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General introduction

1.1 Changing human population dynamics and infectious disease 
risk
Over the last decades, rural to urban migration has caused a population growth in cities 

leading to a concentration of people with more and close-contact interactions between 

them, which can strongly influence the spread of diseases1. The expansion of large cities is 

made possible by rapid development of transportation infrastructure which does not always 

go hand in hand with the expansion of public health infrastructure2. Although urbanization 

in conjunction with increasing wealth has been associated with a decreased burden of 

disease3, impoverished suburbs and rural areas with a less developed health and sanitation 

infrastructure are now well connected to an expanding and concentrated urban population. 

In addition, the necessary changes in land use for urbanization, agricultural development 

and deforestation, with a loss of 314 million hectares between 2001 and 20154, has been 

associated with increased risk of infectious disease emergence5. The increased connectedness 

of concentrated human populations also impedes infectious disease containment, as the 

affected areas quickly become national and international. Altogether, the increased risk of 

emerging disease spreading and infecting large populations calls for better infectious disease 

detection and surveillance methods to aid public health governance.
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1.2 Recent viral epidemics
In the last two decades several emerging viruses have caused large outbreaks in the human 

population. In 2002 an outbreak of SARS-CoV-1 occurred starting in mainland China and 

thought to have originated from bats6. It infected 8,098 people killing 774 and spread 

across 29 countries before it was contained7. In 2009 an H1N1 variant of the infuenza virus 

emerged in Mexico and caused a pandemic killing an estimated 209,300 individuals8. A second 

emerging bat related zoonotic virus9, Ebola virus, caused a large outbreak in West Africa in 

2013. Although its spread across the globe could be contained, Ebolavirus infected 28,646 

and killed 11,323 individuals over a period of three years across several countries in West 

Africa10. It was during this outbreak that for the first time in real time large scale genomic and 

epidemiological data was collected to reconstruct the spread of the virus11. Later, in 2015, 

Brazil experienced a large outbreak of the mosquito borne Zika virus, infecting a modelled 

132,3 million individuals12 and caused a confirmed 3,720 cases of congenital syndromes 

in newborns13. Using genomic epidemiology the time of introduction of the virus could be 

estimated to already have occurred as early as two years before the first detected case14. 

These examples show what genomic surveillance can do to detect and monitor viral epidemics 

and to guide public health decision making.

1.3 Current virus surveillance and detection
In developed countries, infectious disease surveillance is mainly performed in hospitals by 

clinical diagnostics and shared via national communicable disease surveillance systems with 

the national public health centers15. In the early 2000s innovations in new DNA polymerases 

allowed for the development of easy to use and reliable real-time polymerase chain reaction 

(RT-PCR) based assays16. Since then this technology has become main method for viral 

detection and characterization and the golden standard in clinical microbiology laboratories 

for detecting single and also multiple pathogens in parallel17,18.

	 Depending on the range of clinical symptoms caused by specific pathogens, the proportion 

of cases that are captured by hospital- or case-based surveillance can vary greatly. Infections 

that lead to severe disease in a large proportion of infected individuals will be easier to monitor, 

whereas infections for which a large proportion of cases remain asymptomatic or only develop 

mild symptoms are much more difficult to track resulting in an underestimation of their 

prevalence and burden of disease. Underestimation and under-ascertainment of infectious 
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disease burden hampers effective decision making and resource allocation to preventative 

measures19. 

	 The surveillance bias caused by under-ascertainment is compounded by the current 

focus on targeted diagnostic tests, which risks underdetection of uncommon etiologies. 

Broadening the surveillance requires implementing multiple targeted tests, thus raising the 

costs. Moreover, besides detection, further characterization of the virus can be important for 

its surveillance20 requiring additional typing assays and genome sequencing. These clinical 

surveillance systems lead to biased and fragmentated infectious disease surveillance.

1.4 The genomics-based approach
1.4.1 The development of modern sequencing platforms
Concurrent with the further development of RT-PCR assays, genome sequencing made its 

entry in the field of diagnostics. The colloquially called “first generation” Sanger sequencing 

has been the golden standard for sequence generation for a long time but does not have 

the throughput to generate complete genomes without unreasonable effort. Second or 

“next” generation sequencing platforms have alleviated that issue by generating large 

quantities of sequence data. However, apart from the high investment costs one of the issues 

of second-generation sequencing is the short size of the produced sequences hampering 

genome reconstruction with large insertions, deletions, and repetitive elements. The third 

generation of sequencing platforms is hallmarked by the increased length of the produced 

sequences, lower investment costs, real-time sequencing and simplified library preparation 

in the lab. These longer sequences however do not have the same quality as the shorter 

sequences, requiring deep coverage and extensive error correction post-processing. Despite 

the challenges, these sequencing platforms have been increasingly used in practice for virus 

detection and characterization21–23.

1.4.2 Sequencing methods that benefit clinical diagnostics
Although genome sequencing has not reached the same status as RT-PCR in clinical diagnostic 

settings, it has several advantages over RT-PCR, one of which is the possibility to detect a 

pathogen without any prior knowledge of the virus. This so-called agnostic or metagenomic

sequencing is a sequencing approach of which much is expected for clinical use and has been 

applied with success for detection of viruses in clinical samples24. Beside detection of known 

and unknown viruses, metagenomic sequencing can also detect multiple viruses at the same 
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time, making it possible to detect co-infections25. One step beyond, metagenomic sequencing 

can be used to detect a community of viruses in complex sample types such as feces, sewage, 

or other environmental samples comprising viral pathogens and commensal viruses, the so 

called “virome”, and unknown “dark matter”26.

	 The catch-all benefit of metagenomic sequencing is conversely also its main weakness as 

samples generally contain a lot of “background” genomic material, which, by using random 

amplification, can overshadow the targets of interest. This background genomic material can 

consist of host DNA/RNA but also for instance plant viruses and bacteriophages which share 

similar biological properties to human pathogenic viruses making it difficult to discriminate 

between them based on physicochemical properties. To that end, besides random amplification, 

target enrichment approaches have been recently developed to increase the sensitivity and 

specificity of metagenomic sequencing without losing its catch-all benefit27.

	 Alternatively, when the genome of the virus of interest is known, an amplicon-based 

approach can be used which targets, amplifies and sequences multiple overlapping parts of a 

viral genome of interest to obtain the complete sequence. The advantages are that amplicon 

sequencing is very specific and more sensitive compared to metagenomic sequencing. 

However, this approach has the drawback that only the targeted virus will be sequenced and 

unanticipated pathogens will be missed.

	 The main advantage of genome sequencing is that beyond detection of the virus, much 

more information becomes available with which a range of follow up analyses can be 

performed. For example, detailed typing of the virus can be performed28, the time of entry 

into the population can be estimated11, and the source of the virus can be tracked and linked to 

an outbreak29. In view of its potential benefits, viral genome sequencing would be a valuable 

addition to routine viral diagnostics and surveillance.

1.4.3 Challenges of data generation
Despite the recent advances, there are still several challenges that prevent genome sequencing 

from being widely adopted in practice. The main challenge is the relatively high time and 

financial cost of genome sequencing compared to RT-PCR. Consequently, the question remains 

whether the added benefits of sequence information outweigh the added time and monetary 

investment30. To succeed in the field of virus diagnostics and surveillance it is therefore crucial 

to reduce these barriers.
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The concept is therefore to replace a multitude of targeted assays with a metagenomic 

or agnostic sequencing approach which will simplify and unify several diagnostic assays. 

However, the sensitivity of metagenomic sequencing in relation to RT-PCR needs to be 

further investigated, as well as the standardization and optimization of sample preparation. 

Sequencing of samples in multiplex is also possible, which can reduce the costs and increase 

the number of samples that can be processed in parallel. In that case, the balance between 

sequencing depth and the number of parallel samples must be optimized to obtain good 

quality sequencing data for each sample. As mentioned before, virus enrichment protocols 

can potentially increase the sensitivity and specificity of metagenomic sequencing, but these 

gains should be compared to the additional cost and effort. Novel cheaper platforms such as 

the Nanopore platform could provide a cost-efficient alternative, but sequence data quality 

must be assessed in comparison with more established sequencing methods. Cost and time 

efficient sequencing comes with several challenges that, to make optimal use the added 

information that it can provide, must be addressed before it can be implemented in practice.

1.5 Virus sequence data analysis
With the introduction and development of novel sequencing approaches, also the approaches 

to analyze the their data have evolved. Because of the initial interest in the human genome 

many methods that are currently used were developed for large eukaryote genomics. 

Therefore, the underlying algorithms of these methods have often originally been created 

for the analysis of eukaryote or prokaryote sequence data and the assumptions made in 

those algorithms may not always hold true for virus sequence data. However, a multitude of 

methods have been developed recently specifically for the data analysis of viral genomes31.

	 Virus analysis workflows are generally designed to give an overview of all viruses in a 

sample or zoom into a certain set of viruses based on a predefined research question. The 

bioinformatic workflow is then often published separately as a means to credit the data 

analysis method and describe it in more detail. This often results in workflows are built to 

be used once and for a specific task instead of focusing on broad application. Moreover, 

especially when a project has finished, there is little incentive to keep maintaining and 

updating the workflow when new versions of the software it uses or new databases appear 

that potentially cause errors. The fact that workflows are generally designed for a specific 

research question also makes it difficult to select a workflow that fits the analysis requirements 
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for a different dataset and research question. Therefore, there is a need for generalized and 

customizable data analysis workflows that are aimed at reusability32. Besides data processing, 

the interpretation of genome sequencing data can be complex. Especially metagenomic and 

agnostic sequencing has the challenge that often only fragments of viruses of interest are 

found, which hinders sequence annotation, which is further complicated by incomplete or 

misannotated viral reference databases33. Correct interpretation of viral genome sequencing 

data therefore requires strong tools for data visualization and interrogation that give a broad 

perspective but can focus on a specific research question or virus of interest.

1.6 Outline of this thesis
Chapter 2 is an introductory review about the challenges of the implementation of metagenomic 

sequencing for viral surveillance in food- and water borne viruses. In chapter 3 a comparison 

of viruses present in global sewage is described which can be used as a baseline for sewage 

based viral surveillance. Chapter 4 addresses the issue of viral metagenomic data analysis and 

introduces a user-friendly tool to facilitate the annotation and the comparison of different 

samples based on certain metadata. Chapter 5 focuses on the comparison of several methods 

and platforms for whole genome sequencing for public health purposes and chapter 6 further 

validates the usage of the Nanopore platform for viral whole genome sequencing. In chapter 7 

the use of near to real-time whole genome sequencing on the Nanopore platform is shown to 

be beneficial for public health decision making at the start of the SARS-CoV-2 outbreak in 2020 

in the Netherlands. Further application of Nanopore sequencing in tracking and tracing SARS-

CoV-2 in hospital settings is demonstrated in chapter 8. Chapter 9 describes a tool that can 

be used to check the primers used in viral diagnostic RT-PCR or amplicon based viral genome 

sequencing.
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Metagenomic sequencing for 
surveillance of food- and waterborne 
viral diseases
David F. Nieuwenhuijse1 and Marion P. G. Koopmans1*

Microbiology 8, 230, 2017

2.1 Abstract
A plethora of viruses can be transmitted by the food- and waterborne route. However, their 

recognition is challenging because of the variety of viruses, heterogeneity of symptoms, the 

lack of awareness of clinicians, and limited surveillance efforts. Classical food- and waterborne 

viral disease outbreaks are mainly caused by caliciviruses, but the source of the virus is often 

not known and the foodborne mode of transmission is difficult to discriminate from human-

to-human transmission. Atypical food- and waterborne viral disease can be caused by viruses 

such as hepatitis A and hepatitis E. In addition, a source of novel emerging viruses with a 

potential to spread via the food- and waterborne route is the repeated interaction of humans 

with wildlife. Wildlife-to-human adaptation may give rise to self- limiting outbreaks in some 

cases, but when fully adjusted to the human host can be devastating. Metagenomic sequencing 

has been investigated as a promising solution for surveillance purposes as it detects all viruses 

in a single protocol, delivers additional genomic information for outbreak tracing and detects 

novel unknown viruses. Nevertheless, several issues have to be addressed in order to apply 

metagenomic sequencing in surveillance. First, sample preparation is difficult since genomic 

material of viruses is generally overshadowed by host- and bacterial genomes. Second, several 

data analysis issues hamper the efficient, robust and automated processing of metagenomic 

data. Third, interpretation of metagenomic data is hard, because of the lack of general 

knowledge of the virome in the food chain and the environment. Further developments in 

virus specific nucleic acid extraction methods, bioinformatic data processing applications and 

unifying data visualization tools are needed to gain insightful surveillance knowledge from 

suspect food samples.
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2.2 Introduction
Transmission via the food- and waterborne route is a common mode of spread of a wide 

range of viruses. Many commonly recognized food- and waterborne infections are caused 

by viruses that are transmitted by the fecal-oral route and can cause diarrhea and vomiting, 

particularly caliciviruses (norovirus, sapovirus), and less commonly astroviruses, rotaviruses, 

and adenoviruses. Other viruses cause symptoms resulting from extra-intestinal spread, like 

hepatitis A (HAV), and hepatitis E (HEV). High levels of viral shedding through stool and vomit 

lead to dispersal in the environment, and the stability of many food- and waterborne viruses 

allows for prolonged persistence in the environment. Food- and water associated transmission 

is also suspected to enhance the spread and emergence of zoonotic viruses (e.g. Middle East 

Respiratory Syndrome-coronavirus and Nipah virus) and facilitate the occurrence of zoonotic 

events though the handling of bushmeat (Ebola virus).

	 Challenges of detecting viruses transmitted by the food- and waterborne route are their 

diversity, and the frequent secondary person-to-person transmissions, which may mask an 

initial food- or waterborne introduction. In addition, there is a lack of awareness among 

clinicians, as the symptoms caused by food-borne viruses are not specific to the viruses 

causing the illness, and there is limited coverage in surveillance of food- and waterborne viral 

disease, hampering detecting and tracing.

	 In the past years, high throughput sequencing technologies have increased the ability to 

measure genomic material from diverse samples tremendously, and these methods will most 

likely continue to improve in the future. Specifically, metagenomic analysis using untargeted 

sequencing, has received a lot of attention, because the high throughput of current sequencing 

technologies has made it possible to obtain multiple high coverage genomes from highly 

complex samples34,35. Even though it is still a developing field, metagenomics is starting to 

become mature enough for applications outside of the research environment.

	 With the development of multiplex real-time polymerase chain reaction (RT-PCR) protocols 

came the realization that unraveling etiologies of main disease syndromes is more complex 

than previously recognized, leading to questions about the detection of viruses for which 

the role as causes of illness remains to be evaluated, the importance of co-infections and 

recognition of less common disease etiologies. Similarly, high throughput metagenomic 

sequencing broadens the scope of detectable viruses, which, apart from making it more 

complex, make us further understand the role of viruses in health and disease. The biggest 

promise, however, is that of routine application of metagenomic sequencing in diagnostic 
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context, facilitating viral detection and offering huge potential for tracing of viruses in (food-

borne) outbreaks.

2.3 Recognizing food- and waterborne viral disease
Given the number of different viral pathogens potentially associated with food- and waterborne 

transmission, and the lack of cell culture systems that are sensitive and robust enough for 

application in routine settings for many of these pathogens, their detection has not been 

straightforward. The entry point for disease-based surveillance of viruses spreading by food 

and water is the reporting of patients presenting to a clinician. However, patients only present 

themselves in case of a severe symptomatic infection, or in case self-help is not sufficient. 

Mild symptoms are therefore generally not registered creating a bias in surveillance. This 

phenomenon is captured in the surveillance pyramid (Figure 1), and the full extent of disease 

can only be captured through epidemiological studies addressing incidence and etiology at 

community level coupled with severity of a range of enteric pathogens36–38. Additionally, it 

is challenging to distinguish between food-borne outbreaks and outbreaks caused by direct 

contact between humans. Classic clinical symptoms of food-borne disease vary, ranging from 

diarrhea and vomiting to abdominal cramps and general malaise which makes it hard for 

clinicians to pinpoint the exact causative agent and leads to misdiagnosis if the diagnostic 

work-up is selective, and if there are no obvious signs of food related exposure. Moreover, 

heterogeneity in clinical interpretation can be caused by host factors, such as differences in 

the expression of histo-blood-group antigens that are receptors for rota- and noroviruses39,40. 

Susceptibility to fecal-orally transmitted viruses may also be influenced by the established 

microbiome and virome in the host population, of which the prior is shown to differ between 

different locations and age groups41. It is reasonable to think that the differences in the 

gut environment are more pronounced between countries with larger social and economic 

differences such as first and third world counties, which often differ in their resident pathogens. 

The role of the gut virome, in addition to the gut microbiome, is a relatively new concept and 

has been described as potentially having influence on gut health and therefore expression of 

disease42. Because of under and miss-diagnoses, clinical surveillance likely only captures the 

tip of the iceberg of food- and waterborne viral disease cases.
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Reported

Hospitalized

Diagnosed by
clinician

Repor�ng to health
care system

Experiencing symptoms

Carrying infec�ous disease

Figure 1 Schematic representation of the phenomenon known as the “surveillance pyramid’. 
Layers represent different categories of infected individuals. Width of the layers represents the 
estimated number of individuals in that category. As indicated, individuals reported by surveillance 
programs generally originate from the hospitalized category.

2.4 Detection of food- and waterborne viral disease outbreaks
In cases where a cluster of patients with similar symptoms presents, there can be an 

investigation to look for epidemiological clues of the link between the cases. Additional 

information is garnered from the use of viral genome sequencing, making it possible to track 

origins of outbreaks, and to estimate how much of the observed human disease is attributable 

to foodborne infection by computerized linking of epidemiologic data to aligned viral genomic 

sequences43. However, often the original source or evidence of it being food- or waterborne 

cannot be found, which means that outbreaks often are merely registered. Of the 941 viral 

disease outbreaks reported as foodborne in the joint ECDC-EFSA surveillance report of 2015, 

only 9.1% had robust evidence of food- or waterborne transmission44. Routine application of 

genotyping of HAV in newly diagnosed cases quadrupled the number of cases in which food 

was the most likely source of infection a 3 year enhanced surveillance study in The Netherlands, 
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but this is not commonly done45. In an investigation of 1794 food- and waterborne outbreaks 

in Korea, roughly 75% of the outbreaks reported in schools and public restaurants were 

attributed to an unknown origin46. Availability and costs of molecular testing combined with 

sequencing, additional to the limited success of virus detection in food products, are likely 

further limiting their use in food and water surveillance. This is demonstrated by the fact that 

formal confirmation of a viral outbreak associated to food- and waterborne transmission still 

requires extensive epidemiological analysis or confirmation of a virus in the infected individual, 

or both47. However, due to the increase of genomic information of viruses, sequence data 

is increasingly used to support and strengthen outbreak investigations. Nevertheless, the 

surveillance programs for these viruses in the human food chain is limited, in contrast with 

the American CDC[1] and the European ECDC[2] surveillance programs for bacteria and parasitic 

pathogens causing food- and waterborne diseases48 and does not have wide spread coverage. 

As an example, to comply to European food safety regulations, shellfish, a well-known source 

of food-borne pathogens, need to be tested for enteric bacteria. However, it has been well 

documented that shellfish that pass quality control based on bacterial counts may still contain 

human pathogenic viruses49. To be able to recognize food- waterborne viral disease outbreaks 

and stop underestimation of its disease burden there should be innovations in the current 

food-born surveillance system.

2.5 Classical viruses associated with food- and waterborne 
diseases
Although the list of viruses causing acute gastroenteritis is long, norovirus ranks among 

the top causes of diarrheal disease50. Reporting of outbreaks suggests that the food- and 

waterborne disease transmission route is relatively rare, but provides an underestimate, 

bearing in mind that it may be hard to recognize a food- and waterborne transmission route 

in community acquired diarrheal disease. To quantify the burden of all diarrheal disease 

attributable to foodborne transmission, the World Health Organization commis-sioned a study 

that combined data from surveillance and exhaustive literature reviews with a systematic 

approach to calculation of the fraction of disease attributable to food contamination51. This 

ranked the burden of norovirus illness among the top causes of foodborne disease, along 

[1] http://ecdc.europa.eu/en/healthtopics/food_and_waterborne_disease/surveillance/Pages/index.aspx
[2] http://www.cdc.gov/ncezid/dfwed/keyprograms/surveillance.html
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with Campylobacter, and listed HAV associated disease among other significant causes of 

foodborne disease, along with Salmonella and Taenia solium.

	 For bacterial foodborne pathogens, the analysis of systematically collected surveillance data 

has been used as the basis of attribution analysis52. A popular approach has been to quantify 

the proportion of foodborne disease of humans to their likely origin, by comparing diversity 

of strains found in human disease outbreaks with that found in animal and environmental 

reservoirs53. While this model does not allow estimating the foodborne disease where food 

is a vehicle for person-to-person transmission, which is common for noroviruses, it has been 

used with some success to quantify the contribution of foodborne viral disease stemming 

from environmentally contaminated food (e.g. associated with shellfish;54). This builds from 

the observation that there is a large discrepancy between the norovirus variants in clinical 

settings and environmental samples55,56. Norovirus GII.4, found in clinical setting, is generally 

related to person-to-person transmission, however several other norovirus genotypes and 

genogroups were found in environmental samples in the same area. However, food associated 

AGE is not limited to norovirus infections. In a large retrospective study of oyster related AGE 

outbreaks in Osaka City in Japan 30.7% of the cases were attributed to other pathogens such 

aichivirus, astrovirus, sapovirus rotavirus A and enteroviruses57. Furthermore, outbreaks can 

be caused by a mixture of these viruses and viral variants58.

2.6 Other viruses transmitted via the food- and waterborne route
Apart from viruses causing gastro-enteritis, there are viruses causing food- and waterborne 

diseases that are associated with a variety of other syndromes. The second most common 

disease syndrome is hepatitis, caused by HAV,a fecal-orally transmitted virus51. By decreasing 

natural exposure in regions with low endemicity, the susceptibility of the population for 

outbreaks of HAV disease in these regions is increasing59. Because of increased globalization, 

contamination of food products by viruses prevalent in food producing regions can increase 

the risk of outbreaks in these regions. Several outbreaks of HAV infection have been reported 

in recent years both in the USA and Europe60. Most of these outbreaks could be identified as 

food-borne infections after intense investigations61. Especially fresh (imported) food products 

(e.g. fresh frozen berries, pomegranate seeds and sun-dried tomatoes) have been identified 

as sources of the virus60,62. Tracking the foodborne source of infection is challenging for HAV 
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due to the long incubation period in infected individuals, underestimating the contribution of 

food as a source of infection45.

	 Another foodborne virus gaining increased attention is zoonotic HEV, associated with 

genotype 3 and 4 HEV. HEV is widespread in commercially held pigs, as well as in wild pigs 

and deer63. Human disease with genotype 3 HEV is increasingly recognized, but in the large 

majority of the cases the source of the virus is unknown64. There is clear evidence that food 

can be a source of zoonotic HEV infections. Outbreaks that have been confirmed to be caused 

by food-borne transmission of the virus by consumption of wild meat from boar, deer and 

rabbit63,65,66. Several studies have shown the zoonotic potential of HEV from pigs67, HEV can 

also be readily detected in pork products such as dried meats and liver sausages68. A large 

proportion of food related HEV infections, however, does not lead to hospitalization of the 

patient, leading to under reporting and unrecognized risk and burden of the disease63.

	 Beside viruses circulating in livestock, wildlife has the potential to be a large reservoir of 

unknown zoonotic viruses. Hunting, trading, preparing and consuming so called “bush-meat” 

is one of the routes by which novel viruses can be introduced into the human population69. 

It may be difficult to disentangle foodborne infection from direct zoonotic exposure, but it is 

important to consider local practices before ruling out food as a source of human infection. 

A special example are the occasional introductions of Nipah viruses from bats into humans 

through contamination of date palm sap which is collected in open containers to which bats 

that harbor these viruses have access70. Not proven but certainly interesting is the practice of 

drinking unprocessed camel urine which may contain MERS coronavirus, a practice that came 

to light during the investigations into sources of MERS coronavirus infection in humans71. Even 

if limited in scale, small food-borne infections, originating from human-wildlife interaction, 

constitute as many incidents potentially pushing wildlife viruses to become human-to-human 

transmissible72,73. In the cases of Monkeypox and Nipah this only led to small epidemics, 

but when the virus is well adapted to spread from human to human this can lead to larger 

outbreaks, as seen during the Ebola crisis in 201573,74. Continuing deforestation, increasing 

population and continued trade of bushmeat brings more humans in contact to wildlife and 

increases the risk of zoonosis69. Urbanization and globalization of travel and trade provides 

ample and increasing opportunity for further spread. Therefore, even anecdotal zoonotic 

introductions may constitute a public health risk, and ideally should be investigated in 

conjunction with the animals these humans were exposed to. As the ability to spread between 
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humans is a key property for successful further spread, enhancing the capacity to investigate 

clusters of disease (in humans and animals) is important75.

2.7 Unknown fecal-oral passengers
Bacteriophages, although not directly pathogenic to humans, could play a role in human health 

and disease by influencing the gut microbiome. Sequencing data from human gut samples 

presents a large diversity of bacteriophages in the human gut76. In addition to bacteriophages, 

untargeted sequencing of sewage samples has shown the presence of large quantities of 

different plant viruses77. Because of the presence of numerous infectious plant virus particles 

in human fecal waste there is ongoing research of the effect of these viruses in human health 

and disease78. Similarly, there is ongoing research into the impact of bacteriophages on human 

health through their modulating effect on the gut microbiome76, and thereby, gut immunity79. 

In what way bacteriophages protect or expose the human gut to bacterial or viral pathogens 

has yet to be further investigated. However, using metagenomic sequencing it will at least be 

possible to recognize the presence of unknown fecal-oral passengers.

2.8 Metagenomics for food- and waterborne viral disease surveil-
lance
Metagenomics is a term used for experiments in which all nucleic acids in a certain sample 

are sequenced. For bacteria, historically, the diversity of a sample used to be expressed by 

performing phylogenetic analyses based on 16S ribosomal RNA80. However, since viruses lack 

such a universally conserved motif, viral metagenomics refers to the attempt to recover full 

and partial genomes of all viruses present in the sample. Viral metagenomic analysis protocols 

generally start with procedures to remove host and bacterial cells followed by nuclease 

treatment to remove free nucleic acids. Often, the remaining nucleic acids are amplified 

using randomly primed (RT-) PCR and finally sequenced using high-throughput sequencing 

technology. Viral metagenomics has great potential in surveillance of viruses in the global 

food-chain because of its sensitivity, broad detection range and detailed information of the 

detected virus.
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Surveillance
targets

(A) Environment
– Food industry
– Wild/Bush meat
– Aqua culture/

 Fishery
– Sewage

Metagenomic 
insight

– Viral trends
– Poten�al out-

 break strains
– Novel emerging

 viruses

(B) Food
– Consumer foods
– Imported foods
– Illegal trade

– Viral origins
– Viral trade routes
– Food safety

(C) Outbreak
– Pa�ents in clinics
– Local area

– Foodborne origin
 recogni�on

– Cluster detec�on
– Outbreak tracing

Figure 2 Food- and waterborne viral surveillance targets for metagenomic sequencing 
approaches. (A) Environmental surveillance of food industry, wild meat and bushmeat habitat 
and aquaculture and fishery environment. (B) Food surveillance of consumer and imported foods, 
including illegally imported foods. (C) Surveillance of food- and waterborne outbreaks, in clinic and 
locally. Potential of metagenomic sequencing based surveillance is listed next to each category.

2.8.1 Environmental Surveillance
Metagenomic sequencing has already been used in the sampling of the world’s oceans to 

estimate the global viral diversity81. Similarly, metagenomics can be used in environments 

associated with viruses spread via the food- and waterborne route (Figure 2A), which gives an 

overview of all these viruses and circumvents the mentioned sampling biases. The potential of 

such an approach for food related purposes was exemplified by Hellmér and colleagues who 

conducted a multi-species viral surveillance study and, albeit not metagenomic sequencing 

based, were able to detect several food- and waterborne viruses in sewage. Interestingly, 
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norovirus and HAV, detected in sewage, could be related to hospitalized patients diagnosed 

with the viral infection in the catchment area of the sewage system. Moreover, they detected 

a peak in the level of norovirus several weeks before the outbreak was reported in the hospital 

in that area82. This demonstrates the po-tential power of shifting the scope of surveillance of 

food- and waterborne viruses from the hospital to the environment. Untargeted metagenomic 

sequencing has been shown to be able to capture a multitude of viruses in sewage samples 

in several studies. Moreover, comparison between sewage viromes from Nigeria, Nepal, 

Bangkok and California, four geographically distant locations, showed distinct differences 

in the subsets of detected human viruses83. Interestingly, the average sequence similarity 

between the reference sequences stored on the NCBI GenBank and the human viruses 

detected in the samples from California was higher than those from the other locations. 

This may indicate a bias towards American viruses in view of human virus diversity in this 

database83. A study in which a human epithelial cell culture was inoculated with sewage, 

to increase the relative number of human viruses capable of infecting these cells, was able 

to detected, apart from a large number of bacteriophages, several different species of the 

Polyomaviridae, Picornaviridae and Papillomaviridae viral families84. Another more recent 

evaluation of untargeted metagenomic sequencing for surveillance purposes retrieved full 

genomes of Adeno-associated virus-2 as the most prominent mammalian virus in the sample. 

This virus is generally not associated with any pathology and cannot be grown in cell cultures, 

possibly underestimating its role in diarrheal disease85. A striking fact of these studies is the 

number of sequencing reads that are found that share no sequence similarity with current 

reference databases. Percentages of unmapped sequences range from 37% to 66%83,86. 

Whether these sequences represent novel viruses that can be transmitted via the food- and 

waterborne route remains to be determined. Nevertheless, these preliminary studies show 

the potential of untargeted metagenomic sequencing to detect novel and known human 

pathogens. Sampling a larger variety of locations, performing longitudinal studies of the same 

environment and deeper sequencing will provide more information on what environmental 

metagenomic sequencing can contribute to the monitoring of viral trends and viral diversity.

2.8.2 Food surveillance
Analogous to the environment in which it has been produced, food itself can benefit from 

metagenomic surveillance. Food contamination in combination with international trade, 

changing eating habits and food processing practices all contribute to the spread of food- 
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and waterborne viruses and making food itself a valuable target of metagenomic surveillance 

(Figure 2B). Sentinel screening of imported foods, especially risk foods such as fresh fruits 

and vegetables, dried meats and seafood, could prevent foodborne viral outbreaks such as 

the international HAV outbreak in Europe from 2012 to 201387. Successful application of 

metagenomic sequencing of viruses has been shown in a study isolating viruses in the family 

of Reoviridae and Picobirnaviridae from field-grown lettuce84.

	 Apart from legal trade, illegal import of food products, such as bushmeat, could also 

be screened. Untargeted metagenomic sequencing is especially suited for these types of 

screenings, as the origin and potential viral content of these samples is often completely 

unknown. In one example, metagenomic sequencing was performed on bushmeat seized 

by the customs officers of a French airport. Although no viruses with potential threat for 

human health could be detected88, these initial attempts should be looked at as potentially 

interesting surveillance approaches, given that relative large quantities of raw bushmeat are 

estimated to enter Europe and the Americas annually74.

	 Another source of known and potentially unknown food-borne disease causing viruses 

are shellfish. Mainly the consumption of oysters is associated with food-borne outbreaks89. 

However, oysters, cockles and clams have been shown to accumulate norovirus, sapovirus 

and HAV90. To our knowledge, there are no published studies performing untargeted virome 

sequencing of these shellfish. Surveillance by metagenomic sequencing can be beneficial for 

aquaculture, also for monitoring seafood health, as in aquaculture, large numbers of animals 

are kept in a confined environment for an extended period, increasing opportunities for 

spread of infections. Cultivated fish and other sources of seafood can be infected with a wide 

variety of viruses91. 

