb) is a chance occurrence. A priori this appears to be extremely unlikely: given that 

there are three stop codons out of 64 possibilities, we expect that the typical distance 

between stop codons will be approximately 60 base pairs. If the stop codons are randomly 

and independently scattered, with mean separation 〈 〉 N , the probability of a string of N 

bases containing no stops is expected to be P N( ) = − exp( N N/ ) 〈 〉 . If 〈 〉 N = 60, the 

probability of finding a sequence of 3 kb lacking a stop codon is approximately − ≈ × − 

exp( 50) 2 10-22. The correct value of 〈 〉 N depends upon the distribution of codons, so as 

a more refined check we examined the distribution of stop codons in each of the fve 

possible alternative frames which arise from choosing a random permutation of the 

codons of the RdRp gene. Including both ambigrammatic and non-ambigrammatic 

narnaviruses to generate a null distribution of lengths of ORFs that may overlap the RdRp, 

we find that the expected probability of a long sequence without a stop codon is indeed 

well approximated by an exponential distribution, and that the expected probability of an 

ORF with the observed length is negligible (Figure 9.4). The scale length 〈 〉 N varies from 

frame to frame, but is not greatly different from the simple estimate, 〈 〉 N ≈ 60. Of course, 

even a highly unlikely feature can arise and become fixed in a population. However, there  
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Figure 9.4 Probability distribution for ORF lengths in narnavirus-like sequences.  
Shading shows distribution�of ORF lengths coloured by reading frame after codon 
permutation test on RdRp coding sequences of 42�representative narnaviruses as in 
Fig. 3. In brief, codons are randomly re-ordered and then ORF lengths in the�5 alternate 
frames are calculated. Points give lengths of actual ORFs in reference�sequences, 
coloured according to reading frame, with the reference RdRp as +0 frame (red, below). 
Note that�some annotated RdRp coding regions in the database may be fragments of the 
complete coding sequence. 

is sufficient variability in the RdRp sequence that stop codons would be expected to arise 

unless selected against. For instance, the average pairwise identity of the 11 sequences in 

the clade that includes Culex narnavirus 1 in Figure 9.3 is only 51%. These analyses 

suggest that the chance occurrence and maintenance of a large rORF is highly unlikely, 

implying that it may offer some evolutionary advantage, broadly speaking. Given this, it is 

desirable to speculate how the rORF observed in narnaviruses may have arisen. The virus 

could have originally existed as a sequence which just coded for the RdRp, with stop 

codons in the complementary reading frame. It could have evolved by gradually removing 

the stop codons, and at the same time making other synonym changes in the +0 frame, as 

the coding sequence lengthens. These mutations could result in progressively longer 
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rORFs, selected by their capacity to increase the fitness of the virus. The Wenling narna-

like virus 7 (Figure 9.1c), which has a single stop codon in the middle of a large rORF, is 

intriguing as a potential transitional form in which the rORF is either being gained or lost. 

If it is being gained, the mechanism in the previous paragraph indicates that the rORF 

would increase in length incrementally. If the rORF is being lost (for instance, if transfer to 

exploit a new host removes its advantage), we expect one or more stops randomly 

scattered in a large ORF. Because this latter picture is more consistent with the Wenling 

narna-like virus 7 sequence, we speculate that this strain is in the process of losing the 

large rORF feature. With the presently available data, however, we cannot conclusively 

support this intuition. Filling out the phylogeny with more sequences could allow us to 

clarify the potential direction of change. At this time there is very limited information as to 

whether the rORF can increase the fitness of the narnavirus. There may be unusual 

mechanisms in which uninterrupted rORFs alter the translation or protein processing 

machinery in the cell to the virus’s advantage, even if no protein is made or if the amino 

acid sequence is not important for its function. For instance, RNA forms of several viruses 

are thought to be subject to nonsense-mediated decay (LeBlanc and Beemon 2004; 

Balistreri et al. 2014; Fontaine et al. 2018). The narnavirus rORF may be another strategy 

to increase viral-RNA stability through antagonism of RNA decay pathways or other 

methods. Alternatively, if we postulate that the rORF does indeed code for a functional 

protein, we might speculate on what can be learned from its sequence. A search of the 

Protein Data Bank (PDB) and NCBI’s translated sequence database (NCBI nr) revealed no 

sequences with significant homology to the translated rORF. Explorations of secondary 
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structure and other protein features were similarly uninformative, but do not rule out the 

possibility for a functional protein (see Methods). Perhaps a protein translated from the 

rORF could enable the narnavirus to evade host-cell defenses, allow for movement of the 

virus between cells, enhance replication by complexing with the genome and RdRp, be 

required for replication in a particular host species, interact with additional viral elements, 

or have any of a number of other functions that have not yet been described for this family 

of viruses. 

Discussion 

Motivated by observations of ambigrammatic sequences in narnaviruses, we have 

shown that an existing ORF can give rise to a large uninterrupted ORF in the reverse 

complement sequence by synonymous substitutions that preserve the amino-acid 

sequence of a conserved forward ORF and remove stop codons from the rORF. We find 

that this mechanism for making ambigrammatic genes only works when the forward and 

reverse read frames are aligned. These findings are consistent with the observed alignment 

of overlapping +0 RdRp ORFs and −0 rORFs among many naturally occurring narnavirus 

sequences. Any function for the narnavirus rORF remains an intriguing mystery, as does 

the machinery and processes that may be involved in translating complementary strands 

of the same RNA sequence. To our knowledge, there are no biologically validated 

examples of overlapping genes in the reverse complement orientation among RNA-only 

viruses (Belshaw, Pybus, and Rambaut 2007; Rancurel et al. 2009; Sabath, Wagner, and 

Karlin 2012). While some such overlaps have been predicted (Schlub, Buchmann, and 
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Holmes 2018), they exhibit neither the overlap length nor the conservation across related 

strains that is seen among narnaviruses. Indeed, the narnavirus overlap is the longest yet 

observed among RNA viruses (see, e.g. (Brandes and Linial 2016)). As our observations 

about the structure of the genetic code are extensible beyond this family, it will be 

interesting to see whether the explosion in metagenomic sequencing data will reveal more 

ambigrammatic viruses. By virtue of packaging, replication, and transmission 

requirements, viral genomes display a myriad of diverse innovations that provoke us to 

consider what is possible at the extremes of sequence evolution. Here, the ambigrammatic 

genes found in some narnaviruses are one such innovation, and their existence likely 

points to new biology that may be equally as fascinating. 

Methods 

Quantifying the evolutionary space for the companion gene. 
In a standard gene, a sequence of N codons allows for N = 20N different 

combinations of amino acids. In the case where a new gene overlaps an existing gene 

which is perfectly conserved, we must confine our choices to the set of amino acids which 

correspond to synonyms in the original gene. If the codon for position j allows nj different 

synonyms, the number of possible amino-acid sequences is 

 

This number grows rapidly with the length of the sequence: 
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where s describes the amount of freedom that the polypeptide sequence has (in physics, it 

would be termed an entropy). For unconstrained evolution we have an entropy per codon 

equal to 

 

This is a measure of the range of possible proteins that can be constructed in the original 

gene. In the cases that we analyze, a new coding sequence in an alternate frame is 

constrained by the requirement that the amino-acid sequence of the original gene is 

conserved, so that codons must be chosen from the set of synonyms. The number of 

possible sequences for the new gene is much smaller, but still grows exponentially with 

the length of the sequence. Because there are 20 amino acids and 64 codons, there are 

approximately three possible choices for each codon, so that the entropy of the new gene 

is (approximately) s1 ≈ ln3. Let us consider this more precisely for the case where the new 

gene is evolving in the −0 frame (that is, reverse complement sequence, with codons 

aligned). In this case the entropy of the new sequence is 

 

where Pi is the fraction of amino acids of type i, and ni is the number of distinct amino 

acids which can arise from the reverse complement of each synonym. For example, if the 

amino acid of the original gene is Ser, there are six possible synonyms (UC*, AGU, AGC). 

The complementary codons, (UGA, CGA, AGA, GGA, ACU, GCU) represent, respectively 

Stop, Arg, Arg, Gly, Tr, Ala, so that for i = Ser, the number of distinct codons, excluding 
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Stop, is nSer= 4. The corresponding numbers for all of the amino acids are nPhe = 2, nLeu = 4, 

nIle = 4, nVal = 4 , nSer = 4 , nPro = 3, n = 4Thr, nAla = 4, nTyr = 2, nHis = 1, nGln = 1, nAsn = 2, nLys 

= 2, nAsp = 2, nGlu = 2, nCys= 2, nTrp = 1, nArg = 4, nGly = 4. Using the codon frequencies Pi 

determined from the Culex narnavirus 1 sequence, we find s1 ≈ 1.104, which is 

remarkably close to the value s1 ≈ ln 3 ≈ 1.099 estimated in the previous paragraph. 