2.8.3 Outbreak surveillance
One of the main promises of surveillance using metagenomic sequencing is that of 

concomitant clinical application (diagnosis of patients) and public health application 

(typing and cluster analysis to trace of food- and waterborne outbreaks) (Figure2C). Using 

metagenomic sequencing, the effort of detecting and genotyping of a virus can be combined 

to trace an outbreak, regardless of prior knowledge of the virus, provided the data is analyzed 

in combination with relevant metadata. The use of this integrative approach has been 

demonstrated in an investigation of a hospital outbreak of human parainfluenza virus, which 

was investigated using high-throughput metagenomic sequencing92. Both the detection of the 
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virus, the diagnosis of the disease and the establishment of viral clusters and transmission 

routes could be derived from the metagenomic sequencing data. A similar approach should 

enable investigation of viruses related with food- or waterborne diseases and distinguishing 

between a food- and waterborne and a person-to-person transmission route. In such 

investigations, speed is of the utmost importance, therefore on-site sequencing strategies, 

enabled by novel portable sequencing platforms such as the Oxford Nanopore MinION93, 

have potential in fast local outbreak detection and disease monitoring94. Recent reports have 

shown potential in metagenomic detection of hepatitis C, chikungunya, Ebola and Zika virus in 

hospital settings95,96. The development of on-site sequencing technology is still in its infancy, 

however, and it remains to be investigated if food related viral outbreaks will be traceable, 

and can deliver whole-genome based viral dynamics analysis analogous to the investigation 

of the Ebola outbreak of 201497,98. However, the same on-site technology has been shown 

to be beneficial in tracing foodborne salmonella99. Aspects of current on-site sequencing 

technologies that need to be improved for viral metagenomic sequencing are the limited 

throughput and sequence quality, which limit the detection of low level viral genomes and 

minor variants. Nevertheless, the use of near-real-time sequencing of Ebola and Zika during 

the recent outbreaks has received a lot of attention and has shown that the technology works.

2.9 Challenges in complex viral sample preparation
The initial barrier to reconstructing whole-genomes from all viruses in complex samples is 

obtaining enough high quality viral nucleic acid for reliable viral genome coverage. Approaches 

which try to enrich all viral sequences are being investigated, ranging from different extraction 

protocols34,100 to using a virome specific capturing chip27 or blood-derived antibodies to 

capture viral particles101. Paradoxically, however, the sequencing capacity of high throughput 

metagenomic sequencing is sensitive enough to pick up contaminants from the lab reagents, 

of from previous experiments102. These pose a challenge to the interpretation of metagenomic 

data. To limit contamination, laboratories in which samples are processed are often separated 

from those in which nucleic acids are amplified and equipment is UV treated and cleaned with 

bleach. Additionally, alternating the sample-specific DNA barcodes in multiplex sequencing 

experiments reduces contamination from previous runs. Nevertheless, it is recommended 

to include both negative control samples, which have been processed similarly, but are 

believed to contain no viruses, and positive control samples, which contain known quantities 

of a variety of viruses103. Alternatively, bioinformatics tools such as DeconSeq104, have been 
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developed to check for signals of regularly found lab contamination in the sequencing data. In 

conclusion, as contamination of samples and equipment may not be avoidable, its likelihood 

should be taken in consideration when using metagenomic sequencing technology for food-

related surveillance applications.

2.10 Difficulties of metagenomic data analysis
Aside from lab-based technical difficulties there are several challenges concerning data analysis 

of metagenomic sequencing experiments. First, due to the high and increasing read output of 

sequencing machines, data analysis of high throughput sequencing projects generally requires 

strong computational infrastructure, which, can require large investments and technological 

expertise105. However, metagenomic data analysis tools have been improving, optimizing 

the ratio between computing resources needed and their speed and accuracy. Sequence 

annotation tools based on k-mer lookup tables such as UBLAST106, Kraken107, Kaiju108 and 

Diamond109 have increased the speed of sequence assignment to reference database with 

several orders of magnitude, while requiring relatively modest processing power. 

	 Second, the assembly of millions of genomic fragments into thousands of different individual 

genomes is a daunting task. Historically, short-read assemblers were developed and optimized 

to assemble a single genome out of a set of sequencing reads. These assemblers are therefore 

not suited for the reconstruction of metagenomes, and are prone to creating synthetic 

chimeric genomes110. Various assemblers have since been developed specifically aimed at 

metagenome assembly, like MetaSPAdes111, Ray-Meta112, MetAMOS113, MetaVelvet114, and 

IDBA-UD115. Nevertheless, metagenome assembly is still a challenging task, often requiring 

manual editing to resolve miss-assemblies.

	 Third, assigning all assembled genomes to a reference genome is hampered by miss-

annotations and incomplete reference databases. One example is “non-A, non-B hepatitis 

virus”, a sequence present in the NCBI GenBank, which was miss-annotated and the sequence 

was shown to belong to a bacteriophage86. The volume of sequencing databases is increasing 

rapidly, however sequence annotations and metadata are of varying levels of quality and the 

speed of analysis decreases with increasing reference datasets. Therefore, there is a tradeoff 

between the rate of success of annotation of a sequence against a smaller curated reference 

dataset, and reliability of annotation using a large reference database with less-well curated 

annotation data. 
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Sequence homology of multiple reference genomes can lead to spurious assignment of 

sequencing reads to one of these genomes. An example of the impact of spurious read 

annotation was the alleged detection of genomic material of Yersinia pestis in the New York 

subway system. Further inspection showed that the reads mapping to Yersinia pestis could 

have mapped with similar likelihood to other bacterial species116. Such miss-annotations 

of metagenomic sequences need to be anticipated and carefully addressed before using 

metagenomics in surveillance and diagnostic applications.

2.11 Metagenomic data interpretation
The final challenge of metagenomic sequencing based surveillance is the interpretation of the 

annotated sequences. There is still little knowledge of the presence and dynamics of viruses in 

the environment and the food-chain, which is of influence on the interpretation of food- and 

waterborne viral surveillance samples. Various factors are expected to influence the virome, 

and without knowledge of the typical viral content of a sample, the relevance of the detection 

of a virus is hard to determine. An example of this is a study showing a large discrepancy 

between the levels of HAV genotypes detected in sewage samples compared to the genotype 

infecting patients in the clinic in the same time117. A potential sampling bias and asymptomatic 

shedding of one of the variants was proposed as an explanation of the discrepancy. However, 

this shows that a lack of knowledge of viral diversity in a population under surveillance could 

potentially lead to wrong conclusions in environmental surveillance studies. It is becoming 

increasingly clear that integration of different data sources and experimental results is crucial 

for the interpretation of metagenomic sequencing experiments. Therefore, browsing of these 

data and visualization of relationships between genome datasets and metadata should be 

facilitated. In the recent years, interactive web-based data browsing and visualization tools 

have increased in popularity to facilitate the interaction with and the browsing through highly 

complicated data in a user-friendly manner. Further development of tools that facilitate 

interaction with and visualization of metagenomic sequencing results, such as Kronatools118 

and Taxonomer119, and frameworks for so-called data analysis “dashboards”[3,4,5], should make 

the interpretation of metagenomics experiments easier in the future.

[3] http://shiny.rstudio.com/
[4] https://plot.ly/
[5] http://jupyter.org/
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2.12 Conclusion
In our current society, there is much attention for the diseases that are causing occasional 

outbreaks. However, there are multiple strong signs that there are viruses hiding below the 

radar, due to a focus on viruses with direct clinical impact. As such, the disease burden of 

food- and waterborne viral infections is mainly recorded in outbreaks, signified by severe 

symptoms and hospitalization. However, it is estimated that the large abundance of viral 

infections causing mild symptoms, and thus not being recorded, carry a large portion of the 

global food- and waterborne disease burden. Moreover, this disease burden is expanded by 

the consequential infections and outbreaks of these viruses in susceptible populations. Global 

food trading, diversification of food sources and interactions with animals and other reservoirs 

of food- and waterborne disease related viruses complicate the capability of investigators 

to detect the original source and to determine the transmission pattern of viruses causing 

foodborne outbreaks. Therefore, surveillance efforts should look to metagenomic sequencing 

technologies, bioinformatics analysis tools and data sharing initiatives to get a more realistic 

insight in the global burden of food- and waterborne viral disease, and to make informed 

decisions on how to reduce this burden.
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Setting a baseline for global urban 
virome surveillance in sewage
David F. Nieuwenhuijse1*, Bas B. Oude Munnink1*, My V. T. Phan1*, the Global Sewage Surveillance project 
consortium, Patrick Munk2, Shweta Venkatakrishnan1, Frank M. Aarestrup2, Matthew Cotten1,  
Marion P. G. Koopmans1

3.1 Abstract
The rapid development of megacities, and their growing connectedness across the world is 

becoming a distinct driver for emerging disease outbreaks. Early detection of unusual disease 

emergence and spread should therefore include such cities as part of risk-based surveillance. 

A catch-all metagenomic sequencing approach of urban sewage could potentially provide an 

unbiased insight into the dynamics of viral pathogens circulating in a community irrespective 

of access to care, a potential which already has been proven for the surveillance of poliovirus. 

Here, we present a detailed characterization of sewage viromes from a snapshot of 81 high 

density urban areas across the globe, including in-depth assessment of potential biases, as 

a proof of concept for catch-all viral pathogen surveillance. We show the ability to detect a 

wide range of viruses and geographical and seasonal differences for specific viral groups. Our 

findings offer a cross-sectional baseline for further research in viral surveillance from urban 

sewage samples and place previous studies in a global perspective.

Scientific Reports 10 (1), 1-13, 28, 2020
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3.2 Introduction
The increasing connectivity of the modern world, changing demographics, and climate change 

increase the potential for novel and known viral pathogens to emerge and rapidly spread 

in new and unexpected areas, as could be seen during the emergence and global threat of 

Ebola virus in recent outbreaks120. Early detection or ruling out of high impact (emerging) 

infections as causes of disease is a hallmark of preparedness, but research in response to 

recent outbreaks of Ebola, Zika and yellow fever has shown that these pathogens circulated 

for extended periods of time before being recognized, leading to costly delays in public health 

response121–124. One of the key challenges is how to prioritize local investments in detection 

capacity, given the diversity of emerging diseases, the unpredictable nature of outbreaks, 

and the limited resources available for outbreak preparedness. Understandably, surveillance 

of infectious diseases mainly targets common conditions and is scaled up in response to the 

emergence of pathogens and in particular disease outbreaks, rather than the costlier approach 

of broad range testing for any relevant infectious disease. The changing dynamics of infectious 

diseases related to global change, however, require rethinking of this model for public health 

preparedness, as incidence-based surveillance provides a fragmented and limited scope of 

which pathogens are circulating in the general population, particularly in low resource settings 

where access to healthcare and laboratory diagnostics is restricted125,126. Therefore, in its 

reorganization in response to the West African Ebola outbreak, the World Health Organization 

has launched the term “Disease X” to call for novel ideas for preparedness to unpredictable 

disease outbreaks127. Thus, there is a need for novel approaches to viral surveillance providing 

a broader and less biased insight into the circulation of viral pathogens to supplement the 

more targeted surveillance. Genomic epidemiology using real-time pathogen sequencing has 

become part of the routine toolbox for outbreak tracking once the cause of the outbreak 

is known128,129. In addition, metagenomic sequencing has been put forward as a potential 

catch-all surveillance tool, but the step from research to routine implementation is extremely 

challenging130,131, and thus, careful validation is needed to avoid overpromise and wasting of 

resources.

	 Here, we set out to explore the potential use of metagenomic sequencing of urban 

sewage as an add-on strategy for global disease preparedness. One key driver of emergence 

is the amplification of rare zoonotic and vector-borne diseases in densely populated regions 

where infrastructure needs are outpaced by rapid urban developments. This leads to the 

formation of slums, favorable conditions for viral disease vectors, disparity in access to clean 

water, sanitation and healthcare, and an increase in close human-animal interaction due to 
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deforestation132,133. The advantage of using sewage-based surveillance is that it represents 

the entire population of the catchment area, sample collection is straightforward, and the 

anonymization by default makes it less challenging to use than patient-based surveillance 

regarding privacy laws. Using sewage to detect viruses with low case fatality rate but overall 

high population level impact has been tested successfully to monitor the progress of the global 

polio-elimination program, particularly in regions where non-replicating polio-virus vaccines 

are used134,135. The huge potential of environmental surveillance was illustrated when a silent 

epidemic of wild-poliovirus type 1 in Israel was detected, which led to a mop-up vaccination 

campaign and resolution of the epidemic, without a single case of paralytic poliomyelitis136. 

In addition, small-scale studies have already shown the potential for using metagenomic 

sequencing of sewage extracts for the detection of a range of virus families83,84,86 (Extended 

Data Table 1). While these studies have largely focused on viruses with a replication phase 

in the gastro-intestinal tract, the fecal and/or urinary shedding of, for instance, measles 

virus, yellow fever virus, Zika virus, West Nile virus, Ebola virus, SARS coronavirus, and MERS 

coronavirus suggests the potential utility of sewage testing to capture circulation of these 

pathogens as well137–141. Moreover, metagenomic sequencing has the potential to detect any 

viral genomic material in the sample, without targeting a specific viral pathogen or limiting 

for only known viral pathogens. In this study, we pilot the use of metagenomics to describe a 

comparative snapshot of the virome from sewage samples of high-density urban areas across 

all continents. We provide a critical appraisal of technical and analytical biases and discuss 

the potential utility for human and animal disease monitoring and surveillance, as well as the 

additional steps needed to go towards routine implementation.

3.3 Results
3.3.1 Data quality evaluation
Urban sewage samples and associated metadata (Supp. File 1, available in online version) were 

obtained from 62 countries across all continents between January and April 2016 from the 

influent of wastewater treatment plants prior to treatment or from open sewage systems in 

low- and middle-income countries. All samples were previously processed for the detection of 

bacterial antimicrobial resistance genes using DNA metagenomics142. Here we focus solely on 

viral DNA and RNA metagenomics (methods) and the analysis of the viral data. Sewage samples 

are highly variable in terms of composition and DNA abundance and therefore potential biases 

that might impact the final read abundance and diversity of the sewage virome were evaluated. 
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Figure 1 Effect of read preprocessing on data interpretation. (a) Number of reads before 
preprocessing (blue bars) after quality control (red bars) and read dereplication (green bars). The x 
axis shows sample identifiers ordered by number of dereplicated reads. (b and c) Effect of number 
of PCR replication cycles on library concentration (color), species diversity (b) and read replication 
rate (c).(d and e) Fold replication of raw reads by species level annotation (points). X axis separates 
superkingdom or “Unknown” annotations. d shows sample LVA_31 with a high replication rate and 
panel e shows sample MLT_63 with a low replication rate.
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Initially, an extensive evaluation of the technical factors that may impact the resulting data to 

gain a deeper understanding of potential pitfalls was performed. First, read abundance was 

evaluated as a proxy for viral abundance. Sequencing protocols for virome analysis in sewage 

typically require an amplification step to provide enough DNA input for sequencing, which 

can result in artificial duplication of sequence reads and thereby impact the quantitative 

interpretation of the data substantially (Figure 1a). Indeed, the observed viral species richness 

was negatively correlated with the number of amplification cycles needed to obtain enough 

DNA as input for sequencing (Figure 1b), while the average fold replication of a read was 

Figure 2 Effect of non-viral background read abundances on viral read abundance and the 
chosen outlier samples in the sewage metagenome data. (a) a multidimensional scaling of Bray-
Curtis dissimilarity between samples based on the normalized read counts of bacterial, archaeal, 
eukaryote (human), and viral content. “Unknown” indicates reads that could not be assigned any 
annotation. The red labels indicate the effect of the different annotations on the position of a 
sample in the plot. Gray circle indicates the samples that were manually assigned to be outliers. (b) 
A scaled bar chart of relative read abundance showing the outliers in a separate facet to the right.
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positively correlated (Figure 1c). The impact of dereplication on the individual species level 

read counts varied greatly within a sample. Especially in samples with a low number of reads 

after dereplication (Figure 1d) the decrease in read counts for a species ranges from 600 to 

5-fold. These differences have a profound effect on the species distribution within the sample, 

and thus the interpretation thereof. The effect of dereplication is much less variable between 

species in samples with a high number of reads after dereplication (Figure 1e). Therefore, 

the optimal use of virome sequencing depends on the initial abundance of viral sequences in 

the sample and extra amplification may only increase the coverage of the same viruses, but 

does not increase the richness of the virome, which needs to be carefully considered when 

designing and interpreting sewage metagenomics studies.

	 Besides the influence of read replication on read abundance, the richness of the virome 

can be impacted by the presence of non-viral sequences. Typically, the metagenomic data 

contain a large fraction of unknown reads, and, despite the virus specific sample preparation, 

non-viral reads, including archaeal, bacterial, and eukaryote DNA.

	 While the overall proportion of reads for the different domains was comparable in most 

samples, multidimensional scaling of the non-viral read counts showed that some samples 

were very divergent from the central cluster and were manually marked as outliers (Figure 2a, 

dashed line). Viral read abundance was low in these outlier samples (Figure 2b, right panel). 

There was no significant correlation between the concentration of human or bacterial read 

fractions with any of the measured sample characteristics, such as pH, conductivity, and type 

of sewer system.

3.3.2 Exploration of the sewage virome
Based on the data quality assessment, we analyzed viral diversity in the samples after 

dereplication and following annotation by both Kajiu and Centrifuge as described. Between 

0.09% and 22% of the reads could be annotated as viral (median of 6%), with high abundances 

of bacteriophages, plant- and insect viruses (Figure 3). Most abundant were bacteriophages, 

representing on average 77% (ranging from 9 to 94%) of the annotated viral reads in the 

sewage. In particular Microviridae (median of 18%, range 0.5% to 51% of reads), Siphoviridae 

(median of 17%, range 0.22% to 67% of reads), Myoviridae (median of 9%, range 0.08% to 

41% of reads), and Podoviridae (median of 4%, range 0.02% to 25% of reads), were highly 

abundant. These bacteriophage families could be found around the globe without obvious 

regional differences when using read annotations at this taxonomic level. Although specific 
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Figure 3 Heatmap of the viral diversity at viral family level (when available) and non-viral 
fraction. The read abundance after quality control and dereplication is shown ordered by total 
read abundance after preprocessing and facetted by continent. The heatmap follows the same 
ordering. Color gradient represents log-transformed relative abundance of reads belonging to the 
taxonomic groups indicated. The top four rows of the heatmap show read abundances of non-viral 
annotations, the other rows show read abundance by viral family, or “no family” if only genus or 
species level annotation was available. Vertical facets represent subdivision of the viral families 
based on their inferred host. Black arrows indicate outlier samples based on an overabundance of 
background sequences.

bacteriophages have been studied extensively as potential indicators of human fecal pollution, 

bacteriophage taxonomy is relatively poorly defined, making accurate classification challenging 

at genus and species level143,144. Hence, geographical patterns at a more fine-grained level of 

annotation may be lost in our analysis. Moreover, interpretation of patterns of bacteriophage 

abundance could be obscured by the fact that bacteriophages can encounter bacterial hosts 

in the sewage in which they can multiply. As described elsewhere, the analysis of the bacterial 

resistomes of the same samples showed clear segregation of sequences from Africa and Asia 

versus those from Europe and the US142. A more detailed analysis is needed to assess if there 

is a relation between specific bacteriophages and the resistomes, as environmental viromes 

have been shown to be a potential reservoir for antimicrobial resistance genes145. 

3.3.3 Global patterns of viruses related to vegetable consumption and to 
insects detected in urban sewage
The second largest fraction of the virome (0.02% to 69%, median 3.4%) consisted of plant-

related viruses. On average, more than 84% of these reads belonged to the Virgaviridae family. 

Especially viral species related to infections of cucumber, tomato, tobacco and pepper plants 

could be detected in sewage, as indicated by species level taxonomy (Figure 4b). Apart from 

a sample from Kenya, the abundance of vegetable-consumption-related viruses was higher 

in samples from Europe and North America compared to samples from the rest of the world 

(Figure 4a) (Welch’s t-test, p-value=0.06). The global presence and high abundance of plant 

viruses has led to the proposal that they may be good indicators for human fecal contamination 

alike specific bacteriophage populations146. However, this remains to be validated given the 

geographic variation observed in our dataset, which could reflect differences in diet and/or 

agricultural practices in these countries.



Setting a baseline for global urban virome surveillance in sewage

35

3

Figure 4 Overview of the global distribution and abundance of plant viruses and insect viruses 
in urban sewage. (a) Global distribution of all plant viruses (b) The four most abundant plant virus 
species and their global spread. (c) Global distribution of all insect related viruses. (d) Top 5 most 
abundant insect virus genera. Datapoints represent absolute read numbers and read fraction by 
varying size and color respectively. Viral species are ordered by summed read abundance across 
samples and samples are ordered by total read abundance from left to right. Facets represent 
continent of sample origin.



Chapter 3

36

A median of 1.4% (ranging 0.1% to 74%) of the sewage virome consisted of viruses associated 

with insects, comprising mainly species from the genera Ambidensovirus, Cripavirus, and 

Brevidensovirus (Figure 4d), known to infect a range of crickets, cockroaches, fruit flies, and 

mosquitos147. In the global distribution there was an increased abundance of insect viruses in 

samples from around the equator, mainly in samples from Africa (Figure 4c) (Welch’s t-test, 

p-value=0.0004). One exception was the sample from Finland, which had a high abundance 

of insect virus reads (13.7%) in comparison with samples from other European countries 

(1.5%). Several reads were found to be annotated as “Aedes albopictus densovirus 2”, “Aedes 

aegypti Thai densovirus”, and “Anopheles gambiae densonucleosis virus”. There is some 

evidence that these densoviruses may be associated with Aedes aegypti, Aedes albopictus 

and Culex mosquitos148,149. Current data are not sufficient to meet the requirements for 

sewage surveillance, but these findings show the potential to track mosquitos by looking for 

mosquito specific viruses.

3.3.4 Detection of vertebrate viruses and investigation of known human 
pathogens
About 1.7% (ranging 0.01% to 11%) of the virome consisted of vertebrate viruses. Most abundant 

were small ssDNA viruses from the families Circoviridae and Parvoviridae, and members of 

the Picornaviridae, Astroviridae and Adenoviridae families (Figure 5a). Vertebrate viruses 

were detected widely across the samples, but did not show distinct geographical patterns of 

abundance. Circoviruses were especially highly abundant across most sewage samples and, 

as novel variants of circoviruses have been associated with several diseases in pigs150. Further 

longitudinal sewage surveillance could potentially be used to detect epidemiological patterns 

of emerging circovirus variants.

	 A selection of viral taxa was analyzed containing human pathogenic viruses from the Astro-, 

Entero-, Noro-, Sapo-, Adeno- and Rotaviridae families that are known to be abundant across 

the world as causes of diarrheal disease (Figure 5b). Most abundant and widespread were the 

astroviruses. Enteroviruses were present to a lesser extent but could be detected in sewage 

samples from across the globe as well. Members of the noro-, sapo-, adeno-, and rotaviruses 

were only sporadically detected. Further investigation of samples with high human astrovirus 

content showed mostly evidence of the classic Human Astrovirus 1, 2 and 4 that are common 

causes of diarrheal disease, and sporadic detection of other clades such as Human Astrovirus 

MLB and Human Astrovirus VA for which less is known regarding clinical impact151. Mapping of 

human enterovirus reads resulted in 102 small contiguous sequences which were typed using 
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Figure 5 Overview of the most abundant vertebrate viruses and specific human viruses and their 
distribution worldwide in urban sewage. (a) Distribution of the top ten most abundant vertebrate 
viral families. (b) Relative abundance of viruses encountered in clinical surveillance. (c) World maps 
showing distribution of viruses encountered in clinical surveillance. Coloring of the maps delineates 
differences in climate by geographical location. Datapoints represent absolute read numbers and 
read fraction by varying size and color respectively. Viral families are ordered by summed read 
abundance across samples and samples are ordered by total read abundance from left to right. 
Facets represent continent of sample origin.
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the enterovirus typing tool28. Mainly Enterovirus C (46%) and B (9%) were detected. Further 

subtyping of for instance poliovirus was not possible because of a lack of coverage of the 

standardized genotyping region VP1. The same mapping was done for norovirus, resulting in 

13 contigs of 84 to 962 nucleotides in length. Most norovirus sequences were typed as either 

GII, with capsid type 6, 10 and 17, and GIV, all viruses that are commonly found in outbreak 

based surveillance152. Sapovirus sequences, all belonging to type GI, were found in seven of 

the samples. Adenovirus and rotavirus hits were sporadically detected across all sampling 

sites and upon further investigation showed mainly adenovirus C and rotavirus A hits. 

	 It is known that noroviruses, astroviruses and rotaviruses follow a winter seasonality 

and enteroviruses follows a summer seasonality pattern153–155. The time of sampling of 

the sewage was in a 3-month timeframe between January and March, which corresponds 

to the winter period in the northern hemisphere, therefore a higher prevalence of winter 

seasonal viruses was expected in those. When looking at the global distribution of viruses, 

the average abundance of astro- and noroviruses was higher in the northern hemisphere, 

and the reverse pattern was observed for enteroviruses, with higher average abundance in 

the southern hemisphere during the sampling period (Figure 5c). Given the cross-sectional 

nature of our study we acknowledge that these seasonal patterns will have to be confirmed 

using longitudinal sampling which would allow for meaningful statistical analysis, but our first 

observations align with what is generally expected at that time of the year.

3.4 Discussion
This global sewage study gives, for the first time, a catch-all metagenomic comparison of the 

urban sewage virome of major cities across the world. We show that it is possible to detect 

a wide diversity of viruses in sewage samples and we identify geographical and seasonal 

differences in abundance for specific viral groups, including those that are currently targeted 

by surveillance for diarrheal and neurological disease, as well as viruses that could be used 

as indicators for presence of specific mosquito species. In addition, we provide the global 

scientific community with a geographically very broad resource for searching for novel virus 

sequences as novel pathogens continue to emerge. The pilot study also highlights some 

important challenges that need to be addressed to take the technology forward, such as how 

to deal with low input samples and the overabundance of phages, plant, and insect viruses in 

the sample. Metagenomic sequencing of viruses is a complex and evolving technology which 
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is currently far from being standardized. Differences in sample preprocessing, sequencing 

technology, and data analysis can have a major impact on the viral read abundance, diversity, 

and the proportion of sequences that are annotated35,156. In our study, we eliminated lab-

to-lab variability by performing all sample preparation, sequencing and analysis at the same 

location, which, apart from the analysis, is obviously not feasible for global surveillance. 

Further work is ongoing, including the development of fieldable sample treatment and 

sequencing protocols, comparison of effects of sample preparation on viral richness and 

further exploration of applicability, by longitudinal sampling and sampling in the presence of 

known ongoing outbreaks.

	 A critical challenge of using metagenomic sequencing for surveillance purposes remains 

the interpretation of sequence annotations. With the development of high-speed k-mer 

based annotation tools such as the ones used in this study, annotation can be performed 

rapidly and with few false negatives. However, erroneous and mis-annotated entries in public 

databases, together with inconsistency in the sequence-based taxonomic classification of 

viruses, make annotation to the species level challenging. Major steps have been taken to 

create a more consistent sequence based viral taxonomy143,157, but these approaches have 

not yet been integrated in fast viral annotation tools. Also, deposits of large volumes of virus 

sequences without a clear host association or pathogenicity data in public databases158 make it 

difficult to interpret the relevance of such findings. In our data, many of these “environmental 

viruses” could be identified. Given the increase in virus diversity in reference databases, it is 

striking how many sequence reads can remain unclassified with the currently used methods. 

This is in line with previous observations, where 40-90% of the sequence reads could not 

be classified159. It can very well be that the currently unclassified sequence reads represent 

potential new viruses, including novel pathogens. 

	 In conclusion, we show the potential of global viral surveillance using metagenomic 

sequencing of sewage without ignoring the complexity of the approach. However, with 

improvements in sample preprocessing, sequencing methods and interpretability of viral 

sequence annotation this potential will increase.
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3.5 Methods
3.5.1 Urban sewage sample and metadata collection
Samples were obtained from 62 countries from all continents as previously described142. All 

samples were taken before wastewater treatment. A questionnaire was filled in with infor-

mation on sampling site, sample consistency and sample temperature, including transport 

time, storage time, and temperature before shipping. All samples were taken in a timeframe 

of 3 months from January until March 2016. In addition to sample specific data, additional 

metadata (Supp. File 1) was collected such as demographics, type of industry in the 

surrounding area, weather conditions and catchment area of the sewer. Upon arrival, samples 

were thawed at room temperature and 250 ml of the raw sewage was taken and centrifuged 

at 10,000 g for 10 minutes. The pellet was removed for bacterial content determination and 

DNA metagenomic sequencing142 and the supernatant was used to perform the virus specific 

sample pretreatment and sequencing.

3.5.2 Sample processing for sequencing
Viral extraction was performed on 40 ml of sewage supernatant as previously described160. 

In short, the conductivity was measured to exceed 2000 µs and the pH of the samples was 

adjusted to pH 4. Afterwards 10 ml PEG 6000 was added and the samples were incubated 

overnight at 4˚C under agitation.

	 After incubation the samples were centrifuged a 13,500 g for 1.5 hours at 4˚C. The super-

natant was removed, the pellet was dissolved in warm glycine buffer and 1 mL of chloroform-

butanol (50/50) was added. After mixing, the sample was centrifuged for 5 minutes at 13,000 g 

at 4˚C. The filtrate was collected through a series of filters with 5 µm, 1.2 µm, 0.45 µm and 

0.22 µm pore size. 

	 Unprotected free DNA was removed by incubation with Ambion Turbo DNase for 30 minutes 

at 37˚C. Total nucleic acid content was extracted using Roche NA isolation kit and cDNA was 

made using superscript III (Invitrogen) using random hexamers that avoids amplification of 

human rRNA161. dsDNA was made using Klenow (NEB) and samples were sheared using Ion 

Shear Plus Enzyme Mix II. Libraries were amplified for 15 cycles using High Fidelity Platinum 

PCR reaction. The library concentration was determined using Ion Torrent quantification 

kit (Thermo Fisher). If the concentration was below 20 nM, extra amplification cycles were 

performed. Sequencing was performed on the Ion Torrent S5XL platform to generate around 

10 million sequence reads per sample.
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3.5.3 Data preprocessing
Raw fastq files were quality trimmed using FastP162. Read ends were trimmed to mean 

quality 25 with a sliding window of 5. Reads were trimmed to 400 nucleotides by default 

because the chemistry of Ion Torrent sequencing technology allows for reads of maximally 

400 nucleotides long and longer reads were observed to contain high Phred score non-sense 

repetitive patterns in the tail region. Reads shorter than 50 nucleotides were discarded as well 

as reads with an average Phred score below 25. Duplicate reads were removed using CD-HIT163 

by clustering reads that start at the exact same position in the genome and have over 90% 

sequence identity in the first 50 nucleotides of the read, because of variable read length and 

observed insertion and deletion errors in the beginning of the reads.

3.5.4 Read based analysis
Due to the expected high diversity of viruses present in the sewage samples, a read based 

annotation of the data was chosen, contrary to an assembly-based approach. Annotation was 

performed using two taxonomic annotation tools: Kaiju108 and Centrifuge164. Kaiju performs 

taxonomic annotation based on an amino acid (AA) level which provides a higher sensitivity. 

This is especially important for the annotation of viral sequences given the high mutation rate 

of viruses165 compared to other organisms. In parallel with Kaiju, Centrifuge was run, which 

uses nucleotide (nt) identity for taxonomic annotation. Combining a nucleotide and an amino 

acid based matching approach ensures that both coding and non-coding read sequences 

can be annotated. In addition, the combination of two read annotation tools with different 

annotation strategies was chosen to give more robust mapping results.

	 The databases used for taxonomic annotation consisted of archaeal, bacterial and human 

RefSeq sequences and were extended with all viral and phage entries in GenBank version 

230166 because of the limited viral and phage sequence diversity in the RefSeq database. 

	 Recommended quality thresholds and parameters for metagenomic data were used for 

both Kaiju and Centrifuge. Kaiju was run in greedy mode with a score cutoff of 70 and an 

error of 5. Centrifuge was run with a score threshold of 300 and a hit length cutoff of 50. If 

neither method produced a hit the read was annotated as “Unknown”. BASTA167 was used 

to determine the last common ancestor (LCA) of each hit given by both methods without 

restrictions on hit quality.

	 The final read counts passing QC were determined by the sum of read annotations at 

a certain taxonomic level and were normalized by total dereplicated read count to adjust 
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for differences in sequencing depth and data quality104,168,169. The LCA taxon was used if the 

annotation at a certain taxonomic level was absent. Manual regrouping of taxonomic levels 

was performed to calculate read counts of human pathogenic viruses and read counts by host 

group. For sample comparison, read counts were normalized by Hellinger transformation170. 