Because s1 is significantly smaller than s0, the set of possible sequences which can be 

coded by the new gene is quite restricted. In particular, in a sequence of length N the ratio 

of the number of possible amino-acid sequences between a standard gene (N0) and the 

constrained one (N1) is 

 

For N ∼ 1000 (as in narnaviruses), this ratio would be ~10820. The constraint is eased if we 

allow changes in amino acids of the original protein as well as synonyms. It is expected 

that the actual evolution of the virus genome will represent a compromise between 

conserving the function of the original protein and allowing scope for evolution of the 

new protein. 

Exploration of the possible secondary structure in the rORF. 
The translated rORFs of ambigrammatic narnaviruses are predicted to have median 

α-helical and β-strand contents of 22% and 12% respectively (calculated using JPred4 

(Drozdetskiy et al. 2015)). This degree of secondary structure is consistent with a 

structured (or folded) protein, but a signifcant presence of secondary structure can also be 
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observed in random amino-acid sequences (Tretyachenko et al. 2017). We further note 

that the isoelectric point (PI) of the RdRp is high (median 10.4, range 7.7–11.6 for 

sequences >2 kb in Figure 9.3), due to a high frequency of Arg, a basic amino acid 

(median 9.9%, range 6–13.3%). Notice that this does not necessarily lead to a high 

concentration of Arg in the rORF (the codons for Arg are CG*, AGA and AGG, none of 

which leads to an Arg in the −0 frame). The translated rORFs also have high PIs (median 

10.2, range 8.3– 11.4), which does not seem to be dictated by the amino-acid 

composition in the RdRp, and yet is similar to PIs calculated for translations of the −0 

frame for non-ambigrammatic narnaviruses (median 10.1, range 6.8–12.7). Basic residues 

can be involved in binding negatively-charged nucleic acids, but without experimental 

information we can only speculate on the role for a putative protein translated from the 

rORF. 

Alternative forward reading frames 
In the main text we focused on the possibility of ORFs in the reverse strand, 

because that was the situation relevant for narnaviruses. However, since the arguments 

presented in this paper are just based on the genetic code and not specific to these viruses, 

it is worth considering the alternative reading frames in the forward direction as well. 

Frame +2. 

Consider first the case where the new gene is read in the forward direction and left 

shifted by a single base (frame +2 in the convention of Figure 9.2). For example, if the 

codons of the +0 sequence are 
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so that there is a stop codon in the new reading frame. In this case, replacing xyU with 

xyw, w ≠ U, removes the stop codon in the new frame. In seven cases (Ala, Arg, Gly, Leu, 

Pro, Tr, Val) any of the three alternatives for w gives a synonym. For another six cases 

(Asn, Asp, Cys, His, Phe, Tyr), a synonym substitution is also possible but w=C is the only 

option. In the case of Ser, UCU allows three changes but AGU allows only AGC. For Ile 

there are two possible changes and the remaining amino acids can never have U in the 

final position. Hence, a synonym for the first codon that removes the stop can always be 

found. The same reasoning holds true if AA in the second codon is replaced by AG or GA 

(the other two possible combinations that would yield a stop in the +2 frame). So, in the 

case of a left shift, synonym substitution is possible.  

Frame +1. 

In the case of a right shift (frame +1), not all stop codons can be removed by a 

synonym transformation. For example if the codons in the +0 frame are 

 

then we want to remove the stop codon UAA by a single-base substitution which gives a 

synonym, for any choice of x. If x=U, then we have to find a replacement for the second 

U or the first A that still codes for Leu. The only possible synonym of Leu that involves 
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changing the second or third letter is UUG, but this is unsatisfactory because UGA is 

another stop codon. As discussed for the −2 frame, it is only possible to obtain a synonym 

by changing the A in the second codon if the amino acid is Arg. The same reasoning holds 

if we consider the UGA stop codon and in the case of the UAG stop codon it is impossible 

to change the G and obtain a synonym for the second codon in the +0 frame. So the Leu 

codon UUA followed by any codon beginning with either A or G, except for AGA and 

AGG (Arg), results in a non-removable stop. With the previous exception, the Leu codon 

UUG followed by a codon beginning with A results in a stop in the new frame that cannot 

be removed by a single-nucleotide substitution (although it can be removed by two 

substitutions, for example UUG → CUG → CUC). We conclude that it is possible for new 

ORFs, transcribed in the forward direction, to overlap a perfectly conserved gene, using 

single-nucleotide mutations to eliminate stops. If we exclude cases requiring more than 

one substitution, this can only happen in the +2 frame. 

Data availability 
All the sequences analyzed in this paper are available in online public repositories 
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Narnaviruses are simple RNA viruses with a surprising genomic feature: the open 

reading frame (ORF) encoding the viral RNA-dependent RNA polymerase (RdRp) is 

overlapped for nearly the entire length by an ORF on the reverse complementary strand of 

RNA. This negative strand RNA is typically thought of as simply a template for replication 

of the genome and production of translatable RdRp-encoding RNAs. However, previous 

analyses have shown that this feature is highly unlikely to have arisen or been maintained 

by chance (Dinan et al. 2020; DeRisi et al. 2019). In recent work we extended these 

analyses for the Culex narnavirus 1 member of this family, showing that mosquitoes are 

the likely host and identifying a second segment (“Robin”) that was always found as a 

side-kick to the RdRp in wild-caught mosquitoes in the study (Chapter 8, Figure 8.15, 

Figure 8.19, Figure 8.20). The Robin segment displays the same overlapping ORF 

(“ambigrammatic”) feature. In addition, we noted that only with the observed frame 

alignment (codon boundaries aligned), could single nucleotide mutations preserve forward 

amino acid sequence of the RdRp while eliminating stops in the reverse ORF (Chapter 9). 

These computational analyses derived from metagenomic sequencing data leave a 

major unanswered question: what is the functional role for an ambigrammatic genome? 

Here, I describe Culex narnavirus 1 in a cultured cell line, test the hypothesis that Robin 

depends on RdRp, and explore how ribosomes may interact with the viral RNAs in 

functional experiments. 

In the CT cell line derived from the Culex tarsalis mosquito, there are sequences of 

4 persistent viruses: Culex narnavirus 1 (CxNV1), Calbertado virus (CALV, Flaviviridae), 

Phasi Charoen-like virus (PCLV, Phenuiviridae), and Flock house virus (FHV, Nodaviridae). 



 

 
262 

Since insect-specific viruses are frequently integrated into the DNA genome as 

endogenized viral elements (EVEs), I first completed the genome for CxNV1 from RNAseq 

and showed that it is primarily found in the RNA fraction, although small regions 

amplified weakly from DNA (Figure 10.1). Further experiments will be required to 

determine whether these represent integration into the genome (fragmented or complete 

insertions), or possibly a reverse trancriptase-mediated episomal DNA copy of viral RNA. 

The latter is known to occur in Aedes and Culex mosquito cells such that DNA copies of 

even well-known RNA viruses like West Nile Virus can be found after infection (Tassetto 

et al. 2019; Rückert et al. 2019). In addition, mass spectrometry on the CT cell lysate 

identified 2 peptides from the RdRp and 4 peptides from the hypothetical protein encoded 

by the reverse ORF that overlaps the RdRp, suggesting that both ORFs are translated 