Sample-wise comparison was done by calculating the Bray-Curtis dissimilarity between the 

normalized read counts using the R package Vegan171. Further investigation of the annotation 

of specific viral species was performed by mapping the reads against a redundant set of 

reference genomes using KMA with default parameters172. The maps of global read distribution 

were created using the continent subdivision from the “rnaturalearthdata” R package and the 

Köppen-Geiger climate classification173.

Data Availability
Raw sequence data that support the findings of this study have been deposited in the European 

Nucleotide Archive with the study accession code PRJEB23496.
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Extended data 
Extended Data Table 1 List of viral families and viral species detected in other metagenomic 

sewage surveillance studies.

Virus family Virus species Reference

Adenoviridae Human adenovirus B 84

Human adenovirus C 84

Human adenovirus F7 201–332 84

Human adenovirus 41 86

Astroviridae Human astrovirus 1 83,86

Human astrovirus 3 83

Human astrovirus 4 83

Human astrovirus 8 83

Astrovirus MLB1 86

Caliciviridae Norwalk virus 83,86

Sapporo virus 83,86

Hepeviridae Hepatitis E virus 83

Papillomaviridae Human papillomavirus 112 86

Papillomaviridae 84

Parvoviridae Adeno-associated virus 83,86

Human bocavirus 2 83,86

Human bocavirus 3 83,86

Picobirnaviridae Human picobirnavirus 83,86

Picornaviridae Human Enterovirus B 84

Aichi virus 83,86

Human cosavirus D 83

Human coxsackievirus B2 83

Human coxsackievirus B6 83

Human echovirus 11 83

Human enterovirus 76 83
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Virus family Virus species Reference

Human enterovirus 97 83

Human parechovirus 1 83

Human poliovirus 2 83

Saffold virus 83

Salivirus NG-J1 83

Human klassevirus 1/Salivirus NG-J1 86

Human parechovirus 1 86

Human parechovirus 3 86

Human parechovirus 4 86

Human parechovirus 7 86

Polyomaviridae JC polyomavirus 84

BK polyomavirus 84

Polyomavirus HPyV6 86

Reoviridae Banna virus 83
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viromeBrowser: A Shiny app for 
browsing virome sequencing analysis 
results
David F. Nieuwenhuijse1, Bas B. Oude Munnink1, Marion P. G. Koopmans1*
Viruses 13 (3), 437, 2021

4.1 Abstract
Experiments in which complex virome sequencing data is generated remain difficult to 

explore and unpack for scientists without a background in data science. The processing of raw 

sequencing data by high throughput sequencing workflows usually results in contigs in FASTA 

format coupled to an annotation file linking the contigs to a reference sequence or taxonomic 

identifier. The next step is to compare the virome of different samples based on the metadata 

of the experimental setup and extract sequences of interest that can be used in subsequent 

analyses.

	 The viromeBrowser is an application written in the opensource R shiny framework that 

was developed in collaboration with end-users and is focused on three common data analysis 

steps. First, the application allows interactive filtering of annotations by default or custom 

quality thresholds. Next, multiple samples can be visualized to facilitate comparison of contig 

annotations based on sample specific metadata values. Last, the application makes it easy for 

users to extract sequences of interest in FASTA format.

	 With the interactive features in the viromeBrowser we aim to enable scientists without a 

data science background to compare and extract annotation data and sequences from virome 

sequencing analysis results.
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4.2 Introduction
The use of metagenomic sequencing to explore the virome of complex samples such as stool, 

sewage and environmental samples has increased over the years174. Alongside the increase in 

virome studies a plethora of viral metagenomics processing workflows have been created31. 

The results of experiments in which complex virome sequencing data is generated are difficult 

to visualize and unpack for a person without programming experience. After processing of the 

raw sequencing data by a next generation sequencing (NGS) processing workflows the usual 

output consists of contiguous sequences (contigs) in FASTA format and an annotation file 

linking the contigs to a reference sequence or taxonomic identifier in tabular format175–178. For 

example, Virusfinder outputs several text files containing annotations and contig sequences 

as results175 and VirFind outputs tabular annotation and FASTA files for viral and non-viral 

annotations177. Further unpacking of results and getting an overview of what viruses are found 

in which samples is especially difficult when this data is spread over multiple tables containing 

many annotations. Many of the workflows generate a summary file and figures containing a 

selection of the annotated sequences from the sample based on predefined selection criteria. 

As example SURPI generates a summary annotation file specifying read counts and contig 

coverage, but relies on Excel for annotation summarizing and comparison176. Interestingly 

Virus Identification Pipeline (VIP) produces an html report which can be browsed interactively 

for individual samples and viruses, but does not allow for comparison of samples178. A first 

and routine step in virome analysis is an annotation quality check. If quality thresholds are set 

upfront in the sequence annotation workflow, depending on the virus and the intentions of 

the user, these settings can be too stringent or too relaxed resulting in either false negatives 

or false positives179–181. Therefore, manual inspection and manual filtering using custom 

quality criteria is often needed which means that the workflow has to be rerun with different 

settings or, if possible, the unfiltered annotation results can be filtered using custom scripts 

and further analyzed using visualization tools.

	 Several visualization tools have been made to view annotation results while staying 

relatively agnostic of the metagenomic sequencing workflows such as MEGAN, Pavian, Krona, 

PanViz, MetaViz and Anvi’o118,182–186. MEGAN and Pavian perform very extensive analyses, but 

only accept specific input formats making it less flexible to use with different kinds of analysis 

workflows. PanViz, MetaViz and Anvi’o are tailored to the analysis of bacterial metagenomic 

data and are less well suited for virus data. Krona is very flexible and easy to use but cannot 

be used to easily compare multiple samples side by side. Paid software such as Geneious 
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(https://www.geneious.com), CLC bio (https://digitalinsights.qiagen.com) are also available 

but require expensive licensing and cannot be customized or cannot visualize BLAST outputs 

in a concise manner.

	 In collaboration with end-users we developed viromeBrowser, a virome browsing app, 

that works through the steps they commonly use when interpreting sequencing outputs. 

The browser imports multiple annotation files and a corresponding FASTA files containing 

annotated contigs, addressing three common processes: (1) annotation quality assessment, 

(2) dataset visualization and interpretation, and (3) extraction of sequences with a specific 

annotation. An iterative design process was employed with end-users to allow intuitive 

browsing, selecting and exporting of specific sequences and – selections, as well as visualization 

of these sequences combined with metadata. 

4.3 Materials and Methods
The virome browser was written in the R programming language and makes use of the 

Shiny187 web application R package. The interactive visualizations are created using the 

rbokeh package188. Rsamtools189 is used to handle the FASTA files and open reading frame 

prediction is performed by splitting the contig sequence based on the presence of a stop 

condon using the Biostrings package190. The application was packaged for easy installation 

following the guidelines of the O’Reilly R Packages book191 and is available on the R CRAN 

platform. Examples of virome datasets with metadata were used to present the tool to end-

users and invite feedback for further optimization. In total, we went through several iterations 

before finalization of the application.

4.4 Results
The viromeBrowser is implemented in Shiny187 a web application framework and depends on 

several other R packages as shown in the package description at https://CRAN.R-project.org/

package=viromeBrowser. Even though Shiny can be used to create web applications, the server 

and client part of the application can also be set up locally for analysis of data in situations 

where sharing may not be not allowed, such as in clinical settings. This setup also allows 

an institute to run the computational heavy part on a centralized powerful computer while 

running the lightweight client on the user’s computer. The user interface (UI) elements of the 
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viromeBrowser have been made modular to allow easier expansion of the app, using the Shiny 

functionalities for module development. A video demonstrating the complete application is 

provided in Supplementary File S1.

4.4.1 Data input
The app is separated into tree main parts which are listed as separate menu items. The first part 

allows data to be loaded into the app by selecting a FASTA file containing contig sequences, 

a contig annotation file, a BAM file containing mapped reads to contigs and a metadata file 

(Figure 1). These files need to be in the format specified in the packages vignette. Briefly, 

the contigs have to be in regular FASTA format with the FASTA headers exactly matching the 

contig identifiers in the annotation and read mapping files, the contig annotation files need to 

be in BLAST tab-separated format the read mapping files need to contain the mapped reads 

to the aforementioned contigs and the metadata file needs to be in tab-separated format 

in which the file names are in the first column and the sample characteristics are listed in 

each additional column. Currently only default tabular BLAST-like output is supported, but 

other tabular formats can be implemented by creating a novel import function. To determine 

the taxonomic lineage of each annotation based on the associated taxonomic identifier the 

application uses the “rankedlineage.dmp” file which is downloaded automatically from the 

NCBI taxdump database at ftp.ncbi.nlm.nih.gov/pub/taxonomy/new_taxdump/. For contigs 

with multiple associated annotations, which is not unusual for BLAST output, a lowest 

common ancestor (LCA) taxonomic lineage is determined by finding the lowest order taxon 

which is present in all annotations. If no LCA can be found the contig is annotated as “root”. 

The LCA calculation is performed after annotation quality filtering to avoid spurious hits from 

interfering in the process.
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Figure 1 Example screenshot of the file import screen. Metadata, annotation files and contig files 
are uploaded and processed in the file import screen. An excerpt of the metadata, the annotation 
files and the contig files can be visualized under the corresponding tabs.

4.4.2 Interactive quality assesment
The second part of the app displays an interactive heatmap based on the annotations 

provided in the contig annotation and metadata files. The initial data of the heatmap is based 

on default quality settings aimed at highlighting contigs larger than 500 nucleotides with more 

than 90 percent identity over a length of 500 nucleotides or more to the chosen references. 

Workflows may differ with regards to annotation quality parameters, and therefore, the default 

quality settings are part of the data import function and can be customized accordingly. Users 

can override the default quality thresholds by filling in other values in the quality threshold tab. 

This gives full control over the filtering of the data allowing users to browse contigs for virus 

discovery or set the filters such that only results with high confidence are visible. Annotation 

settings could for instance be set to specifically target low sequence identity annotations to 

filter out novel viruses, or high sequence identity to continue with high certainty annotations 

only. On the other hand, annotation settings can be made stricter for diagnostic purposes to 

prevent false positives.

	 Further selection of specific annotations of interest can be done by using the rectangular 

selection tool in the interactive heatmap. The selection made in the heatmap will propagate 
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to the rest of the app enabling the user to zoom in to a specific annotation, sample or sample 

characteristic of interest. Deselecting all tiles in the heatmap will reset the selection resulting 

in the selection of all annotations in the current view.

4.4.3 Metadata guided sample comparison
Once the quality settings have been defined, the next step is the interpretation of the obtained 

results in combination with the metadata of the prepared experiment or sample cohort. This 

part was implemented in the viromeBrowser by an interactive heatmap which can be used to 

stratify, filter and group samples based on the provided metadata file. The interactive heatmap 

can also be used to compare multiple sample annotation files in a single overview and from 

different points of view. The interactivity is enabled by three dropdown menus (Figure 2). In 

the first menu the factor can be chosen by which the samples in the heatmap will be stratified. 

In the second two menus the value by which the heatmap tiles are colored and the taxonomic 

level by which the heatmap has to be drawn can be selected. The fill options are either by 

number of contigs, absolute number of reads, or relative number of reads, scaled by the total 

number of reads in the BAM read mapping file.

Figure 2 Screenshot of the interactive data browsing heatmap. Stratification variable and filter 
criteria can be selected in the browser settings window. Annotation quality filter settings are 
available as a drop-down menu in the bottom of the page. Hovering over the heatmap shows the 
contig annotations and the number of contigs or read counts. Selecting tiles of the heatmap results 
in selection of only those contigs for further analysis and downloading.
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4.4.4 Sequence extraction and downloading
Another functionality of the app is further inspection and downloading of specific contigs 

sequences. A table shows the annotations based on the selections made in the interactive 

heatmap and quality thresholds in the previous tab. Sequences can be selected from the table 

for further inspection or saving, but it is also possible to save all sequences from the table by 

selecting the download all filtered button.

	 Users can continue to zoom in on a single contig in the app by selecting one or more 

contigs from the table and continuing to the contig information tab (Figure 3). In this tab a 

single contig is displayed for which open reading frames (ORF) are predicted by performing a 

canonical stop codon lookup and using these to split each frame into ORF fragments. The ORFs 

are represented by arcs on the contig and are predicted for all 6 frames and small spurious 

ORFs can be filtered by setting a minimal ORF size. The visualization allows users to perform 

a quick check of the expected ORF structure of an annotated virus. Individual ORFs can be 

viewed under the ORF information tab and nucleotide or amino acid sequences can be directly 

selected and copied. Alternatively, all displayed ORFs can be collected in the ORF collection 

table and saved in FASTA format. For further analysis it is sometimes useful to only extract 

certain ORFs from a genome, which is possible by separately saving ORFs in FASTA format.

Figure 3 Example screenshot of the sequence information tab. Contigs can be selected from a 
table of previously selected annotations. Further inspection can be by visualization of the open 
reading frame (ORF) structure and downloading of individual ORFs or the complete contig.
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4.5 Discussion
The viromeBrowser can be used to interrogate the analysis results of complex metagenomic 

sequencing experiments such as viromes of stool, wastewater or environmental samples. A 

unique feature is that the viromeBrowser starts with filtering of analysis results by quality 

allowing less or more stringent selection of annotations which is important given the large 

diversity differences of viruses and the different interests of users, be it virus discovery or 

viral diagnostics, bridging the gap between research setting and diagnostic usage. The former 

requires a broader view in which quality parameters can be more lenient which is useful for 

virus discovery while the latter requires stringent quality threshold to prevent false positive 

results. This limits the use of viromeBrowser to workflows that output unfiltered annotation 

results of contigs as part of their analysis, which makes it incompatible with read based 

annotation workflows such as SURPI176. 

	 A feature that was added based on end-user input was the possibility to compare 

viromes based on added metadata parameters, for instance in a setting where the goal is 

to find differences in the virome of patient and control groups, linking annotations with the 

associated contig sequences and custom extraction of selected sequences for further analysis. 

This allows interactive visualizations to aid the user in making a manual selection of the data 

which can be used in further analyses such as primer design, phylogenetic analyses or variant 

analysis. An alternative tool with strong visualization and result selection features is Genome 

Detective192, which provides user-friendly NGS data processing and visualization via a web-

interface. However, for settings where data cannot be shared externally, local installation of 

Genome Detective, can only be done by paying a licence fee and paying a fee per sample 

analyzed.

	 Future improvements can be made on the implementation of other annotation formats 

creating a more flexible interface for annotation data input. Additional improvements can be 

added for more visualization options for detailed contig analysis such as contig coverage plots 

and variant visualization by importing read alignment files.

	 To keep the application interactive and lightweight the pre-required raw data processing 

and annotation steps are not performed by the viromeBrowser, which is a disadvantage for 

users without a running NGS processing workflow. To address the need for data processing 

by users without their own raw data processing capacity the European Bioinformatics 

Institute has developed datahubs in which raw data can be uploaded and analyzed with 

several standardized workflows193. After the preprocessing and annotation steps have been 

performed, the viromeBrowser can be used to inspect the results.



viromeBrowser: A Shiny app for browsing virome sequencing analysis results

59

4

4.6 Conclusions
In conclusion, here we present viromeBrowser, an interactive application to browse through 

the annotation results of viral metagenomic sequencing experiments. Interactively selecting 

viral annotations of choice and manually tuning quality thresholds should make it easier 

for scientists with little programming experience to analyze complex metagenomics data. 

Facilitating separating and downloading of contigs of interest will make it easier to perform 

follow up analyses with these sequences. The viromeBrowser is implemented as an R package 

which is distributed by the R CRAN platform. Future updates will be available from the same 

platform.
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5.1 Abstract
To understand the dynamics of infectious diseases, genomic epidemiology is increasingly 

advocated, with a need for rapid generation of genetic sequences during outbreaks for public 

health decision making. Here, we explore the use of metagenomic sequencing compared to 

specific amplicon- and capture-based sequencing, both on the Nanopore and the Illumina 

platform for generation of whole genomes of Usutu virus, Zika virus, West Nile virus, and 

Yellow Fever virus.

	 We show that amplicon-based Nanopore sequencing can be used to rapidly obtain whole 

genome sequences in samples with a viral load up to Ct 33 and capture-based Illumina is the 

most sensitive method for initial virus determination.

	 The choice of sequencing approach and platform is important for laboratories wishing 

to start whole genome sequencing. Depending on the purpose of genome sequencing the 

best choice can differ. The insights presented in this work and the shown differences in data 

characteristics can guide labs to make a well informed choice.
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5.2 Background
Due to the increased connectivity of the modern world, deforestation and climate change, 

viral pathogens which used to be restricted to certain geographic areas or hosts have increased 

potential to spread to previously naïve populations. This is especially true for arthropod-

borne (arbo) viruses like members of the genus Flavivirus as could be seen during the large 

Zika virus (ZIKV) outbreak in Brazil194 and the recent expansion of Usutu virus (USUV) and 

West Nile virus (WNV) to Western Europe195–198. In Europe, also the risk of the introduction of 

other Flaviviruses like Yellow Fever virus (YFV) increases due to the expanding establishment 

of competent vectors along with other factors199.

	 Whole genome sequencing (WGS) is increasingly advocated as important public health 

tool and has proven to be valuable during viral outbreaks to identify transmission chains, 

determine epidemic links and detect specific mutations94,194,200. Especially in the beginning of 

outbreaks this information may help to inform public health officials, provided that the data is 

generated and analysed in a timely fashion as was done for the recent SARS-CoV-2 outbreak201. 

This, however, can be challenging sometimes as it was for the Zika virus outbreak202. The 

successful and timely generation of WGS depends on the types of infections, sample types, 

instruments used for sequencing, costs, and quality of data and analysis. For instance for Zika 

virus, the viral load decreases rapidly after onset of symptoms203, a phenomenon commonly 

observed during infections by members of the Flaviviridae family204,205 requiring protocols 

that work with low viral loads. The same applies when trying to sequence viruses from small 

volume samples, for instance when specimens from birds or mosquito pools are used197.

	 During the more recent virus outbreaks, amplicon-based approaches were used to 

generate full length sequences of emerging viruses94,194,201,206. This approach is specific and 

highly sensitive up to a Ct value of around 35207. Nonetheless, the main limitation of this 

approach is that specific primer sets have to be developed for different (sets of) pathogens 

which are based on our current knowledge about virus diversity. This is not the case when 

using metagenomic sequencing, where all RNA and/or DNA present in the sample will be 

sequenced. However, this approach is sensitive to the presence of host background and/or 

bacterial DNA, decreasing the detection limit208. Capture probes can be used to increase the 

sensitivity of the metagenomic approach while still benefiting of the broad coverage of virus 

diversity. These probe sets can be designed to target a large spectrum of genomes of viral 

taxa that are known to infect vertebrates, thus providing potential to detect a wide range of 

pathogens. Briese et al. showed that a capture probe set (VirCapSeq-VERT) resulted in a 100- 

to 10,000 fold increase in viral reads compared to direct metagenomic sequencing27. 
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There are several high-throughput second and third generation sequence machines available 

at the moment. The widely accepted golden standard is the sequencing by synthesis platform 

developed by Illumina, but novel platforms have been developed such as nanopore based 

sequencing by Oxford Nanopore. There are several differences between Illumina and Nanopore 

based sequencing. Compared to the Illumina sequencing machines, the cost of the Nanopore 

sequencing hardware is relatively low, the machine is portable, and data is generated in real-

time. This gives Nanopore sequencing a benefit over Illumina sequencing in a setting where 

costs need to be kept to a minimum and speed is key30. However, the sequence method of 

choice is also dependent on the specific research question. For example, for early detection 

in the beginning of an outbreak, time to result is an important parameter, while later in the 

outbreak more detailed analysis using high quality sequencing reads to identify minority 

variants within patients may become important. For this application deep coverage with high 

quality reads can be preferred over speed.

	 The reported high error rate209 compared to Illumina might limit the application of 

Nanopore sequencing, depending on how the data is analysed. For WGS the error rate can 

be compensated by creating a consensus sequence based on a larger number of overlapping 

reads compared to what is standard for Illumina sequencing. Previously it was shown that 

a read coverage of 100x is sufficient to compensate for the errors generated by Nanopore 

sequencing when using an R9.4 flowcell23, which can go down to 20x using the recently 

released R10 flowcell210.

	 Here, the performance of whole genome sequencing is compared for four members 

of the Flaviviridae family in three different concentrations using five different sequencing 

approaches. Cell culture supernatants of USUV, WNV, YFV and ZIKV were diluted to a Ct value 

of 25, 29 and 33 and sequenced on the Illumina and Nanopore sequencing platform. The 

samples were sequenced using an amplicon-based approach and a metagenomic approach on 

both platforms and, due to technical constraints, a capture-based approach on Illumina only 

(Figure 1).
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Figure 1 Overview sequencing approaches. Grey bars represent the to be sequenced genome, 
blue and orange are short and long reads respectively, generated either directly or from amplicons 
(green) or captured nucleic acid using capture probes (purple).

5.3 Results
5.3.1 Amplicon based sequencing on the Nanopore and Illumina platform
When generating complete genomes using amplicon sequencing, there was little difference 

between Nanopore and Illumina. As expected, most reads belonged to the targeted virus 

(Figure 2). On average, the total number of reads did not vary much for the different Ct 

values. Read counts for Illumina sequencing were around 3M per sample with a single 5,4M 

exception, while Nanopore produced around 400k reads with a 682k and 917k as exceptions. 

Using the amplicon approach, both sequencing platforms were able to generate complete or 

near complete genomes from most samples. Illumina sequencing resulted in more or equal 

percentage coverage in most cases (10 out of 12), but performed worse in some cases (2 

out of 12): for WNV Ct 29 and Ct 33 Nanopore covered 5 and 9 percent more of the genome 

respectively (Figure 3). In all the amplicon based results the coverage depth varied greatly 

along the genome resulting in a spiky pattern which was mostly caused by differences in the 

performance of individual amplicons. In all cases the coverage difference between performant 

amplicons and failing amplicons was more than 51,000x (Figure 4). Extreme differences in 
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coverage were especially visible in high Ct samples such as Illumina WNV Ct 33 where one part 

of the genome had 800,000x coverage and other parts were not covered at all.

5.3.2 Metagenomic sequencing on the Nanopore and Illumina platform
With the metagenomic approaches, using Nanopore sequencing resulted in, on average, 0.8% 

more virus specific reads than using Illumina, on an average of 1.8% viral reads (Figure 2). 

The total number of reads per sample was heavily influenced by Ct value for Nanopore but 

not for Illumina, which produced around than 3 million reads for all samples. With Nanopore 

sequencing, the total number of reads dropped with 25% on average between the highest 

and the lowest Ct value, despite the equimolar pooling of the samples. Illumina sequencing 

resulted in reliable (more than 5x coverage) complete genome sequences for all samples 

with Ct 25 and 29 except for WNV. The samples with Ct 33 had between 3% and 46% of the 

genome covered at at least 5x. With Nanopore sequencing only the highest viral load USUV 

and ZIKV samples resulted in reliable (100x coverage) complete genome sequences. For the 

other viruses there was only partial coverage of the genome and the Ct 29 and Ct 33 samples 

had little to no coverage, but did allow idenficitation of all the viruses. The coverage profile 

of the Ct 25 Nanopore genomes was relatively smooth with high coverage across the entire 

genome. The coverage of the genomes generated by Illumina was less smooth resulting in an 

occasional drop of coverage below the 5x coverage threshold (Figure 4).

5.3.3 Capture-based sequencing on the Illumina platform
When using a capture-based approach for Illumina sequencing (here VirCapSeq-VERT) the 

percentage of viral reads was much higher compared to the metagenomic approach and 

comparable to the amplicon based approach. The total number of sequence reads was heavily 

influenced by the viral load in the sample as a result of the pooling all samples before capture 

(Figure2). The number of generated complete and near complete genome sequences was 

comparable to the amplicon-based Illumina approach although it performed worse for samples 

with Ct 33 (Figure 3). The coverage profile of the genomes was relatively even, although some 

regions seemed to be preferably sequenced, resulting in coverage spikes. These spikes are 

especially noticeable in the Ct 33 samples and resemble the metagenomic Illumina coverage 

profile (Figure 4).
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5.3.4 Influence of virus concentration and sequencing approach on consensus 
sequence quality
The quality of the complete and partial genomes retrieved from the different sequencing 

approaches was evaluated by comparing the individual sequence variations found with each 

method. Using PySam211, the major variants were extracted at each position in the alignment. 

Those variants that were present across all approaches (except for those that did not have 

sufficient coverage at the variant position) were accepted as true variants (Figure S2). The 

other variants were considered errors and where investigated (Figure S1). Most errors could be 

traced back to poorly trimmed primer sequences. Therefore we developed a custom script to 

better trim the primer sequences from the BAM file using the primer’s coordinates. In addition, 

several errors were found in the consensus sequences generated with the metagenomic 

or capture approach presumably resulting from PCR amplification errors. Dereplicating the 

reads in these alignments using Sambamba’s “markdup” method212 resolved these errors, 

but reduced the number of mapped reads with 88% on average, showing that with these 

approaches many technical replicates are generated. Strongly softclipped reads (>10%) were 

also removed as these were not dereplicated by Sambamba and often contained errors. After 

resolving these issues the remaining errors seemed to be related to the sequencing technology 

and the viral load (Figure 5). Nanopore sequencing has difficulty with calling insertions and 

deletions, as multiple single nucleotide deletions were found, albeit at low variant fraction, 

resulting from the variable number of deletions present in the reads at these positions. For 

the same reason it was difficult to automatically call the large deletion at position 10,390 in 

the WNV genome. Also, several erroneous substitutions were found in the Nanopore data at 

a low frequency, which could be attributed to the error rate which caused systematic errors 

in some positions that were difficult to distinguish from real variants, especially since some of 

the true variants were also present at a relatively low frequency in the Nanopore data (Figure 

S2). The only errors in the Illumina results were five false positive substitutions at positions 

WNV 4509, 5034, 7088 and YFV 822, 3711 (Figure 5). These errors could not be attributed to 

primer errors, PCR amplification, or softclipping, but were located in low coverage areas of 

high Ct value samples indicating that the coverage may be too low for reliable variant calling 

with high Ct value samples.

	 The effect of these few errors on the interpretation of the genome sequences may seem 

unimportant, but can be crucial when using WGS for analyses that rely on the detection of 

only several variants, such as source tracing, lineage assignment and vaccine escape. In those 

cases, great care should be taken to rule out any false positive or false negative variants in the 
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genomeby manual curation, especially at high Ct values. The errors in the Nanopore data are 

even more complicated to resolve automatically because real variants and erroneous variants 

can have similar variant frequencies. Especially insertions and deletions are hard to correctly 

interpret automatically and manual curation is necessary in most cases.

Figure 5 Overview of variants across the genomes. The x axis shows the variants found across 
the 4 genomes. The color scale represents the fraction of mapped reads containing the indicated 
variant in the read alignment. A darkgrey tile color indicates coverage below the coverage threshold 
(5x Illumina, 100x Nanopore).

5.3.5 Usability of different sequencing approaches for public health decision 
making
The use of the different sequencing approaches was also evaluated based on the time to result, 

the costs of the sequencing instrument, the costs per sample sequenced, the specificity, the 

suitability for sensitive WGS, and the application for initial detection of a pathogen (Table 1). 

Both the metagenomic and the capture-based approach can be used for initial detection of 

an unknown pathogen in the early days of an outbreak. Metagenomic Illumina sequencing 

is more suited for samples with lower viral loads, but the sequencing takes much longer and 

is more expensive. The cost and duration of metagenomic data analysis are also higher and 

longer, because assembling and annotating the obtained genomes is much more complex 

without a known reference genome. The preferred approach for contact tracing to identify 

transmission chains, or other situations that require quick results, is the amplicon-based 

Nanopore approach which results in full genomes up to Ct 29-33 and can be performed within 

one day with relatively low costs per sample. However, for this approach the target of interest 

should be known a priori. Contact tracing with amplicon sequencing on the Illumina platform 

is more sensitive, but also more expensive and slower. Compared to metagenomic sequencing 
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the analysis of amplicon data can be performed much quicker, and is therefore cheaper, 

because it can be automated in a workflow specifically tailored to finding a virus of interest. If 

amplicon sequencing is not an option the other approaches can give reliable results, but only 

at high viral load or at a higher cost and turnaround time.

Table 1 Overview of the usability of the different sequence methods. The sequence method, 
platform, time to results, costs and suitability for public health decision making is indicated.

Sequence method Amplicon Amplicon Metagenomic Metagenomic Capture-based

Platform Illumina Nanopore Illumina Nanopore Illumina

Time to result 3 days <24 hours 3 days <24 hours 8 days

Costs of the instrument* €200.000 €1.000 €200.000 €1.000 €200.000

Cost of the analysis** €100 €100 €600 €600 €600

Costs per sample €200 €50 €200 €50 €300

Virus specific PCR required Yes Yes No No No

Ct threshold for WGS Ct29-33 Ct25-29 Ct29-33 Ct25-29 Ct29-33

Ct threshold for detection Ct33 Ct33 Ct33 Ct29-33 Ct33

* Estimated costs are laboratory and/or country dependent
** Estimated costs are estimated based on a €100 per hour and are laboratory and/or country dependent

5.4 Discussion
Recent studies have shown the value of real-time WGS in public health decision making during 

a pandemic213 and how WGS provides a tool to close the gaps in our knowledge about the global 

diversity of animal infecting viruses214. With the increasing demand for timely generation of 

sequence data, choises have to be made between short and long read sequencing and several 

different available protocols. We compared five different sequencing approaches for the 

detection and WGS of four different arboviruses in three dilutions and assess the potential 

use of the different sequence platforms and protocols for public health decision making in 

different stages of an outbreak. 

	 We show that for the initial detection of an unknown viral pathogen the metagenomic 

approaches and the capture-based approach can be used in samples with a Ct value up to 33. 

Looking at sensitivity, capture-based Illumina sequencing is slightly superior to metagenomic 

Illumina sequencing, which is reflected in the total number of recovered viral reads across 
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all dilutions and viruses. This is different from what was seen before, where capture was 

shown to result in a higher increase of genome coverage with an increase up to 20-fold 

for instance in a blood sample spiked with WNV, suggesting that capture is perhaps more 

suited for those samples with a very high amount of background host DNA or RNA or that for 

low Ct-value samples individual capture experiments have to be performed. Capture-based 

Illumina sequencing was also the most expensive and time consuming approach. Between 

metagenomic Nanopore and Illumina sequencing there is a tradeoff between turnaround time 

and sensitivity where Nanopore sequencing was shown to be 3 times faster, but is the least 

sensitive for initial virus detection as it generates only a few reads at Ct 33 in contrast to 

Illumina. However, given that for initial virus detection a few reads are sufficient and speed of 

detection is of importance98, Nanopore metagenomic sequencing would be preferable.

	 For detailed outbreak investigation using phylogenetic analyses the focus is to generate 

an as complete as possible genome. From a sheer data volume point of view this seems 

to strongly favor Illumina sequencing which resulted in 50 and 61 million sequence reads 

for metagenomic and capture-based sequencing while Nanopore sequencing resulted in 

5.2 million sequencing reads for the metagenomic approach. However, to achieve 5x coverage 

of the complete viral genome not that much data is necessary and for a limited number of 

samples the amount of reads generated with an Illumina run may be excessive. Previously, 

a coverage of 400x was determined to be sufficient to perform minor variant analysis215 

showing the excess of coverage with Illumina sequencing in our experiment, which resulted in 

up to 200 times more coverage. Nanopore has the benefit of generating much longer reads, 

which means that with the same number of reads more nucleotides can be covered. This can 

be seen by comparing the difference in mapped read counts with the difference in mapped 

nucleotides between Illumina and Nanopore. At Ct25, metagenomic Illumina sequencing on a 

Miseq produced 15 times more reads on average than metagenomic Nanopore, but the total 

number of sequenced nucleotides was only 5 times larger.

	 To make Illumina sequencing more cost effective more samples can be pooled in a single 

run, however the different sequencing approaches are also influenced by the pooling strategy. 

Even though samples were pooled equimolarly, there was a discrepancy in the number of 

sequence reads generated at different viral loads in the metagenomic Nanopore and capture-

based Illumina sequencing approaches. The difference between the highest and the lowest viral 

load samples for the two approaches were up to 2- and 35-fold respectively. For metagenomic 

Nanopore the difference were the result of pooling, which is challenging due to the varying 

sequence lengths in the sequencing library and small pipetting errors, and therefore a 2-fold 
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difference is generally seen as acceptable. With capture-based Illumina sequencing, the 

difference is mainly an effect of capturing viral DNA after pooling of the sequencing libraries. 

In lower load samples the fraction of viral DNA is lower compared to background or host DNA 

resulting in less captured DNA and therefore an underrepresentation of the sample in the final 

sequencing library since the pooling is performed based on the total amount of DNA present 

in the sample. This issue of balancing samples can be overcome by using individual capture 

reactions but this will also drastically increase the price of sequencing. It has been shown 

previously that multiple samples can be pooled and sequenced simultaneously216, however, 

to do so, the nucleic acid concentration has to be measured accurately, which is especially 

difficult in the field, or in samples with very low viral loads.

	 When the target virus is known a priori and the focus is on in-depth characterization of the 

complete viral genome the amplicon approaches have a clear advantage and allow generating 

high quality genomes up to Ct 33. Nanopore is shown to do so at a modest cost and in a timely 

manner when 12 samples are multiplexed in one Nanopore sequence run, while Illumina 

sequencing gives similar results but at a higher turnaround time and cost. The benefit of 

longer reads is less pronounced with amplicon sequencing because the amplicons have a set 

size. Although larger amplicons would be possible with Nanopore sequencing, the reason 

behing using smaller amplicons is the increase in sensitivity207. Updating the amplicon primer 

pool and finetuning the primer concentrations will potentially increase the sensitivity of this 

approach even further and lead to more even coverage.

5.5 Conclusions
In this work we compare three sequencing approaches on two sequencing platforms using four 

arboviruses in three different dilutions and show the performance with respect to sensitivity 

and WGS completeness. The amplicon-based approach performed best for WGS in almost all 

cases given the assumption that the target virus is known upfront. Capture-based Illumina 

sequencing performed best at agnostic virus detection, although at a higher cost and lower 

turnaround time compared to metagenomic sequecing. Choosing a sequencing platform and 

approach is important for labs adopting genome sequencing, but depends on the stage of 

an outbreak and the to be answered questions in public health decision making. The data 

presented in this work offers a deep insight in the characteristics of each approach and help 

making this choice.
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5.6 Material and methods
5.6.1 Sample preparation
All the cell cultured passaged viruses were obtained from the Erasmus Medical Center. 

Viruses were cultured in Vero cells and cell culture supernatant was diluted in USUV, WNV, 

YFV and ZIKV negative serum to Ct values 25, 29 and 33 as determined by specific real-time 

PCRs217–220. RNA was extracted and aliquoted in different batches to prevent additional freeze-

thaw steps. For USUV the AS201700077 strain was used (MN122189.1), for WNV the B956 

strain (AY532665.1), for YFV the YFV_t146a212_Jan19_ur strain (MK760665.1) and for ZIKV 

the SL1602 strain (KY348640.1).

5.6.2 Library preparation for amplicon sequencing
RNA was transcribed into cDNA using random hexamers (Thermo Fisher) and ProtoScript 

II (NEB) after which a multiplex PCR was performed in two different reactions as described 

previously207. For USUV and YFV the same primer set was used as previously described23,217, 

for ZIKV and WNV new primer sets were developed. The primer sequences and concentrations 

are displayed in Supplementary Table 1. For Illumina sequencing the KAPA HyperPlus Kit 

(Roche) was used, while for Nanopore sequencing the native barcoding genomic DNA Kit was 

used (Nanopore). 

5.6.3 Library preparation for metagenomic sequencing
RNA was transcribed into cDNA using random hexamers (Thermo Fisher) and SuperScript IV 

(Thermo Fisher) and dsDNA was generated using Klenow (NEB). For Illumina sequencing the 

KAPA HyperPlus Kit (Roche) was used with the following modifications. The adapters were 

1:10 diluted and an extra AMPure beads (Beckman Coulter) wash step was performed after 

adapter ligation. For Nanopore sequencing the “Low input genomic DNA” with PCR kit was 

used following the manufacturer’s instructions, (SQK-PBK004, Nanopore) apart from an 

additional wash step that was performed after adapter ligation.

5.6.4 Library preparation for VirCapSeq-VERT sequencing
After metagenomic sequence library preparation, as described above, all samples were 

pooled to a final concentration of 1000ng and a specific capture for all vertebrate viruses 

was performed using VirCapSeq capture probes which were previously described27. All 12 

samples were multiplexed in one capture reaction. The capture was performed according to 
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the manufacturer’s instruction (Roche) and the hybridization reaction was incubated for 72 

hours. 

5.6.5 Illumina and Nanopore sequencing
For Nanopore sequencing the DNA concentration was quantified using the Qubit (Thermo 

Fisher) while for Illumina sequencing the DNA concentration was quantified using the KAPA 

Library Quantification Kit (Roche). The size of the library was determined on a Agilent Bioanalyzer 

using the Agilent High Sensitivity DNA kit. For all 5 different sequencing approaches, samples 

were pooled equimolarly and run on a single flow cell. Illumina sequencing was performed on 

an Illumina MiSeq to generate 2x300nt paired end sequences and Nanopore sequencing was 

performed on a GridION using R9.4 FLO-MIN106 flowcells with a run time of 16 hours.

5.6.6 Bioinformatic analysis
Nanopore sequences were demultiplexed using Porechop (https://github.com/rrwick/

Porechop) after which the reads were trimmed to a median PHRED score of 10 and a minimal 

length of 150nt using fastp162. Illumina sequences were trimmed from the 3’ end with a 

windowed approach and a mean PHRED score threshold of 20 using fastp162. Minimap2221 

and BWA-MEM222 were used to map the Nanopore and Illumina sequence reads respectively 

to MN122189.1 (USUV), AY532665.1 (WNV), MK760665.1 (YFV) and KY348640.1 (ZIKV). After 

mapping primer sequences were clipped with python script using PySam211 and reads with 

more than 10% softclipped nucleotides were removed from the alignment. The coverage 

statistics were determined using samtools’s depth method223. A custom R script was used to 

generate the figures and determine the percentage of genome coverage above the coverage 

thresholds. For Nanopore sequencing the coverage threshold for reliable read coverage was 

set to 100x, as previously described23, while for Illumina sequencing, because of its much 

higher read quality, the threshold was set to 5x read coverage. The complete workflow was 

written as a Snakemake224 workflow which is, together with the custom python and R scripts, 

available at https://github.com/dnieuw/platform-comparison-arbovirus.
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Figure S1 Overview of variants across the genomes before cleanup of read mapping. The x axis 
shows the variants found across the 4 genomes. The color scale represents the fraction of mapped 
reads containing the indicated variant in the read alignment. A darkgrey tile color indicates 
coverage below the coverage threshold (5x Illumina, 100x Nanopore).

Figure S2 Overview of true variants across the genomes. The x axis shows the variants found 
across the 4 genomes. The color scale represents the fraction of mapped reads containing the 
indicated variant in the read alignment. A darkgrey tile color indicates coverage below the coverage 
threshold (5x Illumina, 100x Nanopore).
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6.1 Abstract
Whole genome sequencing can be used to characterize and to trace viral outbreaks. Nanopore-

based whole genome sequencing protocols have been described for several different viruses. 

These approaches utilize an overlapping amplicon-based approach which can be used to 

target a specific virus or group of genetically related viruses. In addition to confirmation 

of the virus presence, sequencing can be used for genomic epidemiology studies, to track 

viruses and unravel origins, reservoirs and modes of transmission. For such applications, it 

is crucial to understand possible effects of the error rate associated with the platform used. 

Routine application in clinical and public health settings require that this is documented 

with every important change in the protocol. Previously, a protocol for whole genome Usutu 

virus sequencing on the nanopore sequencing platform was validated (R9.4 flowcell) by 

direct comparison to Illumina sequencing. Here, we describe the method used to determine 

the required read coverage, using the comparison between the R10 flow cell and Illumina 

sequencing as an example.

Video link
The video component of this article can be found at https://www.jove.com/video/60906/
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6.2 Introduction
Fast developments in third generation sequence technologies allows us to move forward 

towards close to real-time sequencing during viral outbreaks. This timely availability of 

genetic information can be useful to determine the origin and evolution of viral pathogens. 

Gold standards in the fields of next generation sequencing however, are still the second-

generation sequencers. These techniques rely on specific and time- consuming techniques 

like clonal amplification during an emulsion PCR or clonal bridge amplification. The third-

generation sequencers are cheaper, hand-held and come with simplified library preparation 

methodologies. Especially the small size of the sequence device and the low purchase price 

makes it an interesting candidate for deployable, fieldable sequencing. This could for instance 

be seen during the Ebola virus outbreak in Sierra Leone and during the ongoing arbovirus 

outbreak investigations in Brazil194,217,225. However, the reported high error rate209 might 

limit the applications for which nanopore sequencing can be used. Nanopore sequencing is 

evolving quickly. New products are available in the market on a regular basis. Examples of this 

are for instance the 1D squared kits which enables sequencing of both strands of the DNA 

molecule, thereby boosting the accuracy of the called bases226 and the development of the 

R10 flow cell which measures the change in current at two different instances in the pore227. 

In addition, improved bio informatic tools like improvements in basecalling will improve the 

accuracy of basecalling228. One of the most frequently used basecallers, (e.g., Albacore), has 

been updated at least 12 times in a 9-month time period226. Recently, the manufacturer also 

released a novel basecaller called flip- flop, which is implemented in the default nanopore 

software229. Together, all of these improvements will lead to more accurate sequences and 

will decrease the error rate of the nanopore sequencer.

	 Usutu virus (USUV) is a mosquito-borne arbovirus of the family Flaviviridae and it has 

a positive-stranded RNA genome of around 11,000 nucleotides. USUV mainly affects great 

grey owls and blackbirds195,230, although other bird species are also susceptible to USUV 

infection231. Recently, USUV was also identified in rodents and shrews although their potential 

role in transmission of the virus remains unknown232. In humans, asymptomatic infections 

have been described in blood donors233–236 while USUV infections also have been reported 

to be associated with encephalitis or meningo-encephalitis237,238. In the Netherlands, USUV 

was first detected in wild birds in 2016195 and in asymptomatic blood donors in 2018234. Since 

the initial detection of USUV, outbreaks have been reported during the subsequent years and 

surveillance, including whole genome sequencing, is currently ongoing to monitor the emerge 

and spread of an arbovirus in a previously naïve population.
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Similar to what has been described for other viruses, such as Ebola virus, Zika virus and 

yellow fever virus98,207,217, we have developed a primer set to sequence full length USUV23. 

This polymerase chain reaction (PCR)-based approach allows for the recovery of full length 

USUV genomes from highly host-contaminated sample types like brain samples in samples 

up to a Ct value of around 32. Benefits of an amplicon-based sequencing approach are a 

higher sensitivity compared to metagenomic sequencing and a higher specificity. Limitations 

of using an amplicon-based approach are that the sequences should be similar in order to 

design primers fitting all strains and that primers are designed on our current knowledge 

about the virus diversity.

	 Given the constant developments and improvements in third generation sequencing, there 

is a need to evaluate the error rate of the sequencer on a regular basis. Here, we describe a 

method to evaluate the performance of nanopore directly against Illumina sequencing using 

USUV as an example. This method is applied to sequences generated with the latest R10 flow 

cell and basecalling is performed with the latest version of the flip-flop basecaller.

6.3 Protocol
NOTE: List of software tools to be used: usearch v11.0.667; muscle v3.8.1551; porechop 0.2.4; 

cutadapt 2.5; minimap2 2.16-r922; samtools 1.9; trimmomatic 0.39; bbmap 38.33; spades 

v3.13.1; kma-1.2.8

Primer design
1. Start with downloading or retrieving a set of relevant reference whole genome sequences 

from public or private data collections. For instance, retrieve all full length USUV genomes 

(taxid64286) from the NCBI database166. USUV encodes a genome of around 11,000

nucleotides so only retrieve the sequences with a sequence length of 8,000-12,000

nucleotides. Do this using the following search entry:

– taxid64286[Organism:noexp] AND 8000[SLEN]:12000[SLEN].

Click on Send to | Complete Record | File; use Format = FASTA and create the File.

2. To downsize the set of reference sequences, remove duplicate sequences or sequences

with over 99% nucleotide identity from the dataset. Do this using the cluster fast option

from usearch106. On the command line enter:

– usearch -cluster_fast All_USUV.fasta -id 0.99 -centroids All_USUV_dedup.fasta
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3.	 To generate the primers, sequences need to be aligned. This is done using MUSCLE239. On 

the command line enter:

	– muscle -in All_USUV_dedup.fasta -out All_USUV_dedup_aligned.fasta -log log_muscle.txt

NOTE: It is essential to manually inspect the alignment to check for discrepancies. These 

can be manually corrected if needed and the ends can be trimmed according to the length 

of most whole genome sequences.

4.	 Primal is used to make a draft selection of the primers which can be used for full length 

amplicon sequencing207. Upload the alignment to the primal website (http://primal.

zibraproject.org/) and select the preferred amplicon length and overlap length between 

the different amplicons. Go to primal.zibraproject.org, fill in the Scheme name, upload 

the aligned fasta file, select the amplicon length, overlap size, and generate the scheme.

5.	 Align the complete set of available complete USUV sequences (not the downsized or 

deduplicated set). On the command line enter:

	– muscle -in All_USUV.fasta -out All_USUV_aligned.fasta -log log_muscle.txt

NOTE: Map the generated primers against the complete alignment (do not use the 

deduplicated alignment), manually correct errors and include a maximum of 5 degenerative 

primer positions.

Multiplex PCR
2.	 Perform the multiplex PCR using the designed primers and nanopore and Illumina 

sequencing. The multiplex PCR for USUV was performed as previous described23,207.

3.	 Perform basecalling with flip-flop version 3.0.6.6+9999d81.

Data analysis to generate consensus sequences from nanopore data
4.	 Several samples can be multiplexed on a single nanopore sequencing run. After 

performing the sequence run, demultiplex the nanopore data. Use Porechop240 for this. 

To prevent contamination and enhance accuracy, use the require_two_barcodes flag. On 

the command line enter:

	– porechop -i Run_USUV.fastq -o Run_USUV_demultiplex --require_two_barcodes

5.	 After demultiplexing, remove primer sequences (indicated in the file Primers_Usutu.

fasta in both orientations) using cutadapt241. In addition, remove sequences with a length 

shorter than 75 nucleotides. The primers have to be removed since they can introduce 

artificial biases in the consensus sequence. On the command line enter:

	– cutadapt -b file:Primers_USUV.fasta -o BC01_trimmed.fastq BC01.fastq -m 75
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6.	 Demultiplexed sequence reads can be mapped against a panel of distinct reference strains 

using minimap2221 and a consensus sequence can be generated using samtools223. Follow 

the example below which shows the procedure of a reference-based alignment and the 

consensus sequence generation of one sample: BC01. On the command line enter:

	– minimap2 -ax map-ont Random_Refs_USUV.fasta BC01_trimmed.fastq > BC01.bam

	– samtools sort BC01.bam > BC01_sorted.bam

	– bcftools mpileup -Ou -f Random_Refs_USUV.fasta BC01_sorted.bam | bcftools call -mv -Oz 

-o BC01.vcf.gz

	– bcftools index BC01.vcf.gz

	– cat Random_Refs_USUV.fasta | bcftools consensus BC01.vcf.gz > BC01_consensus.fasta

7.	 For reference-based alignments it is essential that a closely related reference sequence 

is used. Therefore, perform a BlastN search with the generated consensus sequence to 

identify the closest reference strain. After that, repeat the reference-based alignment 

with the closest reference strain as reference (step 3.3 and 3.4). On the command line 

enter:

	– minimap2 -ax map-ont Ref_USUV_BC01.fasta BC01_trimmed.fastq > BC01_ref.bam

	– samtools sort BC01_ref.bam > BC01_sorted_ref.bam

	– bcftools mpileup -Ou -f Ref_USUV_BC01.fasta BC01_sorted_ref.bam | bcftools call -mv -Oz 

-o BC01_ref.vcf.gz

	– bcftools index BC01_ref.vcf.gz

	– cat Ref_USUV_BC01.fasta | bcftools consensus BC01_ref.vcf.gz > BC01_ref_consensus.fasta

Analysis of the Illumina data
8.	 These sequences are automatically demultiplexed after sequencing. Reads can be quality 

controlled using trimmomatic242. For paired-end Illumina sequences, use the commonly 

used cut-off median PHRED score of 33 and a minimal read length of 75 to get accurate, 

high quality reads. On the command line enter:

	– trimmomatic PE -phred33 9_S9_L001_R1_001.fastq.gz 9_S9_L001_R2_001.fastq.gz 9_1P.

fastq 9_1U.fastq 9_2P.fastq 9_2U.fastq LEADING:3 TRAILING:3 SLIDINGWINDOW:3:15 

MINLEN:75

9.	 Remove primers (indicated in the file Primers_Usutu.fasta in both orientations), since 

they can introduce artificial biases, using cutadapt241. In addition, remove sequences 

with a length shorter than 75 nucleotides using the commands below. On the command 

line enter:

	– cutadapt -b o 9_1P_trimmed.fastq -p 9_2P_trimmed.fastq 9_1P.fastq 9_2P.fastq -m 75
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10.	 Before de novo assembly, the sequence reads can be normalized for an even coverage 

across the genome. This is essential since de novo assemblers like SPAdes take the read 

coverage into account when assembling sequence reads. Normalize reads to a read 

coverage of 50 using BBNorm from the BBMap package243. On the command line enter:

	– bbmap/bbnorm.sh target=50 in=9_1P_trimmed.fastq in2=9_2P_trimmed.fastq 

out=Sample9_FW_norm.fastq out2=Sample9_RE_norm.fastq

11.	 The normalized reads are de novo assembled using SPAdes244. Default settings are used 

for the assembly using all different kmers (21, 33, 55, 77, 99 and 127). On the command 

line enter:

	– spades.py -k 21,33,55,77,99,127 -o Sample9 -1 Sample9.qc.f.fq -2 Sample9.qc.r.fq

12.	 Map the QC reads against the obtained consensus sequence using minimap2 and 

programs like Geneious, Bioedit or Ugene to curate the alignment. It is important to 

check the beginning and the end of the contig.

1.	 Align the QC reads against the obtained consensus sequencing using minimap2.

2.	 Import the alignment in Geneious/Bioedit/UGene.

3.	 Manually inspect, correct and curate especially the beginning and the end of the genome.

Determining the required read coverage to compensate for the error profile in nanopore 
sequencing using Illumina data as gold standard
13.	 Select sequence reads mapping to one amplicon, in this case amplicon 26. Subsequently, 

map the nanopore reads against this amplicon using minimap2. Use Samtools to select 

only the reads mapping to amplicon 26 and to convert the bam file into fastq. On the 

command line enter:

	– minimap2 -ax map-ont -m 150 Amplicon26.fasta BC01_trimmed.fastq > BC01.bam

	– samtools view -b -F 4 BC01.bam > BC01_mapped.bam

	– samtools bam2fq BC01_mapped.bam | seqtk seq - -> BC01_mapped.fastq

14.	 Randomly select subsets of for instance 200 sequence reads one thousand times. For 

example, changing it to 10 will result in the random selection of one thousand times a 

subset of 10 sequence reads. The script is provided as Supplementary File 1. On the 

command line enter:

	– python Random_selection.py
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15.	 All randomly selected sequence reads are aligned to amplicon 26. Use KMA172 to map 

the sequence reads and to immediately generate a consensus sequence. Use optimized 

settings for nanopore sequencing, indicated by the -bcNano flag. On the command line 

enter:

	– kma index -i Amplicon26.fasta

	– for file in random_sample*; do

	– sampleID=${file%.fastq}

	– kma -i ${sampleID}.fastq -o ${sampleID} -t_db Amplicon26.fasta -mem_mode -mp 5 -mrs 

0.0 -bcNano

	– done

16.	 Inspect the generated consensus sequences on the command line using:

	– cat *.fsa > All_genomes.fsa

	– minimap2 -ax map-ont Amplicon26.fasta All_genomes.fsa > All_genomes.bam

	– samtools sort All_genomes.bam > All_genomes_sorted.bam

	– samtools stats All_genomes_sorted.bam > stats.txt

1.	 The error rate is displayed in the stats.txt under the heading error rate #mismatches / 

bases mapped. Display it on the screen with the following command:

	– grep ^SN stats.txt | cut -f 2-

2.	 The amount of indels is displayed under the heading #Indels per cycle. Display it on the 

screen with the following command:

	– grep ^IC stats.txt | cut -f 2-

6.4 Representative Results
Recently, a new version of the flow cell version (R10) was released and offered improvements 

to the basecaller used to convert the electronic current signal to DNA sequences (so-called 

flip-flop basecaller). Therefore, we have re-sequenced USUV from brain tissue of an USUV- 

positive owl which was previously sequenced on a R9.4 flow cell and on an Illumina Miseq 

instrument23. Here, we described the method used to determine the required read coverage 

for reliable consensus calling by direct comparison to Illumina sequencing.

	 Using the newer flow cell in combination with the basecaller flip-flop we show that a 

read coverage of 40x results in identical results as compared to Illumina sequencing. A read 
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coverage of 30x results in an error rate of 0.0002% which corresponds to one error in every 

585,000 nucleotides sequenced, while a read coverage of 20x results in one error in every 

63,529 nucleotides sequenced. A read coverage of 10x results in one error in every 3,312 

nucleotides sequenced, meaning that over three nucleotides per full USUV genome are being 

called wrong. With a read coverage above 30x, no indels were observed. A read coverage of 

20x resulted in the detection of one indel position while a read coverage of 10x resulted in 

indels in 29 positions. An overview of the error rate using different read coverage cut-offs is 

shown in Table 1.

Table 1 Overview of the error rate of nanopore sequencing. Each iteration represents one 
thousand random samples.

Coverage Errors 
iteration 
1

Error rate 
iteration 
1

Indels: Errors 
iteration 
2

Error rate 
iteration 
2

Indels: Errors 
iteration 
3

Error rate 
iteration 
3

Indels:

10× 100 0.0274% 4 116 0.0297% 18 110 0.0282% 7

20× 4 0.0010% 0 6 0.0015% 1 7 0.0018% 0

30x 2 0.0005% 0 0 0.0000% 0 0 0.0000% 0

40x 0 0.0000% 0 0 0.0000% 0 0 0.0000% 0

50× 0 0.0000% 0 0 0.0000% 0 0 0.0000% 0

Supplementary File 1: Random selection.

6.5 Discussion
Nanopore sequencing is constantly evolving and therefore there is a need for methods to 

monitor the error rate. Here, we describe a workflow to monitor the error rate of the nanopore 

sequencer. This can be useful after the release of a new flow cell, or if new releases of the 

basecalling are released. However, this can also be useful for users who want to set-up and 

validate their own sequencing protocol.

	 Different software and alignment tools can yield different results179. In this manuscript, 

we aimed to use freely available software packages which are commonly used, and which 

have clear documentation. In some cases, preference might be given to commercial tools, 
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which generally have a more user-friendly interfaces but have to be paid for. In the future, this 

method can be applied to the same sample in case big modifications in sequence technology 

or basecalling software are introduced Preferentially this should be done after each update of 

the basecaller or flowcell, however given the speed of the current developments this can be 

also been done only after major updates.

	 The reduction in the error rate in sequencing allows for a higher number of samples to be 

multiplexed. Thereby, nanopore sequencing is getting closer to replacing conventional real 

time PCRs for diagnostic assays, which is already the case for influenza virus diagnostics. In 

addition, the reduction of the error rate increases the usability of this technique sequencing, 

for instance for the determination of minor variants and for high- throughput unbiased 

metagenomic sequencing.

	 A critical step in the protocol is that close, reliable reference sequences need to be available. 

The primers are based on the current knowledge about virus diversity and might need to 

be updated every once in a while. Another critical point when setting up an amplicon-based 

sequencing approach is the balancing of the primer concentration to get an even balance in 

amplicon depth. This enables the multiplexing of more samples on a sequence run and results 

in a significant cost reduction.
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7.1 Abstract
In late December 2019, a cluster of cases of pneumonia of unknown etiology were reported 

linked to a market in Wuhan, China245. The causative agent was identified as the species 

Severe acute respiratory syndrome-related coronavirus and was named SARS-CoV-2246. By 16 

April the virus had spread to 185 different countries, infected over 2,000,000 people and 

resulted in over 130,000 deaths247. In the Netherlands, the first case of SARS-CoV-2 was 

notified on 27 February. The outbreak started with several different introductory events 

from Italy, Austria, Germany and France followed by local amplification in, and later also 

outside, the south of the Netherlands. The combination of near to real-time whole-genome 

sequence analysis and epidemiology resulted in reliable assessments of the extent of 

SARS-CoV-2 transmission in the community, facilitating early decision-making to control 

local transmission of SARS-CoV-2 in the Netherlands. We demonstrate how these data were 

generated and analyzed, and how SARS-CoV-2 whole-genome sequencing, in combination with 

epidemiological data, was used to inform public health decision-making in the Netherlands.

Nature medicine 26 (9), 1405-1410, 263, 2020
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7.2 Introduction
Whole-genome sequencing (WGS) is a powerful tool to understand the transmission 

dynamics of outbreaks and inform outbreak control decisions14,98,217,248. Evidence of this 

was seen during the 2014-2016 West African Ebola outbreak when real-time WGS was 

used to help public health decision-making, a strategy dubbed ‘precision public health 

pathogen genomics’249,250. Immediate sharing and analysis of data during outbreaks is 

now recommended as an integral part of outbreak response97,251,252. Feasibility of real-

time WGS requires access to sequence platforms that provide reliable sequences, access 

to metadata for interpretation, and data analysis at high speed and low cost. Therefore, 

WGS for outbreak support is an active area of research. Nanopore sequencing has been 

employed in recent outbreaks of Usutu, Ebola, Zika and yellow fever virus owing to 

the ease of use and relatively low start-up cost4–7. The robustness of this method has 

recently been validated using Usutu virus23,210. In the Netherlands, the first COVID-19 case 

was confirmed on 27 February and WGS was performed in near to real-time using an amplicon-

based sequencing approach.

	 From 22 January, symptomatic travelers from countries where SARS-CoV-2 was 

known to circulate were routinely tested. The first case of SARS-CoV-2 infection in the 

Netherlands was identified on 27 February in a person with recent travel history to Italy 

and an additional case was identified one day later, also in a person with recent travel 

history to Italy. The genomes of these first two positive samples were generated and 

analyzed by 29 February. These two viruses clustered differently in the phylogenetic tree, 

confirming separate introductions (Figure 1a).

	 The advice to test hospitalized patients with serious respiratory infections was issued 

on 24 February and subsequent attempts to identify possible local transmission chains 

triggered testing for SARS-CoV-2 on a large scale in hospitals. By 9 March local clusters of 

epidemiologically related cases of SARS-CoV-2 started to appear in the province of Noord-

Brabant. The increase in cases was caused by several co-circulating viruses, and is likely to 

have been triggered by multiple introductions of the virus following the spring holidays 

(from 13 to 23 February) with travel to ski resorts in Northern Italy (Figure 1b). The first 

intervention was put in place on 9 and 10 March when the prime minister advised people 

to stop shaking hands and events attended by more than 1,000 visitors were banned 

in the province of Noord-Brabant. Subsequent analysis identified clusters with local 

amplification of viruses from patients without any travel history, also outside Noord-

Brabant (Figure 2). This information, combined with the increase in the total number 
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Figure 1 Phylogenetic analysis of the first two Dutch SARS-CoV-2 sequences. All sequences that 
were publicly available on 29 February (a) or 9 March (b) are included in the analysis. The sequences 
are colored on the basis of the province of detection. The scale bar represent the amount of 
nucleotide substitutions per site. Red indicates the Dutch isolates and blue represents SARS-CoV-2 
sequences from other countries with recent travel history to Italy.
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of infections in the Netherlands, led to the decision to implement stricter measures for 

the whole country to prevent further spread of SARS-CoV-2 on 12 March. All events with 

more than 100 people attending were canceled, people were requested to work from 

home as much as possible and people with symptoms such as a fever or cough had to stay 

at home. On 15 March, this was followed by the closure of schools, catering industries 

and sport clubs.

Figure 2 Distribution of SARS-CoV-2 sequences from the Netherlands on 9 and 12 March. The shapefile 
for the map is derived from https://gadm.org. The color scale represents the location and the number of 
whole-genome sequences generated at the indicated time points.

In the third phase, sequencing of new cases with emphasis on health-care workers (HCWs) 

and hospitalized cases was continued. By 15 March, 189 SARS-CoV-2 viruses from the 

Netherlands were sequenced, at that moment representing 27.1% of the total number of 

full genome sequences produced worldwide. The sequences detected in the Netherlands 

continued to be diverse and revealed the presence of multiple co-circulating sequence 

types, found in several different clusters in the phylogenetic tree (Figure 3 and Extended 

Data Figure 1). This diversity was also observed in cases with similar travel histories, 
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reflecting that sequence diversity was already present in the originating county, primarily 

Italy (Figure 4). In addition to travel-associated cases, an increasing number of local cases 

was detected through severe acute respiratory infection surveillance; this was not limited 

to the province Noord-Brabant but SARS-CoV-2 was also increasing in the provinces Zuid-

Holland, Noord-Holland and Utrecht, confirming substantial under-ascertainment of the 

epidemic. The increase in the number of patients with COVID-19 as well as increasing 

affected geographic areas and occurrence of local clusters provided further support for 

the increased movement restrictions.

Figure 3 Phylogenetic analysis of SARS-CoV-2 emergence in the Netherlands. Zoom-ins of 
two clusters circulating in the Netherlands. The sequences are colored on the basis of travel 
history; Dutch patients without travel history are indicated in blue while Dutch patients with 
travel history to Italy are indicated in red. The scale bars represent the number of substitutions 
per site.

BEAST analysis revealed that the most recent ancestor of the viruses circulating in the 

Netherlands dates back to the end of January and the beginning of February (Figure 

4). This is in line with the amplification that occurred in the region (notably Italy and 

Austria) from which most of the epidemic in the Netherlands was seeded. Most 

incursions likely occurred during spring break, which is a popular time for winter sports 

vacations. Retrospective testing showed the presence of the virus in a sample collected 

on 24 February in a patient with known travel history to Italy.
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Figure 4 BEAST analysis with travel history. Time-resolved visualization of the emergence of 
SARS-CoV-2 in the Netherlands. Sequences from the Netherlands are depicted with big circles. 
Green indicates recent travel history to Austria, blue to France, yellow to Germany, and red to Italy.
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In this study, we show that WGS in combination with epidemiological data strengthened the 

evidence base for public health decision-making in the Netherlands as it enabled a more 

precise understanding of the transmission patterns in various initial phases of the outbreaks. 

As such, we were able to understand the genetic diversity of the multiple introduction events 

in phase 1, the extent of local and regional clusters in phase 2 and the transmission patterns 

within the HCW groups in phase 3 (among which the absence or occurrence of very limited 

nosocomial transmission). This information complemented the data obtained from more 

traditional methods such as contact investigation.

	 At the time of the study, sequences from the Netherlands made up a substantial part of 

the total collection of SARS-CoV-2 genomes. Although implementation of WGS in the Dutch 

disease prevention and control strategy has shown its added value, there were limitations due 

to the paucity of genomic information available from certain parts of the world, including Italy. 