(Figure 10.1E). 
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Figure 10.1 Description of Culex narnavirus 1 (CxNV1) in Culex tarsalis (CT) cell line. 
Genome diagram of consensus sequence by NGS for RNA-dependent RNA polymerase 
(A), and for Robin segment  (B), showing overlapping open reading frames (ORFs) on 
opposite strands. Ends of RNA segments were verified using an adapter-ligation method 
(see methods), with consensus shown in (C). D) Using RNA structure predict, the 3’ 
terminal 21 nucleotides form a strong hairpin structure containing the forward ORF stop 
site and reverse ORF start site. The hairpin structure is conserved across far distant 
narnaviruses such as those of S. cerevisiae. E) Alignment of peptides (in black) found by 
LC-MS/MS of CT cell lysates to the amino acid sequence for the predicted RdRp and 
Hypothetical proteins encoded by the CxNV1 RdRp RNA segment. F) RT-PCR on RNA and 
DNA from CT and Hsu cell lines, or on plasmids containing full-length clones of CxNV1 
RdRp or Robin, treated with nucleases as indicated, with or without reverse transcriptase 
(RT) in the reaction. Primer sets for C. tarsalis EF1a, CxNV1 RdRp, and CxNV1 Robin are 
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ordered from top to bottom in according to 5’ to 3’ position of primers shown in diagram 
below. Intronic primer specific to C. tarsalis in EF1a (top) indicates DNA recovery (absent 
from C. quinquefasciatus Hsu cells). Asterisks indicate faint bands at expected size in CT 
DNA. For reactions in the lowest row, a plasmid containing the Neo gene was spiked in to 
the reaction and amplified using Neo-specific primers, to verify that PCR amplification was 
not inhibited by prior DNase treatment of CT/Hsu input. 

Next, I tested the hypothesis that the Robin segment depends on the CxNV1 RdRp 

for replication/transcription. For these experiments I attempted to launch the virus in a 

narnavirus-free cell line derived from Culex quinquefasciatus mosquitoes: Hsu cells. Full-

length viral RNAs were expressed from plasmids with 3’ ribozymes, but without selection, 

driving transient expression of the RNAs and eventual loss of the DNA plasmids. Utilizing 

a mutant RdRp that has a catalytic site mutation (GDD>RHY), the data suggest that both 

RdRp and Robin segments depend on RdRp for replication, and can persist in these cells 

long-term (Figure 10.2A,B). Although I attempted to compare several mutants which 

eliminated the reverse ORF selectively, the comparable non-synonymous mutants 

displayed decreased fitness (Figure 10.2C). These mutations identify regions of the RdRp 

segment that are either important at the RNA level, or in hypothetical protein of the 

translated reverse ORF. Nevertheless, a small difference was observed in that the RdRp 

with stops in the reverse ORF was already absent by 2 wks while the non-synonymous 

mutant control was diminished at 2wks then absent at 6wks. Stops in the reverse ORF of 

the Robin did not affect the Robin segment. Intriguingly, a Robin segment with stop 

mutations early in the forward ORF was completely absent at 2 wks, suggesting that either 

that region of RNA or the primary Robin protein is important for replication (Figure 

10.2C). 
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Figure 10.2 Persistence of CxNV1 RdRp and Robin RNA depends on active RdRp. 
A) RT-PCR targeting CxNV1 RdRp, Robin, or EF1a RNA at 2 wks post-transfection of Hsu 
cells with indicated plasmid and sort/counter-sort (see methods), or CT cells as positive 
control. Plasmids drive expression of full-length viral segments, either wildtype RdRp, 
active-site mutant RdRp (GDD), and/or wildtype Robin.  
B) RT-PCR as in (a), for cells collected at 3, 6, and 9 wks post-transfection. 
C) RT-PCR as in (a), at 2 and 6 wks post-transfection of Hsu cells with indicated plasmids: 
wildtype (wt); mutations introducing stop codons in the reverse ORF while remaining 
synonymous in the forward ORF (stR); mutations introducing non-synonymous changes in 
the reverse ORF while remaining synonymous in the forward ORF (nsR), all at the same 
nucleotide positions as stR; mutations introducing stop codons beginning at 14 codons 
from the predicted start site of the forward ORF while remaining synonymous in the 
reverse ORF (stF). 
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Finally, I set out to determine whether ribosomes were translating both ORFs of 

each segment, and made an unexpected observation. Using ribosome profiling, I observed 

a unique pattern of footprints specific to the CxNV1 RNAs. In particular, footprints had a 

longer length, were clustered in “plateaus” spaced 30-40nt apart, and did not show 

enrichment of positive strand RNA when compared to the ratio of positive:negative strand 