The information available from Iran, another major country where the virus was presumably 

spreading exponentially in the week before the take-off of the epidemic in the Netherlands, 

was also limited. This sampling bias needs to be considered when drawing conclusions 

based on genomic data during early stages of an emerging disease outbreak. Without a 

representative and sizable selection of reference sequences, reliable phylogenetic analysis is 

difficult. Clustering and conclusions on the origin of viruses may change substantially when 

virus sequences of other geographical regions are added to the analysis. Moreover, global 

monitoring of the genetic diversity of the virus is essential to reliably model and predict the 

spread of the virus. Since early March, the number of publicly available genomes has grown 

considerably, and the geographic signature in the dataset is becoming increasingly clear. Since 

its emergence, the global spread of SARS-CoV-2 led to diversification into lineages that reflect 

ongoing chains of transmission in specific geographic regions globally, in Europe, and – during 

the second and third phases – in the Netherlands. The average single nucleotide polymorphism 

distance between the sequenced viruses in our study was 7.39 and this diversification provided 

the basis for the use of WGS to investigate possible transmission chains locally (for instance, 

in health-care settings, where it can be used to inform infection control and prevention when 

combined with background data on contact histories among others). Moreover, the continued 

effort will lay the foundation for the enhanced surveillance that will be paramount during 

the next phase of the pandemic, when confinement measures will gradually be lifted and 

testing of people with mild symptoms is increased. Given the widespread circulation, the most 

likely scenario is that SARS-CoV-2 will (sporadically) re-emerge, and discrimination between 
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novel introductions versus prolonged local circulation is important to inform appropriate 

public health decisions. In addition, owing to genomic mutations, the phenotype and the 

transmission dynamics of the virus might change over time. Therefore, close monitoring of 

the behavior of the virus in combination with genetic information is essential as well. We 

have used an amplicon-based sequencing approach to monitor the emergence of SARS-CoV-2 

in the Netherlands. A critical step in using amplicon-based sequencing is that close, reliable 

reference sequences need to be available. The primers are designed on the basis of our current 

knowledge about SARS-CoV-2 diversity and therefore need regular updating. In the future, 

this may be overcome using metagenomic sequencing. However, at the moment, conventional 

metagenomic sequencing (Illumina) takes too long for near to real-time sequencing, and 

nanopore-based metagenomic sequencing is not sensitive enough to allow recovery of 

whole-genome sequences in a similar fashion and with similar costs compared to amplicon-

based nanopore sequencing. We provide a description of the incursion of SARS-CoV-2 into 

the Netherlands. The combination of real-time WGS with the data from the National Public 

Health response team has provided information that helped decide on the next steps in the 

decision-making. Sharing of metadata is needed within a country but also on a global level. 

We urge countries to share sequence information to combine our efforts in understanding 

the spread of SARS-CoV-2. The Global Initiative on Sharing All Influenza Data (GISAID)253,254 

made sharing of sequence information coupled to limited metadata possible in a manner that 

protects the intellectual property and acknowledges the data providers. However, to fully 

capitalize on the potential added value of WGS for public health decision-making, systems 

for combined analysis of data are needed that are in agreement with general data protection 

rules. We previously developed a model for collaborative exploration of WGS and metadata 

in a protected sharing environment193,255. For truly global collaboration, such systems would 

need to be further developed and hosted under the auspices of the WHO (World Health 

Organization).
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7.3 Methods
7.3.1 COVID-19 response
This study was carried out in liaison with the national outbreak response team. This team 

develops guidance on case-finding and containment, based on WHO and European Centre for 

Disease Prevention and Control recommendations and expert advice, as defined by the crisis 

and emergency response structure256,257. Diagnostics were initially performed on suspected 

cases with a recent travel history to China, but between 25 and 28 February also suspected 

cases with travel history to affected municipalities in Northern Italy were tested. Between 1 

and 11 March, all suspected cases with travel history to all four provinces in Northern Italy 

were tested and after 11 March all suspected cases with travel history to Italy were tested. 

The sequencing effort was embedded in the stepwise response to the outbreak (Extended 

Data Figure 2), which evolved from the initial testing of symptomatic travelers including the 

testing of symptomatic contacts (phase 1), followed by inclusion of routine testing of patients 

hospitalized with severe respiratory infections (phase 2), to inclusion of HCWs with a low-

threshold case definition and testing to define the extent of suspected clusters (phase 3). 

Depending on the phase and clinical severity, initial contact with patients was established 

through public health physicians or nurses from the municipal health service (for travel-

related cases, contacts of (hospitalized) cases, and patients belonging to risk groups). The 

different phases in this study were based on observations described in this manuscript. Ethical 

approval was not required for this study as only anonymous aggregated data were used, and 

no medical interventions were made on human individuals. 

7.3.2 Contact tracing
On 29 January, COVID-19 was classified as a notifiable disease in group A in the Netherlands, 

with physicians and laboratories having to report any suspected and confirmed case to 

the Dutch public health services (PHS) by phone. On notification, the PHS initiates source 

identification and contact tracing, and performs risk assessments. In the early outbreak 

phase (containment), the PHS traced and informed all high- and low-risk contacts of cases 

with the aim to stop further transmission. For each case, epidemiological information such 

as demographic information, symptoms, date of onset of symptoms, travel history, contact 

information, suspected source, underlying disease and occupation were registered. People 

were asked to report their travel history for the past 14 days, including potential travel to 

several countries. Owing to the magnitude of the COVID-19 outbreak, this quickly became 
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impracticable in severely affected regions, and the strategy shifted to registering only data on 

confirmed cases and informing their high-risk contacts (phase 2) with continued active case-

finding in less affected regions. The PHS informed the national public health authority of the 

Netherlands (RIVM) about all laboratory-confirmed cases. There, a national case registry was 

kept in which a contact matrix was kept for the first 250 cases.

7.3.3 Sample selection
In the first phase, all samples were selected for sequencing, reflecting travel-associated cases 

and their contacts. In the second phase, priority was given to patients identified through 

enhanced case-finding by testing of hospitalized patients with severe acute respiratory 

infections and continued sequencing of new incursions. In the third phase, the epidemic 

started to expand exponentially, and sequencing was performed to continue to monitor the 

evolution of the outbreak. In line with the national testing policy, a substantial proportion of 

new cases sequenced were HCWs (20%).

7.3.4 SARS-CoV-2 diagnostics
Clinical specimens were collected and phocine distemper virus was added as an internal nucleic 

acid (NA) extraction control to the supernatant. Clinical specimens included oropharyngeal 

and nasopharyngeal swabs, bronchoalveolar lavage and sputum. Total NA was extracted from 

the supernatant using Roche MagNA Pure systems. The NA was screened for the presence of 

SARS-CoV-2 using real-time single-plex PCRs with reverse transcription for phocine distemper 

virus, for the SARS-CoV-2 RdRp gene and for the SARS-CoV-2 E gene as described by Corman 

et al.258.

	 SARS-CoV-2 WGS. A SARS-CoV-2-specific multiplex PCR for nanopore sequencing was 

performed, similar to amplicon-based approaches as previously described22. In short, primers 

for 89 overlapping amplicons spanning the entire genome were designed using primal (http://

primal.zibraproject.org/)207. The amplicon length was set to 500 base pairs with a 75-base-

pair overlap between the different amplicons. The used concentrations and primer sequences 

are shown in Supplementary Table 1. The libraries were generated using the native barcode 

kits from Nanopore (EXP-NBD104, EXP-NBD114 and SQK-LSK109) and sequenced on a R9.4 

flow cell multiplexing up to 24 samples per sequence run.
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7.3.5 Sequence data analysis
The resulting raw sequence data were demultiplexed using qcat (https://github.com/

nanoporetech/qcat) or Porechop (https://github. com/rrwick/Porechop). Primers were 

trimmed using cutadapt241, after which a reference-based alignment was performed using 

minimap2221 to the GISAID sequence EPI_ISL_412973. The run was monitored using RAMPART 

(https:// artic-network.github.io/rampart/) and the analysis process was automated using 

snakemake224, which was used to perform near to real-time analysis with new data every 

10 min. The consensus genome was extracted and positions with a coverage <30 were replaced 

with an ‘N’ with a custom script using biopython and pysam (https://github.com/dnieuw/

ENA_SARS_Cov2_nanopore). An overview of the success rate of the sequencing is shown in 

Supplementary Table 2. Mutations in the genome as compared to the GISAID sequence EPI_

ISL_412973 were confirmed by manually checking the alignment. In addition, homopolymeric 

regions were manually checked and resolved by consulting reference genomes. The average 

single nucleotide polymorphism difference was determined using snp-dists (https://github.

com/tseemann/snp-dists). Human reads were removed by mapping against the human 

genome (GCF_000001405.26), after which the demultiplexed sequence reads were uploaded 

to the COVID-19 data portal under the accession numbers ERR4164763–ERR4164952.

7.3.6 Phylogenetic analysis
All available full-length SARS-CoV-2 genomes were retrieved from GISAID on 22 March 2020 

(Supplementary Table 3) and aligned with the Dutch SARS-CoV-2 sequences from this study 

using MUSCLE. Sequences with >10% ‘N’s were excluded. The alignment was manually 

checked for discrepancies, after which IQ-TREE259 was used to perform a maximum-likelihood 

phylogenetic analysis under the GTR + F + I + G4 model as the best predicted model using the 

ultrafast bootstrap option with 1,000 replicates. The phylogenetic trees were visualized using 

custom python and baltic scripts (https://github.com/evogytis/baltic).

7.3.7 BEAST analysis
All available full-length SARS-CoV-2 genomes were retrieved from GISAID253,254 on 18 March 

2020 and downsampled to include only representative sequences from epidemiologically 

linked cases. Sequences lacking date information were also removed from the dataset. To 

assess the temporal signal within the data, a maximum-likelihood phylogeny was performed 

using IQTREE v1.6.8260 and the root-to-tip divergence was visualized as a function of sample 
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date using TempEst v1.5.1261 (Extended Data Figure 3). The correlation coefficient for the 

root-to-tip analysis was 0.53, which is adequate for subsequent Bayesian analysis as much of 

this noise is accounted for in the Bayesian model. Bayesian phylogenetic trees were estimated 

using BEAST v1.10.4262,263 using an HKY nucleotide substitution model and a strict molecular 

clock264. The analysis was run for 100,000,000 states with an exponential growth prior. Every 

10,000 states, trees and parameters were sampled. Log files were inspected in Tracer v1.7.1265 

and Tree annotator v1.10.0 was used to remove the burn-in from the tree files and to infer 

the maximum clade credibility tree. Reported statistics are shown in Supplementary Table 4. 

Baltic and custom python scripts (https://github.com/evogytis/baltic) were used to visualize 

the maximum clade credibility tree.

Reporting Summary

Further information on research design is available in the Nature Research Reporting Summary 

linked to this article.

Data availability

The data produced in this study are available on the COVID-19 data portal under the accession 

numbers ERR4164763–ERR4164952 and on the GISAID portal under the accession numbers 

EPI_ISL_413564-EPI_ISL_413591, EPI_ISL_414423-EPI_ISL_414471, EPI_ISL_414529-EPI_

ISL_414566 and EPI_ISL_415460-EPI_ISL_415535.
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Extended Data Figure 1 Full maximum likelihood tree. Sequences are colored based on province 
of detection. Scale bar represent the number of substitutions per site.
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Extended Data Figure 2 Timeline of the different phases. Graphical overview of the timeline of the 
of the different phases in the response to the SARS-CoV-2 outbreak in the Netherlands.

Extended Data Figure 3 Root-to-tip analysis. Report of the correlation coefficient for the root-to-
tip divergence as a function of sample date.
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COVID-19 in health-care workers in 
three hospitals in the south of the 
Netherlands: a cross-sectional study
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van Rijen7, Anton G. M. Buiting5,6, Anne J. G. van Oudheusden6, Bram M. Diederen3, Anneke M. C. Bergmans3, 
Annemiek van der Eijk1, Richard Molenkamp1, Andrew Rambaut4, Aura Timen10,11, Jan A. J. W. Kluytmans2,7,8, 
Bas B. Oude Munnink1, Marjolein F. Q. Kluytmans van den Bergh2,7,8*, Marion P. G. Koopmans1*

8.1 Summary
10 days after the first reported case of severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2) infection in the Netherlands (on Feb 27, 2020), 55 (4%) of 1497 health-care workers in 

nine hospitals located in the south of the Netherlands had tested positive for SARS-CoV-2 RNA. 

We aimed to gain insight in possible sources of infection in health-care workers.

	 We did a cross-sectional study at three of the nine hospitals located in the south of the 

Netherlands. We screened health-care workers at the participating hospitals for SARS-CoV-2 

infection, based on clinical symptoms (fever or mild respiratory symptoms) in the 10 days 

before screening. We obtained epidemiological data through structured interviews with 

health-care workers and combined this information with data from whole-genome sequencing 

of SARS-CoV-2 in clinical samples taken from health-care workers and patients. We did an in-

depth analysis of sources and modes of transmission of SARS-CoV-2 in health-care workers and 

patients.

	 Between March 2 and March 12, 2020, 1796 (15%) of 12 022 health-care workers were 

screened, of whom 96 (5%) tested positive for SARS-CoV-2. We obtained complete and near-

complete genome sequences from 50 health-care workers and ten patients. Most sequences 

were grouped in three clusters, with two clusters showing local circulation within the region. 

The noted patterns were consistent with multiple introductions into the hospitals through 

community-acquired infections and local amplification in the community.

	 Although direct transmission in the hospitals cannot be ruled out, our data do not support 

widespread nosocomial transmission as the source of infection in patients or health-care 

workers.

The Lancet Infectious Diseases 20 (11), 1273-1280, 234, 2020
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8.2 Introduction
In January, 2020, a cluster of patients with pneumonia of unknown cause was reported in 

Wuhan, China;245 the disease was subsequently named COVID-19, caused by severe acute 

respiratory syndrome coronavirus 2 (SARS-CoV-2). The clinical spectrum of COVID-19 varies 

from asymptomatic or mild symptomatic infections to severe respiratory symptoms and death, 

with older age groups generally presenting with more severe disease and higher death rates266,267. 

Since its identification, SARS-CoV-2 has rapidly spread across the globe. On June 22, 2020, 177 

countries had reported cases of COVID-19, adding up to more than 8.9 million reported cases and 

468 000 deaths worldwide247.

	 Health-care workers are at increased risk of being exposed to SARS-CoV-2 and could potentially 

have a role in hospital transmission. Nosocomial outbreaks of severe acute respiratory syndrome 

coronavirus and Middle East respiratory syndrome coronavirus (MERS-CoV) are thought to 

have played a crucial part in the amplification and spread of these viruses. For MERS-CoV, hospital 

outbreaks caused approximately 50% of confirmed cases, of which around 40% were in health-

care workers268. Currently, the extent of SARS-CoV-2 transmission and risk factors associated with 

infection in health-care settings are unclear. During the WHO–China Joint Mission on COVID-19267, 

2055 laboratory confirmed cases were reported in health-care workers from 476 hospitals in China, 

mostly (88%) from Hubei province. Most health-care workers were thought to have been infected 

within household settings rather than in a health-care setting, although conclusive evidence was 

scant267.

	 On Feb 27, 2020, the first patient in the Netherlands tested positive for SARS-CoV-2 

RNA after returning from a holiday to Lombardy, Italy269. In the following week, the number of 

infections in the country grew to 128, with an increasing proportion of cases without a known 

source of infection. These cases included nine health-care workers from two hospitals in the 

province of North Brabant, in the south of the Netherlands270,271. The Dutch national outbreak 

management team advised to extend screening of health-care workers to other hospitals in 

North Brabant, to assess possible community transmission. From March 6 to March 8, 2020, 

1097 employees of nine hospitals were tested, of whom 45 (4%) were positive for SARS-

CoV-2271. A follow-up study was done at three hospitals to assess the clinical presentations 

of COVID-19 of these health-care workers270. The impending shortage of personal protective 

equipment (PPE) and the proposed changes in its use in later phases of the outbreak response 

also triggered a debate on possible risks to health-care workers272.
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To understand sources and modes of transmission of SARS-CoV-2 in health-care workers and 

patients in the same hospitals, we did an in-depth analysis combining epidemiological data with 

whole-genome sequencing (WGS) of SARS-CoV-2 from clinical samples obtained from health-care 

workers and patients in three different hospitals

8.2.1 Evidence before this study
We searched Google Scholar on April 27, 2020, for articles published since 2020, with the 

keywords “SARS-CoV-2” AND “healthcare workers” AND “whole genome sequencing”. We did 

not restrict our search to a publication language. Our search retrieved 13 results. Two reports 

presented original research of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2); 

no reports were of the role of health-care workers in SARS-CoV-2 transmission or used whole-

genome sequencing (WGS). Hospital transmission had an important role in previous outbreaks 

of Middle East respiratory syndrome and severe acute respiratory syndrome. The scarcity of 

personal protective equipment led to changes in policy during the initial phases of the SARS-

CoV-2 outbreak response, also triggering a debate on possible risks to health-care workers. Up 

to now, possible SARS-CoV-2 outbreaks in health-care facilities have only been described using 

traditional molecular diagnostic tools combined with epidemiological data. However, previous 

studies implementing WGS have shown that hypotheses on virus transmission routes can be 

incorrect based solely on these data. Moreover, screening of health-care workers can be used 

to assess the level of local community transmission, but this can only be done if patient-to-

health-care worker transmission can be reliably excluded. 

8.2.2 Added value of this study
Our study aimed to gain insight in possible sources of infection of health-care workers at 

three hospitals in the Netherlands. All health-care workers with respiratory symptoms or fever 

in the previous 10 days were screened for SARS-CoV-2 infection. WGS was done of samples 

obtained from health-care workers and patients at these hospitals and this information was 

combined with epidemiological data.

8.2.3 Implications of all the available evidence
At the beginning of the SARS-CoV-2 outbreak in the Netherlands, health-care workers 

were probably infected in the community rather than at the hospitals. Possible nosocomial 
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outbreaks should be carefully investigated using both epidemiological data and WGS to 

exclude or confirm transmission in health-care facilities.

8.3 Methods
8.3.1 Study design and participants
We did a cross-sectional study at two teaching hospitals (Amphia Hospital, Breda, Netherlands 

[700 beds], and Elisabeth-TweeSteden Hospital, Tilburg, Netherlands [800 beds]) and one regional 

hospital (Bravis Hospital, Roosendaal and Bergen op Zoom, Netherlands [600 beds]), at which 

12 022 health-care workers in total were employed. PPE was used according to national 

guidelines that applied during this period of the outbreak273,274. Patients with suspected COVID-19 

were nursed under strict isolation precautions and health-care workers applied additional PPE 

(gowns, gloves, goggles, hair cover, and type IIR surgical masks) on entering the isolation room. 

When aerosol-generating procedures were done, an FFP2 mask was used.

	 All health-care workers at these three hospitals who had fever or mild respiratory symptoms 

in the 10 days before screening for SARS-CoV-2 infection were eligible for testing, which was 

voluntary. All patients testing positive for SARS-CoV-2 and who had been admitted 2 days or more 

before the last date of onset of symptoms of health-care workers per hospital were included. 

All health-care workers with confirmed SARS-CoV-2 infection underwent a structured interview 

to obtain epidemiological data and to record any history of foreign travel and attendance at public 

events with more than 50 people, such as the yearly carnival in February, 2020 (appendix 1 

p 1).

	 Ethics approval was obtained from the Medical Ethics Committee Brabant, with a waiver of 

written informed consent (METC Brabant/20.134/NW2020-26). Verbal informed consent was 

obtained from all health-care workers for SARS-CoV-2 testing, sequencing, and data collection. 

Data were deidentified before analysis. For patients, location and sequence data were obtained 

as part of the routine infection control policy in outbreak situations. All patients are notified of 

this policy on hospital admission and can actively dissent (opt out).

8.3.2 Procedures
We tested for SARS-CoV-2 infection using oropharyngeal or nasopharyngeal swabs in universal 

transport medium (Copan, Brescia, Italy) or E-swab medium (Amies; Copan), following local 

infection control policy during outbreaks. At Amphia Hospital and Bravis Hospital, total nucleic 
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acids were extracted for RT-PCR after an external lysis step (1:1 with lysis binding buffer; 

Roche Diagnostics, Almere, Netherlands), using MagnaPure96 (Roche) with an input volume 

of 500 µL and output volume of 100 µL. The extraction was internally controlled by addition 

of a known concentration of phocine distemper virus (PDV)275. Subsequently, 10 μL extracted 

nucleic acids was amplified in three singleplex reactions in 25 μL final volume, using TaqMan 

Fast Virus 1-Step Master Mix (Thermofisher, Nieuwerkerk aan den IJssel, Netherlands), and 

1 μL of primers and probe mixture for envelope (E) gene, RNA- dependent RNA-polymerase 

gene, and PDV258. Amplifi- cation was done in a 7500SDS (Thermofisher) with a cycling profile 

of 5 min at 50°C, 20 s at 95°C, 45 cycles of 3 s at 95°C, and 30 s at 58°C. At Elisabeth-TweeSteden 

Hospital, total nucleic acids were extracted, with a known concentration of PDV as internal control, 

using the QIAsymphony DSP virus pathogen midi kit and pathogen complex 400 protocol of 

the QIAsymphony Sample Processing system (Qiagen, Hilden, Germany), with an input volume 

of 400 µL and output volume of 110 µL. The amplification reaction was done in a volume of 

25 µL with TaqMan Fast Virus 1-Step Master Mix (Thermofisher) and 10 µL extracted nucleic 

acids. A duplex PCR for E gene and PDV258,276 with optimised primer and probe concentrations 

were done. Amplification with Rotorgene (QIAgen) consisted of 5 min at 50°C and 15 min 

at 95°C followed by 45 cycles of 15 s at 95°C, 30 s at 60°C, and 15 s at 72°C. Validations of 

RT-PCR procedures were done according to International Standards Organization guidelines 

(15189)277.

	 For WGS, samples were selected based on a cycle threshold value less than 32. A SARS-CoV-2-

specific multiplex PCR for nanopore sequencing was done, as previously described201. The resulting 

raw sequence data were demultiplexed using qcat. Primers were trimmed using cutadapt,241 after 

which a reference-based alignment to the GISAID (Global Initiative on Sharing All Influenza Data) 

sequence EPI_ISL_412973 was done using minimap2221. The consensus genome was extracted 

and positions with a coverage less than 30 reads were replaced with N using a custom script using 

biopython software (version 1.74) and the python module pysam (version 0.15.3), as previously 

described210. Mutations in the genome were confirmed by manually checking the alignment, 

and homopolymeric regions were manually checked and resolved, consulting the reference 

genome. Genomes were included when having greater than 90% genome coverage. All available 

full-length SARS-CoV-2 genomes were retrieved from GISAID254 on March 20, 2020 (appendix 1 pp 

8–65), and aligned with the newly obtained SARS-CoV-2 sequences in this study using the multiple 

sequence alignment software MUSCLE (version 3.8.1551)239. Sequences with more than 10% of N 

position replacements were excluded. The alignment was manually checked for discrepancies, after 
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which the phylogenomic software IQ-TREE (version 1.6.8)260 was used to do a maximum-likelihood 

phylogenetic analysis, with the generalised time reversible substitution model GTR+F+I+G4 as 

best predicted model. The ultrafast bootstrap option was used with 1000 replicates. Clusters were 

ascertained based on visual clustering and lineage designations278.

	 The code to generate the minimum spanning phylo- genetic tree was written in the R 

programming language. Ape279 and igraph software packages were used to write the code to 

generate the minimum spanning tree, and the visNetwork software package was used to 

generate the visualisation. Pairwise sequence distance (used to generate the network) 

was calculated by adding up the absolute nucleotide distance and indel-block distance. 

Unambiguous positions were dealt with in a pairwise manner. Sequences that were mistakenly 

identified as identical, because of transient connections with sequences containing missing 

data, were resolved.

	 The multiple sequence alignment was curated and any error-rich sequences or sequences 

without a date were removed. The alignment was manually inspected and trimmed of the 

5’ and 3’ untranslated regions in the bioinformatics software Geneious (version 11.1.3) to 

include only coding regions. The final length of the alignment was 29 408 nucleotides. Bayesian 

phylogenetic trees were estimated using BEAST version 1.10.4263, with a Hasegawa-Kishino-

Yano nucleotide substitution model264 and a strict molecular clock. Two independent chains 

were run for 100 million states, with a Skygrid coalescent prior (appendix 1 p 3)280,281 and 

parameters were sampled every 10 000 states. The LogCombiner program was used to combine 

the independent chains and to remove the burn-in from the tree file, and Tracer265 was used to 

assess convergence. The maximum clade credibility tree was inferred using the TreeAnnotator 

program and visualised using baltic code and custom python scripts.

8.3.3 Statistical analysis
Epidemiological data obtained at structured interviews were entered in Castor Electronic Data 

Capture, version 2019. Continuous variables were expressed as medians and ranges and 

categorical variables were summarised as numbers and percentages. All analyses were done 

with SPSS version 25.0 (IBM, Armonk, NY, USA). Because of the descriptive nature of our study, 

sample size calculations and analyses of significance were not done. Results were reported 

following STROBE guidelines for observational studies.



COVID-19 in health-care workers in three hospitals in the south of the Netherlands: a cross-sectional study

113

8

8.3.4 Role of the funding source
The funder had no role in study design, data collection, data analysis, data interpretation, or 

writing of the report. The corresponding author had full access to all data in the study and had 

final responsibility for the decision to submit for publication.

8.4 Results
Between March 2 and March 12, 2020, 1796 (15%) of 12 022 health-care workers were 

voluntarily screened at the three participating hospitals (appendix 1 p 5). At Amphia Hospital, 

42 (5%) of 783 health-care workers tested positive for SARS-CoV-2 RNA; at Bravis Hospital, 

ten (2%) of 443 health-care workers tested positive; and at Elisabeth-TweeSteden Hospital, 

44 (8%) of 570 health-care workers tested positive. Characteristics of these 96 health-care 

workers who tested positive for SARS-CoV-2 RNA are shown in the table. The health-care workers 

were employed in 58 different departments, including on 42 medical wards. The median age 

of affected health-care workers was 49 years (range 22–66), and 80 (83%) of 96 were female, 

reflecting the proportion of female health-care workers among the total population employed 

in the participating hospitals (ie, 9784 of 12 022 [81%]). 20 staff members who did not have 

direct contact with patients tested positive for SARS-CoV-2 RNA, of whom six (30%) reported 

contact with colleagues who had also tested positive. Ten health-care workers reported 

a history of foreign travel in the 14 days before onset of symptoms, three (30%) of whom 

had travelled to northern Italy. 60 (63%) health-care workers had celebrated carnival in the 

14 days before onset of symptoms, mostly in Breda, Prinsenbeek, and Tilburg. One health-care 

worker (who reported first symptoms on Feb 21, 2020) attended several carnival events while 

symptomatic but unaware of having COVID-19. 31 (32%) health-care workers reported close 

contact with an individual with confirmed COVID-19 in the 14 days before onset of symptoms, 

either a patient (n=3), colleague (n=18), household member (n=1), or another person outside 

the hospital (n=9).
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Table Descriptive characteristics of 96 health-care workers testing positive for severe acute 
respiratory syndrome coronavirus 2 RNA at three hospitals in the south of the Netherlands in 
March, 2020

Health-care workers (n=96)

Sex

Male 16 (17%)

Female 80 (83%)

Age, years 49 (22–66)

Residence

Breda 11 (11%)

Prinsenbeek 11 (11%)

Tilburg 24 (25%)

Other city 50 (52%)

Department

Medical 76 (79%)

Staff without direct patient contact 20 (21%)

Foreign travel, 14 days before onset of symptoms 10 (10%)

Northern Italy 3 (3%)

Austria 3 (3%)

UK 1 (1%)

Spain 1 (1%)

Portugal 1 (1%)

Switzerland 1 (1%)

Attendance at carnival with 50 people or more, 
14 days before onset of symptoms

60 (63%)

Breda 7 (7%)

Prinsenbeek 11 (11%)

Tilburg 20 (21%)

Other city 22 (23%)

Attendance at other event with 50 people or more, 
14 days before onset of symptoms

31 (32%)
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Health-care workers (n=96)

Close contact with individual with confirmed COVID-19,  
14 days before onset of symptoms

31 (32%)

Patient 3 (3%)

Colleague 18 (19%)

Household member 1 (1%)

Other, outside hospital 9 (9%)

Data are n (%) or median (range).

Between March 2 and March 7, 2020 (Amphia Hospital), March 2 and March 10, 2020 (Bravis 

Hospital), and Feb 29 and March 9, 2020 (Elisabeth-TweeSteden Hospital), 856 patients 

were tested for SARS-CoV-2 RNA, of whom 345 were at Amphia Hospital, 228 were at 

Bravis Hospital, and 283 were at Elisabeth-TweeSteden Hospital (appendix 1 p 5). 23 (3%) 

patients tested positive for SARS-CoV-2 RNA, nine at Amphia Hospital and 14 at Elisabeth-

TweeSteden Hospital. We obtained complete and near-complete SARS-CoV-2 genomes from 

50 of 96 health-care workers (appendix 1 pp 4–5). 30 health-care workers were from Amphia 

Hospital, six were from Bravis Hospital, and 14 were from Elisabeth-TweeSteden Hospital. We 

obtained near-complete SARS-CoV-2 sequences from seven patients at Amphia Hospital and 

three patients at Elisabeth-TweeSteden Hospital. 46 (92%) of 50 sequences from health-

care workers in this study grouped in three clusters (figure, A; appendix 1 p 4; appendix 2). Ten 

(100%) of ten sequences from patients in the study grouped into the same three clusters: 

seven were in cluster 1, two were in cluster 2, and one was in cluster 3. Cluster 1 contained 

29 sequences (of which 12 were identical) of SARS-CoV-2 in samples taken from health-care 

workers and patients at all three hospitals (appendix 1 p 5). 13 (45%) sequences were from 

Amphia Hospital, three (10%) were from Bravis Hospital, and 13 (45%) were from Elisabeth-

TweeSteden Hospital (figure, C). 11 (79%) of 14 health-care workers and two (67%) of three 

patients at Elisabeth-TweeSteden Hospital were in cluster 1. Cluster 2 contained 20 sequences 

(of which ten were identical) of SARS-CoV-2 in samples taken from health-care workers and 

patients at all three hospitals (appendix 1 p 5). 17 (85%) sequences originated from Amphia 

Hospital, two (10%) were from Bravis Hospital, and one (5%) was from Elisabeth-TweeSteden 

Hospital (figure, B). Health-care workers in cluster 2 were associated with Prinsenbeek and 

Breda, either by attendance at the carnival or by residence, more frequently compared with 

the other clusters (appendix 1 p 4).
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Figure Minimum spanning tree of available full-length SARS-CoV-2 genomes obtained from 
GISAID on March 20, 2020. The full tree (A) shows three clusters of SARS-CoV-2 genomes, obtained 
from sequencing samples from health-care workers and patients in the south of the Netherlands in 
March, 2020. An interactive version of the full tree can be found in appendix 2; it can be accessed 
by unzipping and opening the visNetwork.html file. Clusters 2 (B) and 1 (C) are shown in more 
detail. Numbers next to nodes indicate the number of sequences included. Numbers on branches 
indicate the difference in number of nucleotides between sequences. SARS-CoV-2=severe acute 
respiratory syndrome coronavirus 2. GISAID=Global Initiative on Sharing All Influenza Data.
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Cluster 3 contained seven sequences (of which four were identical) of SARS-CoV-2 in samples 

taken from health-care workers and patients at all three hospitals. Four sequences were from 

health-care workers at Amphia hospital and one each was from Bravis Hospital and Elisabeth-

TweeSteden Hospital. One sequence from a patient at Elisabeth-TweeSteden Hospital was 

also included in this cluster. A relatively large proportion of sequences in cluster 3 were from 

people with a travel history to northern Italy, as described elsewhere.16 However, only two of 

six health-care workers in this cluster reported recent travel to either Italy or Austria (appendix 

1 pp 4, 6–7).

	 Within each cluster, identical or near-identical sequences in health-care workers at the 

same hospital, and between patients and health-care workers at the same hospital, were 

found, but no consistent link was noted among health-care workers on the same ward or 

between health-care workers and patients on the same ward. Most (81–100%) health-care 

workers testing positive for SARS-CoV-2 at the three hospitals did not work on a ward with 

patients with confirmed COVID-19 (appendix 1 p 2). In wards with patients and health-care 

workers infected with SARS-CoV-2, direct transmission could be excluded in most cases, based 

on available WGS data (appendix 1 p 2). Notably, in Bravis Hospital, no patients with confirmed 

SARS-CoV-2 infection were hospitalised within 2 days before health-care workers at that 

hospital reported onset of symptoms. Additionally, no clusters were reported of more than 

three health-care workers on the same ward with identical or near-identical (two nucleotide 

difference or less) sequences. However, we cannot exclude health-care workers being infected 

in common hospital areas such as staff restaurants.

8.5 Discussion
In the present study, we combined epidemiological data with WGS to obtain a deeper 

understanding of the sources and modes of transmission of SARS-CoV-2 at three hospitals in 

the south of the Netherlands, which were the first hospitals to identify patients with COVID-19 

in the Netherlands. Although possible hospital trans- mission of SARS-CoV-2 and health-care 

workers with COVID-19 have been reported,267,282,283 to our knowledge, our study is the first 

to use WGS to analyse possible SARS-CoV-2 nosocomial transmission. Infection of health-

care workers could have occurred through foreign travel, community contacts, or nosocomial 

transmission. The epidemiological data we obtained, combined with the presence of identical 

viruses in all three hospitals, and with non-hospitalised cases in other locations, indicates 
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widespread community transmission in a very early phase of the outbreak. Mass gatherings, 

such as carnivals, in which just under two-thirds of health-care workers testing positive for 

SARS-CoV-2 participated, possibly acted as local super-spreading events.

	 Health-care workers are at increased risk of being exposed to viruses within hospitals but 

can also be a source of transmission by introducing a virus into their hospital. SARS-CoV-2 

infections in health-care workers can have a substantial effect, because pathogens are 

introduced into settings with high numbers of individuals with comorbidities, potentially causing 

high morbidity and mortality among patients. The current study did not find evidence of large-

scale nosocomial transmission in the early phase of the Dutch outbreak, and prevailing use of PPE 

and other infectious disease prevention measures were considered sufficient based on these 

early analyses and results284.

	 Outbreaks in health-care settings are traditionally investigated by molecular diagnostic 

methods combined with epidemiological data. However, previous studies using WGS for 

hospital outbreak investigations have shown that hypotheses on virus transmission routes can 

be incorrect based solely on these data. By adding WGS data, particularly if results can be 

generated in a timely manner, and as long as sufficient reference sequences are available to 

allow a high resolution of the findings, the sequence analysis can provide essential information 

and inform subsequent infection control measures285.

	 The mutation rate of SARS-CoV-2 is estimated to be around 1·16 × 10-³ substitutions per 

site per year, which corresponds to around one mutation every 2 weeks286. Therefore, finding 

identical or near-identical sequences in several locations and hospitals makes it difficult to 

draw definite conclusions on individual direct health-care worker-to-health-care worker or 

health-care worker-to-patient transmissions based on sequence data alone in this early stage 

of the SARS-CoV-2 outbreak, when genetic diversity of the circulating pathogen was negligible. 

Moreover, we did not obtain WGS of all health-care workers and patients testing positive 

for SARS-CoV-2 and, because of the small sample size, our analyses should be interpreted 

with caution. However, the finding of diverse clusters does exclude infection from one source. 

Moreover, the sequence-based analysis could be biased when sampling and sequencing is 

not done systematically and when sequence data in some areas are scarce, as is the case for 

COVID-19 internationally. For the Netherlands, we sequenced a substantial proportion of 

SARS-CoV-2 genomes as part of the national public health response201, which was used as a 

reference set.
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In conclusion, the genomic diversity recorded in our study is consistent with multiple 

introductions through community-acquired infections, and some local amplification related to 

specific social events in the community, rather than widespread within-hospital transmission. 

Although direct transmission in hospitals cannot be ruled out, our data do not support widespread 

nosocomial transmission as the source of infection in patients or health-care workers in our 

study. Because of the near-real-time sequence generation and analysis, our information was 

rapidly shared within the Dutch outbreak management team. Partly based on these data, 

SARS-CoV-2 was concluded to have already spread in the population in the province of North 

Brabant, which led to a change of policy, in which containment measures were complemented 

by targeted physical distance measures, starting in the south of the Netherlands initially and 

later comprising the whole country201.
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Rapidly analyzing and visualizing 
mismatches of specific RT-PCR 
primers/probes applied during the 
ongoing SARS-CoV-2 outbreak
David. F. Nieuwenhuijse1, Judit Szarvas2, Zsofia Igloi1, Reina S. Sikkema1,  Richard 

Molenkamp1, Ole Lund2, Bas B. Oude Munnink1, Marion P. G. Koopmans1 

Manuscript in preparation

9.1 Abstract
Several RT-PCR-based SARS-CoV-2 diagnostic assays have been published based on the first 

available whole-genome sequences. With ongoing global spread of the virus, it is important 

to monitor mutations and the potential effect on the performance of these RT-PCR assays. We 

have developed a user-friendly web tool to in silico analyze and visualize primer mismatches 

that can potentially influence the performance of RT-PCR assays and demonstrate the use 

with SARS-CoV-2 as an example.

	 The aim of this study is to create a tool that quickly visualizes mismatches between primer 

sets and viral genome sequence alignments. Using the tool we show the mismatches in 

currently circulating strains of publicly shared SARS-CoV-2 genomes.

	 A tool was developed for the visualization of the primer and probe mismatches. The 

sequences to be matched were downloaded from GISAID and aligned using AliView.

	 A user friendly tool was created that shows easy to interpret summaries of primer and 

probe mismatches. A dataset of 4,239 sequences was downloaded and used as an example 

alignment. 

	 The tool can aid clinicians to quickly check their primer and probe sequences against an 

up-to-date viral genome alignment.



Chapter 9

124

9.2 Background
SARS-CoV-2, the causative infectious agent of Corona Virus Disease 19 (COVID-19), was first 

reported on the 31st of December 2019287. The first human cases of this novel coronavirus 

infection288 were detected in Wuhan, China, and subsequent large scale human-to-human 

transmission was responsible for the current national and international spread of the 

virus287,289–291. By August 25th the virus had spread over more than 220 countries and at least 

71,919,725 cases of COVID-19 were confirmed, including 1,623,064 deaths292. An initiative 

was started on GISAID253 to facilitate the rapid sharing of SARS-CoV-2 genomic sequence data. 

To date (December 16th 2020) 267,626 complete genome sequences have been deposited in 

this database. The first RT-PCR assay, to detect SARS-CoV-2 RNA, was shared online on the 

13th of January and validated and published ten days later258.

	 Reliable and timely detection of infection is essential for proper clinical management and 

public health decision making. As well as for many other viral diseases, also for SARS-CoV-2 

RT-PCR-based diagnostic assays are essential for diagnosis. Several institutes worldwide have 

developed RT-PCR-based assays to detect SARS-CoV-2 and have shared the details of their 

assays with the scientific and public health community. An up-to-date list of assays for which 

some level of validation has been provided on the WHO website293 and is summarized in 

Table 1. Following these examples, also additional commercial assays have been developed. 

To monitor the sensitivity and specificity of RT-PCR-based assays an important first step is to 

find mismatches between primer and probes sequences and their target template, which is 

part of a routine procedure in clinical microbiology. Although difficult to predict the impact 

on performance, because this is based on the mismatch location and type, it is clear that 

more mismatches will generally have a bigger impact on the assay performance. It is evident 

that the effect of mismatches on assay performance should be evaluated by an expert user 

combined with experimental analysis after which primers or probes with an effect on assay 

performance should be optimized or revised. This is particularly important in an emerging 

infectious disease outbreak, where seeding of the strain and continued circulation in different 

regions may lead to evolution of lineages that differ genetically. Mutations in the RT-PCR 

target region have already been shown to reduce the sensitivity of the used test in clinical 

diagnostics294,295. Therefore, there may be a need for updating of primers and probes.

	 To rapidly match publicly available and laboratory-developed diagnostic primer and probe 

sets for any virus, with newly released genome sequences, we have developed a tool that 

aligns primers and probes to a multiple sequence alignment that can be obtained from public 
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databases such as the GISAID database. Since the tool was designed for end-users without 

experience in computer programming, we have developed it as a web-based user-friendly 

interface which can be easily used.

9.3 Methods
To visualize the mismatches with potential influence on the performance of primers and 

probes from RT-PCR based diagnostic assays, a data dashboard was developed using open-

source R Shiny software187. Shiny is a framework to create interactive web-apps that can be 

shared online using the ShinyApps.io platform on a private server or on a local machine. The 

primer check dashboard is currently hosted online at https://viroscience-emc.shinyapps.io/

primer-check/. The code repository is available at https://github.com/dnieuw/primer-check.

9.4 Results
The primer checking is performed by comparing a provided set of primers and probes with 

a multiple sequence alignment of genome sequences of interest in FASTA format. The first 

sequence in the multiple alignment is assumed to perfectly match all primers and probes and 

acts as a reference template for a single local alignment. In practice small mismatches and 

inserts are allowed, but large discrepancies will result in incorrectly aligned primers/probes 

and faulty results. The alignment position of the primers and probes to all other sequences 

in the multiple alignment file is inferred based on the alignment position of all primers and 

probes to the reference. The statistics of matches and mismatches are impromptu calculated 

in the results part of the application. As example dataset, the primers and probes of the 20 

published diagnostic assays on the WHO website were checked against a selection of 4,239 

whole genome SARS-CoV-2 sequences from the 16thth of October until the 16th of December 

(Supplementary Table 1, available in online version).

	 The selection was made by clustering the GISAID provided multiple alignment file by day, 

country and a minimal 5 nucleotide difference threshold and extracting the sequences from 

the last two months using a custom R script (Supplementary File 1). This resulted in 233,145 

possible alignments that can be further investigated using the interactive panels of the result 

section of the dashboard (Figure 1):
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	– In the overview window, the primer and probe sets can be selected by institute/country 

in a dropdown menu (Figure 1a). 

	– Primer and probe alignments can be selected based on their name and target gene 

using a clickable tile diagram. In this diagram red tiles indicate one or more mismatches 

(number) with the currently included genome sequences. Gray tiles in the diagram 

represent primers and probes with no mismatches. 

	– In the box in Figure 1b, alignments are displayed in a matrix like diagram showing the 

primer or probe sequence on the x axis and the number and type (y axis) of matched (*) 

and mismatched nucleotides with the target genomes. 

	– By clicking on one of the numbers indicating a match or a mismatch all selected alignments 

are shown (Figure 1c), together with the start and stop position of the alignment, and 

the sequence names.

Figure 1 Overview of the primer-check web visualization interface. (A) Separated by institute, 
diagnostic primer sets are displayed in the form of a clickable heatmap. Red blocks indicate one or 
more mismatches with that specific primer or probe. (B) Based on the selection in A the number of 
mismatches and type of mismatches with all available reference sequences are shown. (C) Based 
on the selected mismatch in B an alignment is shown of a primer or probe with the reference 
in which matches are replaced with a “.” symbol. The numbers on either side of the alignment 
indicate the alignment position in the reference genome.
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Figure 2 Summary of all mismatches and their occurrences in the example dataset. The x-axis 
displays the number of genomes with the same mismatch and the y-axis displays how often such 
a number of mismatches occurs. The total number of genomes in the example dataset is 4,239.

Following these four simple steps, users can browse through many alignments and quickly 

find mismatch profiles of their primers and probes of interest. A summary of all mismatches 

and their occurrences in the example dataset is displayed in Figure 2. Most of the mismatches 

occur in only 1 or 2 genomes, which could indicate a rare mutation or a sequencing error. 

There are, however, also mismatches that occur in more than 10 genomes or even in all the 

genomes in the example dataset.

9.5 Discussion
After the initial identification and release of the novel SARS-CoV-2 sequence the outbreak has 

continued and nucleotide mutations in the genome have been observed. With the release of 

every novel sequence the question arises whether the current RT-PCR-based assays can detect 

that specific variant. We show that these mutations can occur in target sites of diagnostic 

primers and probes and provide a tool for end-users without programming experience to 

analyze their own primer and probe sets against a set of genome sequences of their interest.

	 To analyze other PCR assays, users can upload and analyze their own primer sets and 

multiple genome alignments to the application hosted online or download and install the 

tool locally and perform the assessment locally. For SARS-CoV-2, the online application will be 

periodically updated with novel primer and probe sets if they are made available on the WHO 

website and with new sequences that are deposited in the GISAID database. This will allow 
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continuous assessment of the performance of the different SARS-CoV-2 RT-PCR-based assays. 

Note that it is not allowed to share the GISAID alignment as an example dataset and therefore 

the option to use example data will not work locally.

9.6 Conclusions
We created a user-friendly primer-check application to aid users in choosing the right primer 

and probe sets for their RT-PCR-based assays. The application is hosted online and can 

analyze any user specified primer and probe set and sequence alignment. It also provides a 

periodically updated example dataset with any newly released SARS-CoV-2 genomes, allowing 

for continuous prediction of the in silico performance of the published primer/probe sets.

	 The data used as an example in this study reveal that not all SARS-CoV-2 primer and 

probe sets listed on the WHO website perfectly match with all SARS-CoV-2 genomes, ranging 

from mismatches with single individual genomes to mismatches with all published genomes. 

Although these mismatches do not necessarily indicate decreased performance it is a warning 

that the assay should be validated in-vitro. The primer-check visualization dashboard gives 

users the opportunity to quickly check whether current diagnostic primers still align to the 

novel genome variants that are uploaded to the GISAID platform.

Supplementary data

Supplementary file 1: Available online, at https://github.com/dnieuw/primer-check
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Table 1 Overview of available SARS-CoV-2 diagnostic assays as listed by the WHO293. (FWD) 
Forward primer. (RE) Reverse primer. All sequences are in 5’ - 3’ orientation. 

Name Sequence Type Origin Target

TARGET 1 (ORF1AB) F CCCTGTGGGTTTTACACTTAA FWD CDC China Orf1ab

TARGET 1 (ORF1AB) R ACGATTGTGCATCAGCTGA RE CDC China Orf1ab

TARGET 1 (ORF1AB) P FAM -CCGTCTGCGGTATGTGGAAAGGT-
TATGG-BHQ1

PROBE CDC China Orf1ab

Target 2 (N) F GGGGAACTTCTCCTGCTAGAAT FWD CDC China N

TARGET 2 (N) R CAGACATTTTGCTCTCAAGCTG RE CDC China N

TARGET 2 (N) P FAM-TTGCTGCTGCTTGACAGATT-
TAMRA

PROBE CDC China N

RDRP_SARSR-F2 GTGARATGGTCATGTGTGGCGG FWD Charite Germany RdRP

RdRP_SARSr-R1 CARATGTTAAASACACTATTAGCATA RE Charite Germany RdRP

RDRP_SARSR-P2 FAM-CAGGTGGAACCTCATCAGGAGAT-
GC-BBQ

PROBE1 Charite Germany RdRP

RDRP_SARSR-P1 FAM-CCAGGTGGWACRTCATCMGGT-
GATGC-BBQ

PROBE2 Charite Germany RdRP

E_SARBECO_F1 ACAGGTACGTTAATAGTTAATAGCGT FWD Charite Germany E

E_Sarbeco_R2 ATATTGCAGCAGTACGCACACA RE Charite Germany E

E_SARBECO_P1 FAM-ACACTAGCCATCCTTACT-
GCGCTTCG-BBQ

PROBE Charite Germany E

HKU-ORF1B-NSP14F TGGGGYTTTACRGGTAACCT FWD HKU HongKong Orf1b

HKU- ORF1B-NSP14R AACRCGCTTAACAAAGCACTC RE HKU HongKong Orf1b

HKU-ORF1b-nsp141P FAM-TAGTTGTGATGCWATCATGACTAG-
TAMRA

PROBE HKU HongKong Orf1b

HKU-NF TAATCAGACAAGGAACTGATTA FWD HKU HongKong N

HKU-NR CGAAGGTGTGACTTCCATG RE HKU HongKong N

HKU-NP FAM-CCGCAAATTGCACAATTTGC-
TAMRA

PROBE HKU HongKong N

WH-NIC N-F CGTTTGGTGGACCCTCAGAT FWD NIH Thailand N

WH-NIC N-R CCCCACTGCGTTCTCCATT RE NIH Thailand N

WH-NIC N-P FAM-CAACTGGCAGTAACCA-BQH1 PROBE NIH Thailand N

NIID_2019-NCOV_N_F2 AAATTTTGGGGACCAGGAAC FWD NIID Japan N

NIID_2019-nCOV_N_R2 TGGCAGCTGTGTAGGTCAAC RE NIID Japan N

NIID_2019-NCOV_N_P2 F FAM-ATGTCGCGCATTGGCATGGA-BHQ PROBE NIID Japan N
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Name Sequence Type Origin Target

NIID_WH-1_F501 TTCGGATGCTCGAACTGCACC FWD NIID Japan Orf1a

NIID_WH-1_R913 CTTTACCAGCACGTGCTAGAAGG RE NIID Japan Orf1a

NIID_WH-1_F509 CTCGAACTGCACCTCATGG FWD NIID Japan Orf1a

NIID_WH-1_R854 CAGAAGTTGTTATCGACATAGC RE NIID Japan Orf1a

NIID_WH-1_SEQ_F519 ACCTCATGGTCATGTTATGG FWD NIID Japan Orf1a

NIID_WH-1_SEQ_R840 GACATAGCGAGTGTATGCC RE NIID Japan Orf1a

WuhanCoV-spk1-f TTGGCAAAATTCAAGACTCACTTT FWD NIID Japan S

WUHANCOV-SPK2-R TGTGGTTCATAAAAATTCCTTTGTG RE NIID Japan S

NIID_WH-1_F24381 TCAAGACTCACTTTCTTCCAC FWD NIID Japan S

NIID_WH-1_R24873 ATTTGAAACAAAGACACCTTCAC RE NIID Japan S

NIID_WH-1_Seq_F24383 AAGACTCACTTTCTTCCACAG FWD NIID Japan S

NIID_WH-1_SEQ_R24865 CAAAGACACCTTCACGAGG RE NIID Japan S

2019-NCOV_N1-F GACCCCAAAATCAGCGAAAT FWD CDC US N

2019-NCOV_N1-R TCTGGTTACTGCCAGTTGAATCTG RE CDC US N

2019-nCoV_N1-P FAM-ACCCCGCATTACGTTTGGTGGACC-
BHQ1

PROBE CDC US N

2019-NCOV_N2-F TTACAAACATTGGCCGCAAA FWD CDC US N

2019-NCOV_N2-R GCGCGACATTCCGAAGAA RE CDC US N

2019-NCOV_N2-P FAM-ACAATTTGCCCCCAGCGCTTCAG-
BHQ1

PROBE CDC US N

2019-NCOV_N3-F GGGAGCCTTGAATACACCAAAA FWD CDC US N

2019-NCOV_N3-R TGTAGCACGATTGCAGCATTG RE CDC US N

2019-NCOV_N3-P FAM-AYCACATTGGCACCCGCAATCCTG-
BHQ1

PROBE CDC US N

NCOV_IP2-12669FW ATGAGCTTAGTCCTGTTG FWD Institut Pasteur RdRp

NCOV_IP2-12759RV CTCCCTTTGTTGTGTTGT RE Institut Pasteur RdRp

NCOV_IP2-12696BPROBE AGATGTCTTGTGCTGCCGGTA PROBE Institut Pasteur RdRp

NCOV_IP4-14059FW GGTAACTGGTATGATTTCG FWD Institut Pasteur RdRp

NCOV_IP4-14146RV CTGGTCAAGGTTAATATAGG RE Institut Pasteur RdRp

NCOV_IP4-14084PROBE TCATACAAACCACGCCAGG PROBE Institut Pasteur RdRp

E_SARBECO_F1-PASTEUR ACAGGTACGTTAATAGTTAATAGCGT FWD Institut Pasteur E gene

E_SARBECO_R2-PASTEUR ATATTGCAGCAGTACGCACACA RE Institut Pasteur E gene

E_SARBECO_P1-PASTEUR ACACTAGCCATCCTTACTGCGCTTCG PROBE Institut Pasteur E gene
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Summarizing discussion

Viral metagenomic sequencing is an exciting new approach that has been put forward as 

a solution for a variety of applications. This has been supported by the development of 

better and new sequencing technologies. With the rapid development of second and third 

generation sequencing platforms, it is getting cheaper to produce increasingly more data. 

Especially nanopore-based portable long-read sequencing enables affordable sequencing in 

the field as demonstrated in a campaign to track and trace the Ebola virus outbreak in 2014 

in Guinea98. Sequencing has been developed as a tool for various diagnostic applications296, 

for outbreak investigations297–299 and for the discovery of novel viruses in specific hosts or 

environments300,301. The idea of metagenomic sequencing is to have a single protocol to 

capture all pathogens of interest, a “catch-all” approach, for all these different applications. 

The potential and challenges of this approach for food- and water borne viruses are reviewed 

in chapter 2 of this thesis. At that time, we concluded that several challenges still had to 

be overcome to make viral metagenomic sequencing an effective tool. Here, the challenges 

of applying viral metagenomics as tool for a variety of applications, the complexity of 

metagenomic sequencing data analysis, and the challenges of applying virus sequencing in a 

real-world scenario are discussed.
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10.1 The application of viral metagenomic sequencing in 
diagnostics, public health virology and virus discovery
The term “metagenomic sequencing” covers several different approaches which are mainly 

distinguished by the goal for which they are used. On the one hand there is sequencing without 

a predefined target and on the other hand there is sequencing to determine the diversity of 

viruses, the so-called “virome”, in a sample. To avoid confusion, we will distinguish between 

“agnostic” single pathogen sequencing and “virome” sequencing to determine the entire 

diversity of viruses in a complex sample. Yet, there are applications where the difference 

between agnostic and virome sequencing is less clear, but in general this subdivision of 

metagenomic sequencing holds. Depending on the application there are several challenges 

that have to be addressed.

10.2 Virome sequencing for public health surveillance
Virome sequencing can play an important role in detecting and tracing of “Disease X”. Since it is 

not known what Disease X will be, it is important for virome surveillance to know what viruses 

can be detected in normal situations and how stable the virome is to know when something 

extraordinary is being found. The challenge is that, without a link to a patient, it is complex 

to predict if the detected virus is pathogenic302. It may therefore seem futile to catalogue 

environmental or animal viruses that are not (yet) associated with human illness. Still, the 

majority of currently known human viral pathogens have originated from a non-human host 

and therefore keeping track of which viruses reside in which animal or what environment 

could give important clues as to how the virus ended up in the human population and could 

guide efforts to prevent these spillover events.

	 To show the potential of global virome surveillance in sewage samples in chapter 3 we 

sequenced a cross-sectional “baseline” of sewage samples from major cities around the world 

to get a better insight in the sewage virome. We found interesting differences in patterns of 

virus diversity around the globe that seem to match known virus seasonality. Even though 

we did not find strong indicators of viral abundance that could signify an ongoing outbreak, 

it is not the case that such signals cannot be found, as has been shown recently during the 

COVID19 pandemic303. In this study, although using targeted amplicon sequencing, SARS-

CoV-2 sequences could be recovered from sewage and used to track the epidemic “waves” of 

the outbreak by standardized read counts. The next step would be to use virome sequencing 

to keep track of a broad set of known pathogens and to be vigilant in detecting novel ones.
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10.2.1 Sensitivity
One of the main challenges of virome sequencing is the sensitivity and interpretability 

of sequencing of complex samples. A promising solution to increase the sensitivity and 

interpretability of virome sequencing is the use of capture probe sets which enrich a specific 

set of viruses of interest, as first showcased by Biese et al.27 and Wylie et al.304 with a probe 

set based on sequences of all vertebrate viruses available in 2014 and recently shown with 

a respiratory virus enrichment protocol for SARS-CoV-2 surveillance in sewage305,306. A virus 

capture protocol can help to enrich the sequence output for viruses of interest and thus 

increase the sensitivity. In our study in chapter 5 the capture approach did not provide a 

large benefit over agnostic sequencing, but that may be explained by the relatively “clean” 

samples used in the study. The capture approach may work best in “dirty” samples such as 

sewage, where the issue is not the abundance of the virus genetic material, but the high 

abundance of other genetic material. Also, there is room to improve the targets of the capture 

enrichment approach since the capture probe set can be tailor made to enrich for specific 

targets of interest.

10.2.2 Cost
The cost of virome sequencing is another major obstacle to its use in routine pathogen 

surveillance. In a research setting, virome sequencing is a great tool for virus discovery, 

virus diversity characterization and surveillance and the cost of sequencing determines the 

scale of the experiment, but not whether the technology is cost-effective and whether it can 

be used routinely. For implementation, however, it is important to include the costs of the 

sequencing, as described in chapter 5 when comparing different approaches especially if the 

aim is to eventually use it in a routine surveillance setting. It is difficult to estimate how much 

surveillance is sufficient and whether it warrants the costs to perform it routinely, but the 

chance to pick up an early signal of virus spillover to the human population with a possibility 

of mitigating an epidemic could be worth the investment. One example of a successful sewage 

surveillance guided approach was described for a poliovirus outbreak in Israel in 2013-2014307, 

in that study qPCR based surveillance detected poliovirus circulation in sewage before it was 

detected in clinical samples which triggered a vaccination campaign. The next step would 

be to use virome sequencing for the same purpose. On a larger scale, the global SARS-CoV-2 

pandemic has shown the financial damages a pandemic can cause and if there is any chance 

of mitigating such pandemic by routine virome sequencing surveillance it may be worth the 

necessary investments and costs.
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10.2.3 Complexity
A last challenge is the complexity of virome sequencing data analysis. Because of its sensitivity 

and untargeted nature virome sequencing is very prone to contamination and erroneous 

results can be difficult to recognize. Contamination can, for instance, occur during library 

preparation308 or come from lab reagents309,310 making it difficult to determine the validity of 

the signal. This is mainly problematic in samples with low concentrations of viruses, and in 

cases where only few viral reads are detected. To address these issues, positive and negative 

controls can be included, such as samples for which the viral content is already known, or 

samples that are spiked with a known virus, although this can be problematic with low viral 

load samples in which the spiked virus can quickly become the sole sequence result.

	 Beside quality control in the experimental setup, it is of importance to include extensive 

quality assessment steps in the analysis process, especially when comparing samples or 

experiments. As shown in chapter 3, data quality is determined not only by the number of 

generated reads, but also by other factors such as the amount of background sequences, 

and the read replication rate. These measures can indicate how successful the virome was 

sequenced. Preprocessing of the data also strongly depends on the sequencing approach and 

if viral enrichment was used as shown in chapter 5. It is therefore important to report details 

on how the virome data was generated for it to be interpretable and reused in other studies.

	 To help interpreting the complex data resulting from virome sequencing, data 

interpretation tools can be made more user friendly and have better ways of visualizing the 

data as described in chapter 4 of this thesis. Another way of improving the ease of use of 

bioinformatics software is by involving commercial parties to build user friendly interfaces to 

the software, and keep the software up-to-date. The difficulty with commercial bioinformatics 

software is that bioinformatics is a very dynamic field and before being developed into a 

fully mature software a better version has been developed in a research setting. Custom 

software-as-a-service (SAAS) providers could be a solution192, but hiring such companies 

can be expensive. Moreover, professionalization of bioinformatics software will reduce its 

flexibility and openness, which is highly valued within the bioinformatics community. Quality 

of bioinformatics analysis software is mainly tested based on quality assessment ring trails and 

in silico methods comparisons. Closed source and pay-to-use software are therefore difficult to 

compare with newly developed methods, because they are essentially a “black box”, especially 

when performing an in-depth bioinformatic comparison where not only the input and output 

are considered, but also the reason behind the differences in results are investigated. The best 
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solution would therefore be to encourage improvement of data visualization functionality 

and maintenance of bioinformatics tools from within the academic community. The difficulty, 

though, is that while they can be very time-consuming, these activities currently do not 

accumulate much academic credit, leading to a discrepancy between the number of tools 

developed and the number that actually is taken up in a sustained manner.

10.3 Agnostic sequencing for diagnostics, public health surveil-
lance, and outbreak investigation
Beside the sequencing of a whole community of viruses to monitor and describe their 

diversity, metagenomic sequencing has potential as a pathogen detection tool as shown 

in several studies311–313. In these cases metagenomic sequencing is used to detect and 

characterize a single or several disease causing viruses without knowing what virus is present 

up front: an approach referred to as agnostic sequencing. The main advantage here is that 

agnostic sequencing can detect any virus, where other molecular diagnostic approaches are 

targeted to specific (panels of) viruses. The challenge here is that if agnostic sequencing is 

to replace these other approaches it has to be able to compete on sensitivity, cost and data 

interpretability. Here we discuss the challenges that still have to be addressed.

10.3.1 Sensitivity
As with virome sequencing the sensitivity of agnostic sequencing to detect a pathogen is still 

a issue, in chapter 5 we compare the ability of several different platforms and sequencing 

approaches to perform whole genome sequencing of four different arboviruses with typical Ct 

values. We show that agnostic sequencing can detect the virus up to a Ct value of 33 using both 

Illumina sequencing and Nanopore sequencing showing the ability of agnostic sequencing to 

compete with other pathogen detection approaches. However, a higher concentration of the 

virus was necessary to generate a complete genome of the virus, which is necessary to fully 

characterize the virus and perform outbreak investigations. In those cases it is necessary to 

perform follow up experiments to complete the genome. 
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10.34.2 Cost
The benefit of agnostic sequencing as a clinical diagnostic tool is that it has the potential to 

detect all pathogens in a sample in a single test. However, it is more expensive than performing 

an RT-PCR test, which is why it is usually used as a last resort and not as a replacement. 

However, a recent analysis has highlighted the relatively little investment necessary compared 

to the large benefit gained from the additional information that genome sequencing provides 

if it can be used in an outbreak investigation30. Here, if put into monetary value, the losses 

caused by an outbreak quickly outweigh costs of genomic surveillance. However, time and 

cost effectiveness does depend on how the genomic surveillance is organized, how many 

samples are processed to benefit from the economies of scale, and the morbidity associated 

with the investigated pathogen30. Also, the study compared conventional diagnostics to whole 

genome sequencing using an amplicon based approach, therefore agnostic sequencing would 

be a next step.

10.3.3 Complexity
The lack of standardization is a main bottleneck for the implementation of agnostic sequencing 

in a routine setting, and several challenges have to be overcome to reduce the lab-to-lab 

variation of agnostic sequencing results181,314,315. The results are strongly impacted by the sample 

quality, library preparation methodology, sequence technology and data analysis, especially 

in complex sample matrixes. Besides, agnostic sequencing differs from other assays such as 

qPCR in that there is no single Ct value by which the similarity of the result can be measured, 

but there is the absence or presence of a virus, the number of reads, and the coverage of the 

genome which should be considered. It is therefore important to continue performing ring-

trials to compare sequencing performance between laboratories, and to repeat these trials 

as sequencing technologies develop like we mention in chapter 6. Of importance, though, is 

that with these ring-trials, apart from virus detection, other parameters are also taken into 

account, such as cost effectivity, ability to standardize sequencing and hands-on time. To get 

a better understanding of how realistic the performance of a laboratory is it is as important 

to test if a laboratory can routinely and cost effectively perform the compared sequencing 

procedure as it is to determine if they can pick up the target pathogen.

	 To enable routine agnostic sequencing it may be beneficial to automate sample preparation, 

which is mainly available in the form of general-purpose pipetting workstations, which require 

large investments. A more affordable alternative would be small scale microfluidic devices 
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for sample and library preparation, but these have not been successfully commercialized and 

are therefore only available on research level316. Nevertheless, research in on this topic is still 

ongoing, and new insights and developments in this field may result in library preparation 

microfluidics devices in the future317.

10.4 The bioinformatics of viral metagenomic sequencing data
10.4.1 Bioinformatics workflow development
A paradigm shift has taken place when it comes to bioinformatics software development. 

In the last decade, driven by the FAIR principles318 and facilitated by software distribution 

platforms such as Anaconda and CRAN, bioinformatics software has become increasingly easy 

to install. The infamous “dependency hell”319 of installing bioinformatics software has been 

partially if not completely mitigated with the help of these platforms. In addition to the shift 

towards easily installable of bioinformatics software, there has also been a shift towards the 

use of bioinformatics workflow management tools such as Snakemake320 and NextFlow321. 

These tools force a certain structure in the bioinformatics workflow that allows for easier 

interpretation and comparison of workflows, better scalability, and better reusability of parts 

of workflows.

	 A lack of structure and reusability has led to an explosion of workflows developed for 

virus metagenomics data analysis31 as it is generally easier to write a new workflow than to 

continue working on, or adapting a preexisting workflow. This makes it difficult for a potential 

user to choose a workflow for their specific application or to compare different workflows. In 

practice this also means that a variety of workflows are being used for the same task, which 

has been shown lead to different analysis results179,315, aggravating the problem of deciding 

which workflow to use. Therefore, the shift to using workflow management tools and software 

distribution platforms to structure and facilitate installation should make the comparison (in 

for instance EQAs) of different workflows easier going forwards.