RNA in the total RNA libraries (Figure 10.3). There are potential technical explanations for 

these data, including the possibility of other RNA-binding proteins that are not ribosomes, 

or RNA structure creating artifacts during library preparation. Nevertheless, I propose a 

model where ribosomes process haltingly along each strand of each CxNV1 RNA 

segment, translating protein but also pausing at predictable sites. These sites may be 

defined by RNA structure, interaction with other proteins, and/or by a block that prevents 

elongation at the 3’ terminus or multiple locations along the RNA, such that colliding 

ribosomes back up behind the stalled ribosomes in a traffic jam, leaving the observed 

pattern of footprints. For instance, perhaps the conserved 3’ hairpin, which contains both 

the forward ORF stop and the reverse ORF start codon, is involved in regulating ribosome 

initiation, translocation, or dissociation. Such a model needs to be tested, by assessing the 

relative speed of ribosomes on CxNV1 vs other RNAs in the cells, and how mutations to 

the RNA affect footprints. 
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Figure 10.3 Ribosome profiling of CT cells shows a unique pattern on transcripts of 
CxNV1 RNAs. 
A) CT cells were treated with cycloheximide then lysed, underwent RNAse digestion with 
micrococcal nuclease, then centrifuged through a sucrose gradient to purify monosomes 
by isolating 80S-containing fractions, followed by library preparation. In parallel a library 
was made of total RNA.  
B) Left: total and footprint RNA show expected distribution in the complete transcript or 
ORF, respectively, of positive (blue) strand of the housekeeping gene GAPDH. Right: total 
and footprint RNA found across entire length of CxNV1 RdRp segment on both strands 
(negative strand shown at 10X y-axis scale in green). Footprint coverage shows pile-ups in 
a pattern resembling plateaus spaced ~30-40nt apart.  
C) Across multiple conditions/replicates, size of footprints is comparable for 
housekeeping genes including GAPDH, EF1a, HSP90, PP2A, RPS14, and a flavivirus 
persistently found in this cell line, Calbertado virus (CALV), peaking at 33nt. In contrast, 
the footprint size is larger and possibly bimodal for CxNV1 RdRp and Robin (right top and 
bottom).  
D) Plateau pattern is similar for both segments of CxNV1 (RdRp and Robin), and possibly 
correlated in location between positive and negative strands (note 10X scale for negative 
strand). Pile-up location is consistent across conditions/replicates for CxNV1 and 
housekeeping genes.  
E) For other persistent viruses in this cell line, including the positive-sense flavivirus 
Calbertado virus (CALV), and negative-sense bunyavirus Phasi Charoen-like virus (PLCV), 
the ratio of positive-to-negative strand is as expected in total RNA vs. in footprints, with a 
strong enrichment of positive strand RNA in footprints. In contrast, for CxNV1, the 
footprint-protected RNA is not enriched for positive-strand RNA beyond the total RNA 
pool.  
F) Putative model with the viral polymerase (RdRp, triangle) copying both segments of 
CxNV1 with the aid of complementary ends to form a panhandle structure. Robin protein 
may be required for replication of the Robin segment by the RdRp. In this model, 
ribosomes process haltingly along both positive and negative strand RNA of each 
segment, translating some protein but also pausing perhaps due to RNA structure, RNA-
binding proteins, characteristics of the elongating viral protein, or due to an extending 
line of collided ribosomes from the 3’ hairpin back along the length of the RNA. Instead of 
immediately being cleared from the RNA, these ribosomes may protect the viral RNA from 
detection or destruction by the host cell, or may regulate the production of viral proteins 
to sustain the persistent state of the virus intracellularly. 
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Let us return to the question of how the ambigrammatic genome might increase this 

virus’ fitness, given the remarkable conservation of this feature. One plausible hypothesis 

is that the ribosomes coating the viral RNA protect the RNA from detection and/or 

destruction by the host cell’s immune responses. Or, the unique interaction of ribosomes 

with both strands may be related to the organization of positive, negative, and double-

stranded RNA in the cell – while the ratio is consistently 50:1 and 150:1 for 

positive:negative strand on RdRp and Robin respectively, it is unclear how much remains 

dsRNA which could be more easily detected as foreign. Alternatively, this feature may 

regulate the production of proteins, producing levels that are optimized for persistence. 

While it is possible that this ambigrammaticity is simply a highly efficient encoding 

of two proteins in a minimalist genome, it seems far more likely that this narnavirus 

exhibits a unique feature with interesting regulatory consequences. In the style of Isidor 

Isaac Rabi’s exclamation upon the unexpected discovery of the muon: Who ordered that 

ORF? 
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