	 The choice of workflow also depends on the purpose of the analysis, the type of data 

and the targeted viruses31. This has been exemplified in chapter 5 where, depending on 

whether an amplicon approach, an agnostic approach or a capture-based approach was used, 

the bioinformatic data processing had to be adjusted to deal with the approach-specific data 

characteristics. Similar data processing challenges were encountered while analyzing the 

global sewage study in chapter 3, where the (necessary) high level of library amplification had 
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to be adjusted for during data analysis to perform a proper quantitative comparison of the 

samples.

	 Therefore, for a fitting bioinformatic data analysis it is important to have a good under-

standing of the characteristics of the sequenced sample and the resulting data as they largely 

dictate the workflow to be used and choices to be made when analyzing the data. Fortunately, 

adjusting and comparison of different workflows is becoming easier as bioinformaticians start 

using software distribution platforms and workflow management tools to design them.

10.5 Increasing data volume
10.5.1 Increasing throughput of sequencing machines
Sequencing machines can nowadays easily generate millions of reads and thereby increase 

the potential of capturing partial and complete genomes of known or novel viruses. During 

outbreaks, as has been seen with SARS-CoV-2, the global community is now capable 

generating enormous amounts of viral genomes related to the outbreak213. On the other 

hand, more, and more in-depth virus diversity research allows for the redefinition of viral 

families, based on sequence data alone158. Increased throughput has also made it more cost 

effective to sequence more samples at the same sequencing depth as before. However, the 

high throughput of new sequencing machines does not always mean that more information is 

generated as we demonstrate in chapter 3 and 5, where more sequencing only results in more 

replicates in low-input samples.

10.5.2 Reference databases
One of the main challenges in viral bioinformatics is the choice of reference databases, where 

the choice is between inclusive databases such as Genbank166 containing less-well curated 

sequences and exclusive databases such as RefSeq322 containing well curated reference 

sequences. The latter may be more suitable to detect and annotate well-known viruses in a 

clinical diagnostic or public health surveillance setting, but for metagenomic virus discovery 

using an as inclusive as possible reference database may be preferred. However, the choice is 

difficult because of several issues with either inclusive or exclusive databases. 

	 RefSeq contains only single reference genomes for most viral species, which is very limited 

given the viral diversity that may exist within a viral species. Therefore, while being a good 

reference database, it does not contain a good set of representatives for every viral species. 
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Also, especially for viruses, an up-to-date reference is important since viruses naturally evolve 

relatively rapidly over time and a reference genome of a few decades ago does not accurately 

represent the currently circulating strain of the same species. 

	 On the other hand, Genbank contains all virus sequences submitted to the International 

Nucleotide Sequence Database Collaboration (INSDC). The database contains 8,099,669 

sequences in the latest release (release 248), which is expected to increase exponentially 

following the massive attention to sequence based surveillance during the SARS-CoV-2 

pandemic. While this is a much better representation of the true diversity of viruses the issue 

with inclusive databases is that they contain many redundant sequences, miss annotations, 

and have sequence artefacts, making it difficult to interpret the value of a “hit”.

	 Besides the officially recognized and characterized species, there are many non-classified 

viruses from metagenome datasets which expand the known virus diversity even more323. 

Also, the knowledge of bacteria tremendously increased as the amount of Genbank entries 

almost doubled from 1,235,345 to 2,286,858 between 2015 and 2022. For metagenomic 

sequence analysis this means that increasingly bigger databases have to be queried, which, 

with the current approaches, at some point will only be possible using extremely powerful 

computers.

	 There are several strategies to approach this database issue, such as restricting the 

database to a limited set of reference sequences, as has been done in the global sewage 

analysis in chapter 3. Other approaches make use of advanced search algorithms to enable 

querying of enormous databases324. There have also been attempts to “cleanup” and thereby 

reduce the size of genome databases for viruses325 or create virus specific databases with 

better curated sequences326. There is however a tradeoff between sensitivity and specificity 

when choosing the appropriate reference databases and cleaned databases may give reliable 

results on the sequences they do contain but miss interesting viruses when performing virus 

discovery. 

	 Thus, future efforts should be aimed towards the generation of curated, yet inclusive, 

reference databases and quality control should not only be applied to the sequence data, but 

also to the reference database used for annotation. Brute-force high-speed search algorithms 

will at some point still fail to cope with the exponential increase in reference sequences, 

therefore smarter solutions will have to be developed to handle the increase in reference 

sequences.
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10.5.3 Large repositories of metagenomic read data
Beside viral reference databases, there is also a huge increase in unannotated and partially 

annotated metagenomic read data. Recent endeavors to map the viruses present in these 

data have shown an enormous wealth of virus diversity327. Adding this wealth of virus 

diversity to reference databases could help to put the findings of future metagenomic studies 

in perspective and reduce the fraction of so-called “dark matter” by linking these unknown 

sequences between metagenomic samples. However, current reference databases are already 

reaching their limits in terms of usability. Therefore, when these “dark matter” sequences 

are added to the mix, sequence annotation will be even more challenging and a smarter than 

brute-force solution must be found where database curation and sequence space reduction 

will play a large role.

10.6 Interpretation of complex metagenomic sample data
10.6.1 Virus taxonomy
The increase in virome sequencing of viruses strongly contributes to the expansion of 

knowledge about virus diversity. Therefore, it is important to catalogue the viruses in 

virome data well and thereby contribute to the general knowledge of viral taxonomy for 

future reference. However, viral taxonomy is very complex because of the lack of universal 

linker genes, complex evolutionary trajectories, and virus specific rules and thresholds. It is 

therefore difficult to automate taxonomic assignment. Recently several taxonomic annotation 

workflows have been developed for viruses that attempt to unify the expert knowledge 

derived and sequence data driven taxonomy which is a great step towards automated data-

driven taxonomy143,157. However, these tools focus on annotation of complete genomes, 

which are often not available in virome sequencing datasets. Therefore, to allow taxonomic 

annotation of virome data, a solution is needed that enables the placement of partial genomes 

in this data-driven taxonomic framework as well. One approach would be by separating virus 

annotation into several quality categories328,329. The next step is to shift towards using this 

newly defined virus taxonomy in virus annotation workflows, which currently often rely on 

the NCBI determined taxonomic definitions. Transitioning to new sequence driven method of 

taxonomic annotation, will hopefully lead to more reliable and more informative taxonomic 

annotations of metagenomic data derived viruses.
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10.6.2 Virus typing
Beside taxonomic annotation, for meaningful interpretation of the viral sequence the devil is 

often in the details. Not just the viral species, but determining the clade, type, subtype and/

or lineage is usually crucial to a virologist to fully interpret the viral genome. These types of 

annotations are usually based on a shared phenotypic trait or an association with a specific 

phylogenetic or epidemiologic cluster and therefore detailed knowledge is needed on what 

genomic information is necessary to assign the annotation. Automation of these annotations 

is complex and will differ greatly from virus to virus and therefore specific viral typing tools 

are usually developed specifically tailored to the virus in question28,330. A specific complexity 

with metagenomic data is the fact that usually only part of the viral genome is recovered from 

the data, which means that if the typing region is not present in the data, the genome cannot 

be typed. A solution may be to look at approaches that use multiple, genome-covering, loci 

for typing analogous to multi-locus-sequence-typing as is used for typing of bacterial strains. 

However, if the recovered region is simply not informative for viral typing, or if the virus is 

known to regularly recombine parts of its genome, full typing is simply not possible based on 

a partial genome and follow-up experiments, for instance using a specific PCR, are necessary 

to type the virus. Given the complexity of virus typing it remains to be seen if a general 

automated typing tool for metagenomic sequencing data can be developed or if individual 

tools developed by individual expert groups will continue to be the standard. Nevertheless, 

it is important for viral metagenomic data analysis to consider that species determination 

if often not sufficient and detailed genome annotation is often needed to interpret the 

characteristics of the viruses that are present in the data.

10.6.3 Variant annotation
Another step in metagenomic sequence annotation is the reliable detection of variants 

and minor variants in virus genomes331. In chapter 5 we show that variants can be reliably 

determined using a variety of approaches. However, we also show that, especially at lower 

virus concentrations, the reliability of variant determination diminishes. With the appropriate 

data curation methods, it is possible to increase the reliability and determine the complete 

genome up to Ct 33. For minor variant detection an amplicon approach, high number of 

genome copies per sample, replicate samples, deep sequencing, conservative SNP calling, and 

careful primer trimming is recommended for reliable intra-host diversity measurements215. 

Those criteria limit the analysis of this type of diversity to well-controlled experimental setups, 
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although the described data quality criteria can be a useful guideline to reduce the risk of miss 

annotation. 

10.6.4 Virus mixture separation
For environmental samples or other samples where a mix of similar viruses is expected to 

be present it is important to realize that assembly of these data can potentially generate 

mixture consensus viruses. One potential solution could be to use a haplotype recovery tool 

such as “Hansel and Gretel”332 to attempt to recover “pure” viruses as has been done in a 

recent description of crAssphage diversity in metagenome samples333. Another promising 

approach, used to recover SARS-CoV-2 variants from sewage sample data, makes use of a tool 

that was originally used to determine RNA isoforms in Eukaryotes334. Especially in complex 

samples mixtures of similar viruses can be expected when using metagenomic sequencing 

and therefore recovering the genomes of individual viruses can be difficult and requires extra 

attention when analyzing the data in detail.

10.7 Real-world application of genomic surveillance during the 
SARS-CoV-2 pandemic
10.7.1 The added benefit of viral sequencing data for detection and following 
of an outbreak
By using agnostic sequencing and quick data sharing, the genome of the novel SARS-CoV-2 was 

available within weeks after the beginning of the pandemic335, which greatly improved the 

pandemic preparedness of other countries. An incredible volume of sequencing data has been 

produced following the start of the SARS-CoV-2 pandemic which has shown the potential of 

large scale near real time sequence surveillance during an infectious disease outbreak to guide 

policy making (chapter 7) and to perform viral tracking and tracing in a hospital environment 

(chapter 8). For local pandemic response, contact tracing, and public health decision making, 

local dense sequencing information is very helpful. However, this pandemic in particular has 

shown how quickly a novel virus can spread across the globe and therefore global surveillance 

is necessary to predict and prevent the spread of novel viruses and continuous updates have 

to be executed to keep up with novel variants (chapter 9). It has become evident that there 

are major gaps in the global sequence surveillance coverage, especially in middle- and low-

income countries336. Therefore, sequencing capacity building using low-cost equipment should 
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be a main target for global infectious disease preparedness, as well as the establishment of a 

sustained cold-chain delivery scheme for reagents at compatible costs. A better coverage of 

sequence diversity research worldwide may also help to discover viral origins, which in case of 

SARS-CoV-2 is currently still under debate337. More prospective viral diversity research using 

metagenomic sequencing of animal, sewage and environmental samples may make it possible 

to find a better connection between outbreaks and these virus reservoirs in the future.

10.8.2 Massive scale genome sequencing during outbreaks
With the massive amounts of genome sequences new challenges have arisen to keep track 

of and extract information from this data. GISAID253 has been very successful in collecting, 

curating, and distributing the generated genome sequences. From the research community 

various tools to interpret this data have been made such as Pangolin330, to subdivide the 

sequences into lineages. There are still some technical challenges to be addressed, such as 

methods to distill good representative sequences from the bulk of (largely) similar sequences, 

and the annotation and interpretation of (minor) variants from read data. On the other hand, 

it is good to question if this massive amount of concentrated genomic surveillance is useful 

without a better picture of the rest of the world. There is a strong imbalance in sequencing 

capacity between high and middle- and low-income countries which gives an incomplete image 

of disease global disease spread during a pandemic338. The SARS-CoV-2 pandemic has shown 

how fast viral variants can spread across the globe, and therefore local genomic surveillance 

must be supported by better genomic surveillance capacity in Africa and other low- and middle 

income countries to get a better view of global infectious disease emergence and spread339. 

Nevertheless, this pandemic has turbocharged the worlds knowledge and capacity to perform 

genomic surveillance, which will undoubtedly influence genomic surveillance in the future.

10.8.3 Organization of sequence surveillance during a pandemic
Following the discovery of a novel virus, the speed and number of complete genomes shared 

on the GISAID platform253 showed the potential of genome sequence sharing for worldwide 

infectious disease outbreak surveillance. However, besides the aforementioned technical 

challenges of large-scale sequence-based surveillance, the COVID-19 pandemic has also 

revealed the challenges regarding data sharing and (inter)national collaboration, in particular 

when it comes to metadata. Genome sequences provide an epidemiological link between 

patients, but the metadata associated with the genomic data provide the extra information 
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necessary to figure out why the sequences are linked. This information, however, often lacks 

necessary detail or is absent due to several metadata sharing challenges. The challenges of 

metadata sharing for proper outbreak response have already been studied in depth before the 

SARS-CoV-2 pandemic340 and especially academic data sharing has improved over the years 

and is required by many academic journals before publication. Data sharing primarily becomes 

very complex when, apart from academic institutes, (inter)national public health organisations 

and commercial parties are involved, which have their own political, ethical, economic, 

administrative, regulatory and legal barriers340. The benefit of rapid sharing of sequence data 

during an outbreak was first shown during the 2009 H1N1 influenza A pandemic, facilitated by 

the development of the GISAD platform, and later during the Ebola outbreak in 2014 it (again) 

became apparent that data sharing was hampered by political and cultural barriers341. While 

the political and cultural concerns are understandable, the successful future of infectious 

disease surveillance and preparedness depends the data sharing solutions developed based 

on these “lessons learned”.

	 A first step to a solution would be a re-evaluation of what kind of data can be shared publicly 

and how to facilitate the sharing of confidential data for research purposes. In principle all 

metadata can be shared, but some data can only be shared using protected databases, while 

other data can be shared publicly. The issue here is that regulations surrounding data sharing 

are complex and it is often unclear what can and cannot be shared, which leads to a default 

towards data protection instead of attempting to share as much data as possible340. Adding to 

this is the large attention in society and the media towards data safety with an emphasis on 

the harm of “leaking” of data342. On the contrary there is little attention for the potential harm 

of excessive data privacy343, which can hamper investigations due to the inability to share 

information. However, sharing of infectious disease outbreak information can also have severe 

negative (financial) consequences to the involved individual, company or country, making it 

difficult to balance between sharing and withholding data, especially when the benefit of data 

sharing is indirect and unclear, while the benefit of data privacy is direct and clear.

	 A second step would be to investigate what data is necessary for what investigations and 

what has to be done to facilitate the sharing of this information. The challenge here is to 

determine what information is relevant to share because it depends on the type of analysis. 

The “easy” solution would be to share everything, but there is a balance between the effort 

of sharing more data and the usefulness of sharing data. It must not be underestimated how 

much effort goes into the collection of data before it is shared and prioritization will help the 

willingness to share344.
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The willingness to share is probably the most important and a third step would be to 

investigate ways to incentivize data sharing by ensuring mutual benefit. For instance, by 

facilitating the act of data sharing, through user friendly interfaces in public and/or private 

databases, but more importantly providing services that make sharing data worth the effort 

and/or risk. To incentivize data sharing it has recently been suggested to use data Digital 

Object Identifiers (DOIs), allowing scientists to acknowledge eachothers data sharing efforts 

in their manuscripts, although this idea is not new and has already been proposed before in 

2014345 and has apparently not caught on as of yet.

	 All together effective data sharing is one of the most complex and important challenges to 

overcome to build a successful global infectious disease surveillance network. Following the 

SARS-CoV-2 pandemic, the importance of overcoming these challenges has been emphasized 

and important steps have been made, but also complex challenges remain.
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12.1 Metagenoom sequencen voor surveillance van voedsel- en 
water-overdraagbare virussen
De huidige surveillance van virale pathogenen is vooral gebaseerd op informatie van patiënten 

waarbij diagnostiek wordt aangevraagd door huisartsen of van patienten die zijn opgenomen 

het ziekenhuis. Daarmee geeft de surveillance een sterk verbogen beeld, aangezien de meeste 

infecties niet tot een bezoek aan de huisarts of tot ziekenhuisopname leiden. Bovendien is 

de surveillance beperkt tot bekende pathogenen waarvoor bestrijdingsprogramma’s zijn 

ontwikkeld. Om beter zicht te krijgen op de circulatie van alle virale pathogenen in de populatie 

is daarom een andere aanpak nodig. Metagenoom sequencen, ookwel “shotgun” sequencen 

of “agnostisch” sequencen genoemd, is een methode waarbij al het DNA en RNA van een 

organisme wordt gesequenced zonder dat het genoom van het organisme vooraf bekend 

hoeft te zijn. Daarnaast kunnen meerdere pathogenen tegelijkertijd in kaart worden gebracht. 

Om die redenen wordt deze methode gebruikt voor generieke virus detectie. Een specifiek 

geval waar monitoring op basis van systematisch metagenoom sequencen van toepassing zou 

kunnen zijn is bij het testen van voedsel- en omgevingsmonsters op de aanwezigheid van 

pathogenen. In hoofdstuk 2 verkennen we de potentie van metagenoom sequencen voor het 

monitoren van virussen die via voedsel en/of water verspreiden, en bespreken technische 

mogelijkheden en beperkingen van de huidige methoden, inclusief bioinformatica analyse en 

data visualisatie.

12.2 Een startpunt voor het wereldwijd monitoren van virussen 
in rioolwater
Naast gerichtte methodes is metagenoom sequencen van rioolwater met wisselend succes 

ingezet als toevoeging en uitbereiding bij het monitoren van virussen. Een van de basisvragen 

bij metagenoom sequencing van zulke complexe monsters is wat een “normale” samenstelling 

is van het zogenaamde viroom, en wat kan worden gezien als viraal “signaal” voor surveillance. 

Met dat doel is in hoofdstuk 3 een wereldwijde cross-sectionele “foto” gemaakt door rond 

hetzelfde moment het viroom van rioolwater monsters van 62 grote steden verspreid over 

alle continenten van de wereld te sequencen. Dit liet seizoenspatronen zien van humane 

pathogene virussen en ook verschillen tussen de hoeveelheden insect en planten gerelateerde 

virussen in het noordelijk en het zuidelijk halfrond.
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12.3 Visualisatie van complexe metagenoom sequencing datasets
De resultaten van metagenoom sequencing experimenten van monsters met een grote 

diversiteit aan virussen zijn lastig om te analyseren voor wetenschappers zonder programmeer 

kennis. Om dit te vergemakkelijken is in hoofdstuk 4 een viroom browser applicatie ontwikkeld, 

waarmee gebruikers complexe metagenoom analyse resultaten kunnen doorzoeken met de 

hulp van interactieve kwaliteitsfilters. Daarnaast maakt de viroom browser het makkelijk om 

specifieke interessante sequenties uit de dataset te halen voor verder onderzoek. Ook kan een 

stratificatie worden gemaakt van de viroom annotatie data, om zo verschillende monsters met 

elkaar te vergelijken.

12.4 Vergelijken van verschillende sequencing methodes voor 
arbo-virussen
Uitbraakonderzoek maakt in toenemende mate gebruik van “whole genome sequencing” 

(WGS). Daarvoor kunnen meerdere sequencing methodes worden gebruikt, die variëren in 

sensitiviteit, doorlooptijd en kosten. In hoofdstuk 5 beschrijven we een grondige vergelijking 

van amplicon-, agnostisch- of capture-gebaseerde sequencing methodes voor vier arbo-

virussen. Uit deze vergelijking concluderen we dat alle methodes kunnen worden gebruik voor 

het detecteren van de aanwezigheid van deze virussen maar dat voor het verkrijgen van een 

volledig genoom een capture gebaseerde of een amplicon gebaseerde methode de voorkeur 

heeft. Deze vergelijking kan laboratoria helpen om een keuze te maken voor een sequencing 

methode passend bij de specifieke vraagstelling en de beschikbare middelen.

12.5 Methodes voor het valideren van nanopore gebaseerde 
genoom sequencing
In hoofdstuk 6 wordt stap voor stap een methode voor de evaluatie van Nanopore sequencing 

resultaten uitgelegd in een video artikel. We gebruiken het sequencen van het Usutu virus als 

een voorbeeld en gebruiken Illumina sequencen als de gouden standaard validatie methode. 

Gebaseerd op de resultaten van het onderzoek is het mogelijk om minimale kwaliteits 

standaarden te zetten voor het verkrijgen van een betrouwbaar en volledig genoom en kunnen 

software settings zo worden gezet dat een goede kwaliteit consensus sequentie kan worden 

gegenereerd na het verwerken van de ruwe data. Het is echter wel zo dat door de snelle 
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technologische verbeteringen in sequence kwaliteit en doorlooptijd regelmatig moet worden 

heroverwogen om de parameters aan te passen. Naar aanleiding van die verbeteringen kunnen 

er namelijk wellicht meer monsters tegelijk worden verwerkt tegen een lagere kostprijs, wat 

nodig is om routinematig sequencen mogelijk te maken binnen de moleculaire diagnostiek.

12.6 Bijna real-time SARS-CoV-2 sequencen in het begin van de 
pandemie
In het begin van 2020 dook een nieuw SARS-achtig coronavirus (SARS-CoV-2) op in de Wuhan 

provincie in China en verspreidde zich snel over de wereld. Doordat het volledige genoom snel 

werd gesequenced en gedeeld konden we vroegtijdig een amplicon gebaseerd sequencing 

protocol opzetten om het virus te sequencen. In maart 2020 werden de eerste gevallen van 

SARS-CoV-2 in Nederland gevonden door middel van een specifieke RT-PCR. In hoofdstuk 

7 beschrijven we hoe we door het sequencen van het meerendeel van deze gevallen een 

phylogenetische analyse konden uitvoeren die hielp om een data gedreven besluit te maken 

over de aanpak van de uitbraak. Deze snelle karakterisatie en bijna real-time sequentie analyse 

met directe invloed op beslissingen voor de publieke gezondheidszorg laat zien wat de kracht 

is van genoom sequencen voor pathogeen detectie en surveillance.

12.7 Onderzoek naar SARS-CoV-2 clusters in ziekenhuizen 
Na de initiele introductie van SARS-CoV-2 in Nederland verspreidde het virus zich, met 

meerdere kleinere en grotere uitbraken tot gevolg. Om de aanpak van de bestrijding te 

ondersteunen is het belangrijk om deze uitbraken te onderzoeken en de omvang en origine 

ervan te bepalen. In hoofdstuk 8 beschrijven we hoe het combineren van epidemiologische 

data en genoom sequencen gebruikt werd om inzicht te krijgen in de verspreiding van SARS-

CoV-2 bij zorgmedewerkers van drie grote ziekenhuizen in het zuiden van Nederland in 

maart 2020. Op basis van de analyses kon worden geconcludeerd dat er geen wijdverspreide 

ziekenhuistransmissie plaatvond tussen medewerkers en patienten en vice versa. De genoom 

sequenties bleken daarbij van toegevoegde waarde voor het lokale infectiepreventie beleid.
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12.8 Afwijkingen vinden in diagnostische en amplicon primers
Tijdens een uitbraak neemt het aantal virussen met mutaties in het genoom toe, door 

willekeurige fouten die worden gemaakt tijdens virus replicatie. Deze mutaties kunnen 

plaatsvinden in de gebieden waar de primers van een diagnostische RT-PCR binden wat 

ervoor kan zorgen dat deze minder goed werken. Om te bepalen of een nieuwe virus variant 

nog kan worden gedetecteerd is de eerste check vaak of het mutaties bevat in de regio die 

wordt getarget door de RT-PCR. Vooral als er veel varianten circuleren en er veel verschillende 

primers gebruikt worden is dit een bewerkelijk proces. In hoofdstuk 9 beschijven we een 

gebruiksvriendelijke bioinformatische tool die snel een overzicht geeft welke primers wel of 

niet overeenkomen met een set virus varianten. Op basis van de positie en de soort mismatch 

van de primer kan actie worden ondernomen om de primers te testen en aan te passen. Dit 

geeft wetenschappers de mogelijkheid om snel en makkelijk een eerste check te doen op de 

diagnostische en/of amplicon sequencing primers die ze gebruiken.
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>My_SARS-CoV-2_Genome 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnncgatctcttgtagatctgttctctaaacga
actttaaaatctgtgtggctgtcactcggctgcatgcttagtgcactcacgcagtataattaataactaattactgtcgttgac
aggacacgagtaactcgtctatcttctgcaggctgcttacggtttcgtccgtgttgcagccgatcatcagcacatctaggtttT
gtccgggtgtgaccgaaaggtaagatggagagccttgtccctggtttcaacgagaaaacacacgtccaactcagtttgcct
gttttacaggttcgcgacgtgctcgtacgtggctttggagactccgtggaggaggtcttatcagaggcacgtcaacatcttaa
agatggcacttgtggcttagtagaagttgaaaaaggcgttttgcctcaacttgaacagccctatgtgttcatcaaacgttcgg
atgctcgaactgcacctcatggtcatgttatggttgagctggtagcagaactcgaaggcattcagtacggtcgtagtggtga
gacacttggtgtccttgtccctcatgtgggcgaaataccagtggcttaccgcaaggttcttcttcgtaagaacggtaataaag
gagctggtggccatagGtacggcgccgatctaaagtcatttgacttaggcgacgagcttggcactgatccttatgaagattt
tcaagaaaactggaacactaaacatagcagtggtgttacccgtgaactcatgcgtgagcttaacggaggggcatacactc
gctatgtcgataacaacttctgtggccctgatggctaccctcttgagtgcattaaagaccttctagcacgtgctggtaaagctt
catgcactttgtccgaacaactggactttattgacactaagaggggtgtatactgctgccgtgaacatgagcatgaaattgc
ttggtacacggaacgttctgaaaagagctatgaattgcagacaccttttgaaattaaattggcaaagaaatttgacaccttc
aatggggaatgtccaaattttgtatttcccttaaattccataatcaagactattcaaccaagggttgaaaagaaaaagcttg
atggctttatgggtagaattcgatctgtctatccagttgcgtcaccaaatgaatgcaaccaaatgtgcctttcaactctcatga
agtgtgatcattgtggtgaaacttcatggcagacgggcgattttgttaaagccacttgcgaattttgtggcactgagaatttg
actaaagaaggtgccactacttgtggttacttaccccaaaatgctgttgttaaaatttattgtccagcatgtcacaattcaga
agtaggacctgagcatagtcttgccgaataccataatgaatctggcttgaaaaccattcttcgtaagggtggtcgcactatt
gcctttggaggctgtgtgttctcttatgttggttgccataacaagtgtgcctattgggttccacgtgctagcgctaacataggtt
gtaaccatacaggtgttgttggagaaggttccgaaggtcttaatgacaaccttcttgaaatactTcaaaaagagaaagtca
acatcaatattgttggtgactttaaacttaatgaagagatcgccattattttggcatctttttctgcttccacaagtgcttttgtg
gaaactgtgaaaggtttggattataaagcattcaaacaaattgttgaatcctgtggtaattttaaagttacaaaaggaaaag
ctaaaaaaggtgcctggaatattggtgaacagaaatcaatactgagtcctctttatgcatttgcatcagaggctgctcgtgtt
gtacgatcaattttctcccgcactcttgaaactgctcaaaattctgtgcgtgttttacagaaggccgctataacaatactagat
ggaatttcacagtattcactgagactcattgatgctatgatgttcacatctgatttggctactaacaatctagttgtaatggcc
tacattacaggtggtgttgttcagttgacttcgcagtggctaactaacatctttggcactgtttatgaaaaactcaaacccgtc
cttgattggcttgaagagaagtttaaggaaggtgtagagtttcttagagacggttgggaaattgttaaatttatctcaacctg
tgcttgtgaaattgtcggtggacaaattgtcacctgtgcaaaggaaattaaggagagtgttcagacattctttaagcttgtaa
ataaatttttggctttgtgtgctgactctatcattattggtggagctaaacttaaagccttgaatttaggtgaaacatttgtcac
gcactcaaagggattgtacagaaagtgtgttaaatccagagaagaaactggcctactcatgcctctaaaagccccaaaag
aaattatcttcttagagggagaaacacttcccacagaagtgttaacagaggaagttgtcttgaaaactggtgatttacaacc
attagaacaacctactagtgaagctgttgaagctccattggttggtacaccagtttgtattaacgggcttatgttgctcgaaa
tcaaagacacagaaaagtactgtgcccttgcacctaatatgatggtaacaaacaataccttcacactcaaaggcggtgcac
caacaaaggttacttttggtgatgacactgtgatagaagtgcaaggttacaagagtgtgaatatcaTttttgaacttgatga
aaggattgataaagtacttaatgagaagtgctctgcctatacagttgaactcggtacagaagtaaatgagttcgcctgtgtt
gtggcagatgctgtcataaaaactttgcaaccagtatctgaattacttacaccactgggcattgatttagatgagtggagtat
ggctacatactacttatttgatgagtctggtgagtttaaattggcttcacatatgtattgttctttTtaccctccagatgaggat
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>My_SARS-CoV-2_Genome 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnncgatctcttgtagatctgttctctaaacga
actttaaaatctgtgtggctgtcactcggctgcatgcttagtgcactcacgcagtataattaataactaattactgtcgttgac
aggacacgagtaactcgtctatcttctgcaggctgcttacggtttcgtccgtgttgcagccgatcatcagcacatctaggtttT
gtccgggtgtgaccgaaaggtaagatggagagccttgtccctggtttcaacgagaaaacacacgtccaactcagtttgcct
gttttacaggttcgcgacgtgctcgtacgtggctttggagactccgtggaggaggtcttatcagaggcacgtcaacatcttaa
agatggcacttgtggcttagtagaagttgaaaaaggcgttttgcctcaacttgaacagccctatgtgttcatcaaacgttcgg
atgctcgaactgcacctcatggtcatgttatggttgagctggtagcagaactcgaaggcattcagtacggtcgtagtggtga
gacacttggtgtccttgtccctcatgtgggcgaaataccagtggcttaccgcaaggttcttcttcgtaagaacggtaataaag
gagctggtggccatagGtacggcgccgatctaaagtcatttgacttaggcgacgagcttggcactgatccttatgaagattt
tcaagaaaactggaacactaaacatagcagtggtgttacccgtgaactcatgcgtgagcttaacggaggggcatacactc
gctatgtcgataacaacttctgtggccctgatggctaccctcttgagtgcattaaagaccttctagcacgtgctggtaaagctt
catgcactttgtccgaacaactggactttattgacactaagaggggtgtatactgctgccgtgaacatgagcatgaaattgc
ttggtacacggaacgttctgaaaagagctatgaattgcagacaccttttgaaattaaattggcaaagaaatttgacaccttc
aatggggaatgtccaaattttgtatttcccttaaattccataatcaagactattcaaccaagggttgaaaagaaaaagcttg
atggctttatgggtagaattcgatctgtctatccagttgcgtcaccaaatgaatgcaaccaaatgtgcctttcaactctcatga
agtgtgatcattgtggtgaaacttcatggcagacgggcgattttgttaaagccacttgcgaattttgtggcactgagaatttg
actaaagaaggtgccactacttgtggttacttaccccaaaatgctgttgttaaaatttattgtccagcatgtcacaattcaga
agtaggacctgagcatagtcttgccgaataccataatgaatctggcttgaaaaccattcttcgtaagggtggtcgcactatt
gcctttggaggctgtgtgttctcttatgttggttgccataacaagtgtgcctattgggttccacgtgctagcgctaacataggtt
gtaaccatacaggtgttgttggagaaggttccgaaggtcttaatgacaaccttcttgaaatactTcaaaaagagaaagtca
acatcaatattgttggtgactttaaacttaatgaagagatcgccattattttggcatctttttctgcttccacaagtgcttttgtg
gaaactgtgaaaggtttggattataaagcattcaaacaaattgttgaatcctgtggtaattttaaagttacaaaaggaaaag
ctaaaaaaggtgcctggaatattggtgaacagaaatcaatactgagtcctctttatgcatttgcatcagaggctgctcgtgtt
gtacgatcaattttctcccgcactcttgaaactgctcaaaattctgtgcgtgttttacagaaggccgctataacaatactagat
ggaatttcacagtattcactgagactcattgatgctatgatgttcacatctgatttggctactaacaatctagttgtaatggcc
tacattacaggtggtgttgttcagttgacttcgcagtggctaactaacatctttggcactgtttatgaaaaactcaaacccgtc
cttgattggcttgaagagaagtttaaggaaggtgtagagtttcttagagacggttgggaaattgttaaatttatctcaacctg
tgcttgtgaaattgtcggtggacaaattgtcacctgtgcaaaggaaattaaggagagtgttcagacattctttaagcttgtaa
ataaatttttggctttgtgtgctgactctatcattattggtggagctaaacttaaagccttgaatttaggtgaaacatttgtcac
gcactcaaagggattgtacagaaagtgtgttaaatccagagaagaaactggcctactcatgcctctaaaagccccaaaag
aaattatcttcttagagggagaaacacttcccacagaagtgttaacagaggaagttgtcttgaaaactggtgatttacaacc
attagaacaacctactagtgaagctgttgaagctccattggttggtacaccagtttgtattaacgggcttatgttgctcgaaa
tcaaagacacagaaaagtactgtgcccttgcacctaatatgatggtaacaaacaataccttcacactcaaaggcggtgcac
caacaaaggttacttttggtgatgacactgtgatagaagtgcaaggttacaagagtgtgaatatcaTttttgaacttgatga
aaggattgataaagtacttaatgagaagtgctctgcctatacagttgaactcggtacagaagtaaatgagttcgcctgtgtt
gtggcagatgctgtcataaaaactttgcaaccagtatctgaattacttacaccactgggcattgatttagatgagtggagtat
ggctacatactacttatttgatgagtctggtgagtttaaattggcttcacatatgtattgttctttTtaccctccagatgaggat
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gaagaagaaggtgattgtgaagaagaagagtttgagccatcaactcaatatgagtatggtactgaagatgattaccaagg
taaacctttggaatttggtgccacttctgctgctcttcaacctgaagaagagcaagaagaagattggttagatgatgatagt
caacaaactgttggtcaacaagacggcagtgaggacaatcagacaactactattcaaacaattgttgaggttcaacctcaa
ttagagatggaacttacaccagttgttcagactattgaagtgaatagttttagtggttatttaaaacttactgacaatgtatac
attaaaaatgcagacattgtggaagaagctaaaaaggtaaaaccaacagtggttgttaatgcagccaatgtttaccttaaa
catggaggaggtgttgcaggagccttaaataaggctactaacaatgccatgcaagttgaatctgatgattacatagctacta
atggaccacttaaagtgggtggtagttgtgttttaagcggacacaatcttgctaaacactgtcttcatgttgtcggcccaaat
gttaacaaaggtgaagacattcaacttcttaagagtgcttatgaaaattttaatcagcacgaagttctacttgcaccattatt
atcagctggtatttttggtgctgaccctatacattctttaagagtttgtgtagatactgttcgcacaaatgtctacttagctgtct
ttgataaaaatctctatgacaaacttgtttcaagctttttggaaatgaagagtgaaaagcaagttgaacaaaagatcgctga
gattcctaaagaggaagttaagccatttataactgaaagtaaaccttcagttgaacagagaaaacaagatgataagaaaa
tcaaagcttgtgttgaagaagttacaacaactctggaagaaactaagttcctcacagaaaacttgttactttatattgacatt
aatggcaatcttcatccagattctgccactcttgttagtgacattgacatcactttcttaaagaaagatgctccatatatagtg
ggtgatgttgttcaagagggtgttttaactgctgtggttatacctactaaaaaggctAgtggcactactgaaatgctagcga
aagctttgagaaaagtgccaacagacaattatataaccacttacccgggtcagggtttaaatggttacactgtagaggagg
caaagacagtgcttaaaaagtgtaaaagtgcTttttacattctaccatctattatctctaatgagaagcaagaaattcttgg
aactgtttcttggaatttgcgagaaatgcttgcacatgcagaagaaacacgcaaattaatgcctgtctgtgtggaaactaaa
gccatagtttcaactatacagcgtaaatataagggtattaaaatacaagagggtgtggttgattatggtgctagattttactt
ttacaccagtaaaacaactgtagcgtcacttatcaacacacttaacgatctaaatgaaactcttgttacaatgccacttggct
atgtaacacatggcttaaatttggaagaagctgctcggtatatgagatctctcaaagtgccagctacagtttctgtttcttcac
ctgatgctgttacagcgtataatggttatcttacttcttcttctaaaacacctgaagaacattttattgaaaccatctcacttgc
tggttcctataaagattggtcctattctggacaatctacacaactaggtatagaatttcttaagagaggtgataaaagtgtat
attacactagtaatcctaccacattccacctagatggtgaagttatcacctttgacaatcttaagacacttctttctttgagag
aagtgaggactattaaggtgtttacaacagtagacaacattaacctccacacgcaagttgtggacatgtcaatgacatatg
gacaacagtttggtccaacttatttggatggagctgatgttactaaaataaaacctcataattcacatgaaggtaaaacatt
ttatgttttacctaatgatgacactctacgtgttgaggcttttgagtactaccacacaactgatcctagttttctgggtaggtac
atgtcagcattaaatcacactaaaaagtggaaatacccacaagttaatggtttaacttctattaaatgggcagataacaact
gttatcttgccactgcattgttaacactccaacaaatagagttgaagtttaatccacctgctctacaagatgcttattacaga
gcaagggctggtgaagctgctaacttttgtgcacttatcttagcctactgtaataagacagtaggtgagttaggtgatgttag
agaaacaatgagttacttgtttcaacatgccaatttagattcttgcaaaagagtcttgaacgtggtgtgtaaaacttgtggac
aacagcagacaacccttaagggtgtagaagctgttatgtacatgggcacactttcttatgaacaatttaagaaaggtgttca
gataccttgtacgtgtggtaaacaagctacaaaatatctagtacaacaggagtcaccttttgttatgatgtcagcaccacctg
ctcagtatgaacttaagcatggtacatttacttgtgctagtgagtacactggtaattaccagtgtggtcactataaacatata
acttctaaagaaactttgtattgcatagacggtgctttacttacaaagtcctcagaatacaaaggtcctattacggatgttttc
tacaaagaaaacagttacacaacaaccataaaaccagttacttataaattggatggtgttgtttgtacagaaattgacccta
agttggacaattattataagaaagacaattcttatttcacagagcaaccaattgatcttgtaccaaaccaaccatatccaaa
cgcaagcttcgataattttaagtttgtatgtgataatatcaaatttgctgatgatttaaaccagttaactggttataagaaacc
tgcttcaagagagcttaaagttacatttttccctgacttaaatggtgatgtggtggctattgattataaacactacacaccctc
ttttaagaaaggagctaaattgttacataaacctattgtttggcatgttaacaatgcaactaataaagccacgtataaacca
aatacctggtgtatacgttgtctttggagcacaaaaccagttgaaacatcaaattcgtttgatgtactgaagtcagaggacg

cgcagggaatggataatcttgcctgcgaagatctaaaaccagtctctgaagaagtagtggaaaatcctaccatacagaaa
gacgttcttgagtgtaatgtgaaaactaccgaagttgtaggagacattatacttaaaccagcaaataatagtttaaaaatta
cagaagaggttggccacacagatctaatggctgcttatgtagacaattctagtcttactattaagaaacctaatgaattatct
agagtattaggtttgaaaacccttgctactcatggtttagctgctgttaatagtgtcccttgggatactatagctaattatgct
aagccttttcttaacaaagttgttagtacaactactaacatagttacacggtgtttaaaccgtgtttgtactaattatatgcctt
atttctttactttattgctacaattgtgtacttttactagaagtacaaattctagaattaaagcatctatgccgactactatagc
aaagaatactgttaagagtgtcggtaaattttgtctagaggcttcatttaattatttgaagtcacctaatttttctaaactgata
aatattataatttggtttttactattaagtgtGtgcctaggttctttaatctactcaaccgctgctttaggtgttttaatgtctaat
ttaggcatgccttcttactgtactggttacagagaaggctatttgaactctactaatgtcactattgcaacctactgtactggtt
ctataccttgtagtgtttgtcttagtggtttagattctttagacacctatccttctttagaaactatacaaattaccatttcatctt
ttaaatgggatttaactgcttttggcttagttgcagagtggtttttggcatatattcttttcactaggtttttctatgtacttggat
tggctgcaatcatgcaattgtttttcagctattttgcagtacattttattagtaattcttggcttatgtggttaataattaatcttg
tacaaatggccccgatttcagctatggttagaatgtacatcttctttgcatcattttattatgtatggaaaagttatgtgcatgt
tgtagacggttgtaattcatcaacttgtatgatgtgttacaaacgtaatagagcaacaagagtcgaatgtacaactattgtta
atggtgttagaaggtccttttatgtctatgctaatggaggtaaaggcttttgcaaactacacaattggaattgtgttaattgtg
atacattctgtgctggtagtacatttattagtgatgaagttgcgagagacttgtcactacagtttaaaagaccaataaatcct
actgaccagtcttcttacatcgttgatagtgttacagtgaagaatggttccatccatctttactttgataaagctggtcaaaag
acttatgaaagacattctctctctcattttgttaacttagacaacctgagagctaataacactaaaggttcattgcctattaat
gttatagtttttgatggtaaatcaaaatgtgaagaatcatctgcaaaatcagcgtctgtttactacagtcagcttatgtgtcaa
cctatactgttactagatcaggcattagtgtctgatgttggtgatagtgcggaagttgcagttaaaatgtttgatgcttacgtt
aatacgttttcatcaacttttaacgtaccaatggaaaaactcaaaacactagttgcaactgcagaagctgaacttgcaaag
aatgtgtccttagacaatgtcttatctacttttatttcagcagctcggcaagggtttgttgattcagatgtagaaactaaagat
gttgttgaatgtcttaaattgtcacatcaatctgacatagaagttactggcgatagttgtaataactatatgctcacctataac
aaagttgaaaacatgacaccccgtgaccttggtgcttgtattgactgtagtgcgcgtcatattaatgcgcaggtagcaaaaa
gtcacaacattgctttgatatggaacgttaaagatttcatgtcattgtctgaacaactacgaaaacaaatacgtagtgctgct
aaaaagaataacttaccttttaagttgacatgtgcaactactagacaagttgttaatgttgtaacaacaaagatagcactta
agggtggtaaaattgttaataattggttgaagcagttaattaaagttacacttgtgttcctttttgttgctgctattttctattta
ataacacctgttcatgtcatgtctaaacatactgacttttcaagtgaaatcataggatacaaggctattgatggtggtgtcac
tcgtgacatagcatctacagatacttgttttgctaacaaacatgctgattttgacacatggtttagccagcgtggtggtagtta
tactaatgacaaagcttgcccattgattgctgcagtcataacaagagaagtgggttttgtcgtgcctggtttgcctggcacga
tattacgcacaactaatggtgactttttgcatttcttacctagagtttttagtgcagttggtaacatctgttacacaccatcaaa
acttatagagtacactgactttgcaacatcagcttgtgttttggctgctgaatgtacaatttttaaagatgcttctggtaagcc
agtaccatattgttatgataccaatgtactagaaggttctgttgcttatgaaagtttacgccctgacacacgttatgtgctcat
ggatggctctattattcaatttcctaacacctaccttgaaggttctgttagagtggtaacaacttttgattctgagtactgtagg
cacggcacttgtgaaagatcagaagctggtgtttgtgtatctactagtggtagatgggtacttaacaatgattattacagatc
tttaccaggagttttctgtggtgtagatgctgtaaatttaTttactaatatgtttacaccactaattcaacctattggtgctttgg
acatatcagcatctatagtagctggtggtattgtGgctatcgtagtaacatgccttgcctactattttatgaggtttagaaga
gcttttggtgaatacagtcatgtagttgcctttaatactttactattccttatgtcattcaTtgtactctgtttaacaccagtttac
tcattcttacctggtgtttattctgttatttacttgtacttgacattttatcttactaatgatgtttcttttttagcacatattcagtg
gatggttatgttcacacctttagtacctttctggataacaattgcttatatcatttgtatttccacaaagcatttctattggttctt
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gaagaagaaggtgattgtgaagaagaagagtttgagccatcaactcaatatgagtatggtactgaagatgattaccaagg
taaacctttggaatttggtgccacttctgctgctcttcaacctgaagaagagcaagaagaagattggttagatgatgatagt
caacaaactgttggtcaacaagacggcagtgaggacaatcagacaactactattcaaacaattgttgaggttcaacctcaa
ttagagatggaacttacaccagttgttcagactattgaagtgaatagttttagtggttatttaaaacttactgacaatgtatac
attaaaaatgcagacattgtggaagaagctaaaaaggtaaaaccaacagtggttgttaatgcagccaatgtttaccttaaa
catggaggaggtgttgcaggagccttaaataaggctactaacaatgccatgcaagttgaatctgatgattacatagctacta
atggaccacttaaagtgggtggtagttgtgttttaagcggacacaatcttgctaaacactgtcttcatgttgtcggcccaaat
gttaacaaaggtgaagacattcaacttcttaagagtgcttatgaaaattttaatcagcacgaagttctacttgcaccattatt
atcagctggtatttttggtgctgaccctatacattctttaagagtttgtgtagatactgttcgcacaaatgtctacttagctgtct
ttgataaaaatctctatgacaaacttgtttcaagctttttggaaatgaagagtgaaaagcaagttgaacaaaagatcgctga
gattcctaaagaggaagttaagccatttataactgaaagtaaaccttcagttgaacagagaaaacaagatgataagaaaa
tcaaagcttgtgttgaagaagttacaacaactctggaagaaactaagttcctcacagaaaacttgttactttatattgacatt
aatggcaatcttcatccagattctgccactcttgttagtgacattgacatcactttcttaaagaaagatgctccatatatagtg
ggtgatgttgttcaagagggtgttttaactgctgtggttatacctactaaaaaggctAgtggcactactgaaatgctagcga
aagctttgagaaaagtgccaacagacaattatataaccacttacccgggtcagggtttaaatggttacactgtagaggagg
caaagacagtgcttaaaaagtgtaaaagtgcTttttacattctaccatctattatctctaatgagaagcaagaaattcttgg
aactgtttcttggaatttgcgagaaatgcttgcacatgcagaagaaacacgcaaattaatgcctgtctgtgtggaaactaaa
gccatagtttcaactatacagcgtaaatataagggtattaaaatacaagagggtgtggttgattatggtgctagattttactt
ttacaccagtaaaacaactgtagcgtcacttatcaacacacttaacgatctaaatgaaactcttgttacaatgccacttggct
atgtaacacatggcttaaatttggaagaagctgctcggtatatgagatctctcaaagtgccagctacagtttctgtttcttcac
ctgatgctgttacagcgtataatggttatcttacttcttcttctaaaacacctgaagaacattttattgaaaccatctcacttgc
tggttcctataaagattggtcctattctggacaatctacacaactaggtatagaatttcttaagagaggtgataaaagtgtat
attacactagtaatcctaccacattccacctagatggtgaagttatcacctttgacaatcttaagacacttctttctttgagag
aagtgaggactattaaggtgtttacaacagtagacaacattaacctccacacgcaagttgtggacatgtcaatgacatatg
gacaacagtttggtccaacttatttggatggagctgatgttactaaaataaaacctcataattcacatgaaggtaaaacatt
ttatgttttacctaatgatgacactctacgtgttgaggcttttgagtactaccacacaactgatcctagttttctgggtaggtac
atgtcagcattaaatcacactaaaaagtggaaatacccacaagttaatggtttaacttctattaaatgggcagataacaact
gttatcttgccactgcattgttaacactccaacaaatagagttgaagtttaatccacctgctctacaagatgcttattacaga
gcaagggctggtgaagctgctaacttttgtgcacttatcttagcctactgtaataagacagtaggtgagttaggtgatgttag
agaaacaatgagttacttgtttcaacatgccaatttagattcttgcaaaagagtcttgaacgtggtgtgtaaaacttgtggac
aacagcagacaacccttaagggtgtagaagctgttatgtacatgggcacactttcttatgaacaatttaagaaaggtgttca
gataccttgtacgtgtggtaaacaagctacaaaatatctagtacaacaggagtcaccttttgttatgatgtcagcaccacctg
ctcagtatgaacttaagcatggtacatttacttgtgctagtgagtacactggtaattaccagtgtggtcactataaacatata
acttctaaagaaactttgtattgcatagacggtgctttacttacaaagtcctcagaatacaaaggtcctattacggatgttttc
tacaaagaaaacagttacacaacaaccataaaaccagttacttataaattggatggtgttgtttgtacagaaattgacccta
agttggacaattattataagaaagacaattcttatttcacagagcaaccaattgatcttgtaccaaaccaaccatatccaaa
cgcaagcttcgataattttaagtttgtatgtgataatatcaaatttgctgatgatttaaaccagttaactggttataagaaacc
tgcttcaagagagcttaaagttacatttttccctgacttaaatggtgatgtggtggctattgattataaacactacacaccctc
ttttaagaaaggagctaaattgttacataaacctattgtttggcatgttaacaatgcaactaataaagccacgtataaacca
aatacctggtgtatacgttgtctttggagcacaaaaccagttgaaacatcaaattcgtttgatgtactgaagtcagaggacg

cgcagggaatggataatcttgcctgcgaagatctaaaaccagtctctgaagaagtagtggaaaatcctaccatacagaaa
gacgttcttgagtgtaatgtgaaaactaccgaagttgtaggagacattatacttaaaccagcaaataatagtttaaaaatta
cagaagaggttggccacacagatctaatggctgcttatgtagacaattctagtcttactattaagaaacctaatgaattatct
agagtattaggtttgaaaacccttgctactcatggtttagctgctgttaatagtgtcccttgggatactatagctaattatgct
aagccttttcttaacaaagttgttagtacaactactaacatagttacacggtgtttaaaccgtgtttgtactaattatatgcctt
atttctttactttattgctacaattgtgtacttttactagaagtacaaattctagaattaaagcatctatgccgactactatagc
aaagaatactgttaagagtgtcggtaaattttgtctagaggcttcatttaattatttgaagtcacctaatttttctaaactgata
aatattataatttggtttttactattaagtgtGtgcctaggttctttaatctactcaaccgctgctttaggtgttttaatgtctaat
ttaggcatgccttcttactgtactggttacagagaaggctatttgaactctactaatgtcactattgcaacctactgtactggtt
ctataccttgtagtgtttgtcttagtggtttagattctttagacacctatccttctttagaaactatacaaattaccatttcatctt
ttaaatgggatttaactgcttttggcttagttgcagagtggtttttggcatatattcttttcactaggtttttctatgtacttggat
tggctgcaatcatgcaattgtttttcagctattttgcagtacattttattagtaattcttggcttatgtggttaataattaatcttg
tacaaatggccccgatttcagctatggttagaatgtacatcttctttgcatcattttattatgtatggaaaagttatgtgcatgt
tgtagacggttgtaattcatcaacttgtatgatgtgttacaaacgtaatagagcaacaagagtcgaatgtacaactattgtta
atggtgttagaaggtccttttatgtctatgctaatggaggtaaaggcttttgcaaactacacaattggaattgtgttaattgtg
atacattctgtgctggtagtacatttattagtgatgaagttgcgagagacttgtcactacagtttaaaagaccaataaatcct
actgaccagtcttcttacatcgttgatagtgttacagtgaagaatggttccatccatctttactttgataaagctggtcaaaag
acttatgaaagacattctctctctcattttgttaacttagacaacctgagagctaataacactaaaggttcattgcctattaat
gttatagtttttgatggtaaatcaaaatgtgaagaatcatctgcaaaatcagcgtctgtttactacagtcagcttatgtgtcaa
cctatactgttactagatcaggcattagtgtctgatgttggtgatagtgcggaagttgcagttaaaatgtttgatgcttacgtt
aatacgttttcatcaacttttaacgtaccaatggaaaaactcaaaacactagttgcaactgcagaagctgaacttgcaaag
aatgtgtccttagacaatgtcttatctacttttatttcagcagctcggcaagggtttgttgattcagatgtagaaactaaagat
gttgttgaatgtcttaaattgtcacatcaatctgacatagaagttactggcgatagttgtaataactatatgctcacctataac
aaagttgaaaacatgacaccccgtgaccttggtgcttgtattgactgtagtgcgcgtcatattaatgcgcaggtagcaaaaa
gtcacaacattgctttgatatggaacgttaaagatttcatgtcattgtctgaacaactacgaaaacaaatacgtagtgctgct
aaaaagaataacttaccttttaagttgacatgtgcaactactagacaagttgttaatgttgtaacaacaaagatagcactta
agggtggtaaaattgttaataattggttgaagcagttaattaaagttacacttgtgttcctttttgttgctgctattttctattta
ataacacctgttcatgtcatgtctaaacatactgacttttcaagtgaaatcataggatacaaggctattgatggtggtgtcac
tcgtgacatagcatctacagatacttgttttgctaacaaacatgctgattttgacacatggtttagccagcgtggtggtagtta
tactaatgacaaagcttgcccattgattgctgcagtcataacaagagaagtgggttttgtcgtgcctggtttgcctggcacga
tattacgcacaactaatggtgactttttgcatttcttacctagagtttttagtgcagttggtaacatctgttacacaccatcaaa
acttatagagtacactgactttgcaacatcagcttgtgttttggctgctgaatgtacaatttttaaagatgcttctggtaagcc
agtaccatattgttatgataccaatgtactagaaggttctgttgcttatgaaagtttacgccctgacacacgttatgtgctcat
ggatggctctattattcaatttcctaacacctaccttgaaggttctgttagagtggtaacaacttttgattctgagtactgtagg
cacggcacttgtgaaagatcagaagctggtgtttgtgtatctactagtggtagatgggtacttaacaatgattattacagatc
tttaccaggagttttctgtggtgtagatgctgtaaatttaTttactaatatgtttacaccactaattcaacctattggtgctttgg
acatatcagcatctatagtagctggtggtattgtGgctatcgtagtaacatgccttgcctactattttatgaggtttagaaga
gcttttggtgaatacagtcatgtagttgcctttaatactttactattccttatgtcattcaTtgtactctgtttaacaccagtttac
tcattcttacctggtgtttattctgttatttacttgtacttgacattttatcttactaatgatgtttcttttttagcacatattcagtg
gatggttatgttcacacctttagtacctttctggataacaattgcttatatcatttgtatttccacaaagcatttctattggttctt
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tagtaattacctaaagagacgtgtagtctttaatggtgtttcctttagtacttttgaagaagctgcgctgtgcacctttttgtta
aataaagaaatgtatctaaagttgcgtagtgatgtgctattacctcttacgcaatataatagatacttagctctttataataa
gtacaagtattttagtggagcaatggatacaactagctacagagaagctgcttgttgtcatctTgcaaaggctctcaatgac
ttcagtaactcaggttctgatgttctttaccaaccaccacaaaTctctatcacctcagctgttttgcagagtggttttagaaaa
atggcattcccatctggtaaagttgagggttgtatggtacaagtaacttgtggtacaactacacttaacggtctttggcttgat
gacgtagtttactgtccaagacatgtgatctgcacctctgaagaTatgcttaaccctaattatgaagatttactcattcgtaa
gtctaatcataatttcttggtacaggctggtaatgttcaactcagggttattggacattctatgcaaaattgtgtacttaagctt
aaggttgatacagccaatcctaagacacctaagtataagtttgttcgcattcaaccaggacagactttttcagtgttagcttg
ttacaatggttcaccatctggtgtttaccaatgtgctatgagAcAcaatttcactattaagggttcattccttaatggttcatgt
ggtagtgttggttttaacatagattatgactgtgtctctttttgttacatgcaccatatggaattaccaactggagttcatgctg
gcacagacttagaaggtaacttttatggaccttttgttgacaggcaaacagcacaagcagctggtacggacacaactatta
cagttaatgttttagcttggttgtacgctgctgttataaatggagacaggtggtttctcaatcgatttaccacaactcttaatg
actttaaccttgtggctatgaagtacaattatgaacctctaacacaagaccatgttgacatactaggacctctttctgctcaa
actggaattgccgttttagatatgtgtgcttcattaaaagaattactgcaaaatggtatgaatggacgtaccatattgggtag
tgctttattagaagatgaatttacaccttttgatgttgttagacaatgctcaggtgttactttccaaagtgcagtgaaaagaac
aatcaagggtacacaccactggttgttactcacaattttgacttcacttttagttttagtccagagtactcaatggtctttgttc
ttttttttgtatgaaaatgcctttttaccttttgctatgggtattattgctatgtctgcttttgcaatgatgtttgtcaaacataagc
atgcatttctctgtttgtttttgttaccttctcttgccactgtagcttattttaatatggtctatatgcctgctagttgggtgatgcg
tattatgacatggttggatatggttgatactagtttg---------aagctaaaagactgtgttatgtatgcatcagctgtagtgtt
actaatccttatgacagcaagaactgtgtatgatgatggtgctaggagagtgtggacacttatgaatgtcttgacactcgttt
ataaagtttattatggtaatgctttagatcaagccatttccatgtgggctcttataatctctgttacttctaactactcaggtgt
agttacaactgtcatgtttttggccagaggtattgtttttatgtgtgttgagtattgccctattttcttcataactggtaatacac
ttcagtgtataatgctagtttattgtttcttaggctatttttgtacttgttactttggcctcttttgtttactcaaccgctactttag
actgactcttggtgtttatgattacttagtttctacacaggagtttagatatatgaattcacagggactactcccacccaagaa
tagcatagatgccttcaaactcaacattaaattgttgggtgttggtggcaaaccttgtatcaaagtagccactgtacagtcta
aaatgtcagatgtaaagtgcacatcagtagtcttactctcagttttgcaacaactcagagtagaatcatcatctaaattgtgg
gctcaatgtgtccagttacacaatgacattctcttagctaaagatactactgaagcctttgaaaaaatggtttcactactttct
gttttgctttccatgcagggtgctgtagacataaacaagctttgtgaagaaatgctggacaacagggcaaccttacaagcta
tagcctcagagtttagttcccttccatcatatgcagcttttgctactgctcaagaagcttatgaAcaggctgttgctaatggtg
attctgaagttgttcttaaaaagttgaagaagtctttgaatgtggctaaatctgaatttgaccgtgatgcagccatgcaacgt
aagttggaaaagatggctgatcaagctatgacccaaatgtataaacaggctagatctgaggacaagagggcaaaagtta
ctagtgctatgcagacaatgcttttcactatgcttagaaagttggataatgatgcactcaacaacattatcaacaatgcaag
agatggttgtgttcccttgaacataatacctcttacaacagcagccaaactaatggttgtcataccagactataacacatata
aaaatacgtgtgatggtacaacatttacttatgcatcagcattgtgggaaatccaacaggttgtagatgcagatagtaaaat
tgttcaacttagtgaaattagtatggacaattcacctaatttagcatggcctcttattgtaacagctttaagggccaattctgc
tgtcaaattacagaataatgagcttagtcctgttgcactacgacagatgtcttgtgctgccggtactacacaaactgcttgca
ctgatgacaatgcgttagcttactacaacacaacaaagggaggtaggtttgtacttgcactgttatccgatttacaggatttg
aaatgggctagattccctaagagtgatggaactggtactatTtatacagaactggaaccaccttgtaggtttgttacagaca
cacctaaaggtcctaaagtgaagtatttatactttattaaaggattaaacaacctaaatagaggtatggtacttggtagttta
gctgccacagtacgtctacaagctggtaatgcaacagaagtgcctgccaattcaactgtattatctttctgtgcttttgctgta

gatgctgctaaagcttacaaagattatctagctagtgggggacaaccaatcactaattgtgttaagatgttgtgtacacaca
ctggtactggtcaggcaataacagttacaccggaagccaatatggatcaagaatcctttggtggtgcatcgtgttgtctgtac
tgccgttgccacatagatcatccaaatcctaaaggattttgtgacttaaaaggtaagtatgtacaaatacctacaacttgtgc
taatgaccctgtgggttttacacttaaaaacacagtctgtaccgtctgcggtatgtggaaaggttatggctgtagttgtgatc
aactccgcgaacccatgcttcagtcagctgatgcacaatcgtttttaaacgggtttgcggtgtaagtgcagcccgtcttacac
cgtgcggcacaggcactagtactgatgtcgtatacagggcttttgacatctacaatgataaagtagctggttttgctaaattc
ctaaaaactaattgttgtcgcttccaagaaaaggacgaagatgacaatttaattgattcttactttgtagttaagagacaca
ctttctctaactaccaacatgaagaaacaatttataatttacttaaggattgtccagctgttgctaaacatgacttctttaagtt
tagaatagacggtgacatggtaccacatatatcacgtcaacgtcttactaaatacacaatggcagacctcgtctatgcttta
aggcattttgatgaaggtaattgtgacacattaaaagaaatacttgtcacatacaattgttgtgatgatgattatttcaataa
aaaggactggtatgattCtgtagaaaacccagatatattacgcgtatacgccaacttaggtgaacgtgtacgccaagctttg
ttaaaaacagtacaattctgtgatgccatgcgaaatgctggtattgttggtgtactgacattagataatcaagatctcaatgg
taactggtatgatttcggtgatttcatacaaaccacgccaggtagtggagttcctgttgtagattcttattattcattgttaatg
cctatattaaccttgaccagggctttaactgcagagtcacatgttgacactgacttaacaaagccttacattaagtgggattt
gttaaaatatgacttcacggaagagaggttaaaactctttgaccgttattttaaatattgggatcagacataccacccaaatt
gtgttaactgtttggatgacagatgcattctgcattgtgcaaactttaatgttttattctctacagtgttcccacTtacaagtttt
ggaccactagtgagaaaaatatttgttgatggtgttccatttgtagtttcaactggataccacttcagagagctaggtgttgt
acataatcaggatgtaaacttacatagctctagacttagttttaaggaattacttgtgtatgctgctgaccctgctatgcacgc
tgcttctggtaatctattactagataaacgcactacgtgcttttcagtagctgcacttactaacaatgttgcttttcaaactgtc
aaacccggtaattttaacaaagacttctatgactttgctgtgtctaagggtttctttaaggaaggaagttctgttgaattaaaa
cacttcttctttgctcaggatggtaatgctgctatcagcgattatgactactatcgttataatctaccaacaatgtgtgatatca
gacaactactatttgtagttgaagttgttgataagtactttgattgttacgatggtggctgtattaatgctaaccaagtcatcg
tcaacaacctagacaaatcagctggttttccatttaataaatggggtaaggctagactttattatgattcaatgagttatgag
gatcaagatgcacttttcgcatatacaaaacgtaatgtcatccctactataactcaaatgaatcttaagtatgccattagtgc
aaagaatagagctcgcaccgtagctggtgtctctatctgtagtactatgaccaatagacagtttcatcaaaaattattgaaa
tcaatagccgccactagaggagctactgtagtaattggaacaagcaaattctatggtggttggcacaacatgttaaaaact
gtttatagtgatgtagaaaaccctcaccttatgggttgggattatcctaaatgtgatagagccatgcctaacatgcttagaat
tatggcctcacttgttcttgctcgcaaacatacaacgtgttgtagcttgtcacaccgtttctatagattagctaatgagtgtgct
caagtattgagtgaaatggtcatgtgtggcggttcactatatgttaaaccaggtggaacctcatcaggagatgccacaactg
cttatgctaatagtgtttttaacatttgtcaagctgtcacggccaatgttaatgcacttttatctactgatggtaacaaaattgc
cgataagtatgtccgcaatttacaacacagactttatgagtgtctctatagaaatagagatgttgacacagactttgtgaatg
agttttacgcatatttgcgtaaacatttctcaatgatgatactTtctgacgatgctgttgtgtgtttcaatagcacttatgcatc
tcaaggtctagtggctagcataaagaactttaagtcagttctttattatcaaaacaatgtttttatgtctgaagcaaaatgttg
gactgagactgaccttactaaaggacctcatgaattttgctctcaacatacaatgctagttaaacagggtgatgattatgtgt
accttccttacccagatccatcaagaatcctaggggccggctgttttgtagatgatatcgtaaaaacagatggtacacttatg
attgaacggttcgtgtctttagctatagatgcttacccacttactaaacatcctaatcaggagtatgctgatgtctttcatttgt
acttacaatacataagaaagctacatgatgagttaacaggacacatgttagacatgtattctgttatgcttactaatgataa
cacttcaaggtattgggaacctgagttttatgaggctatgtacacaccgcatacagtcttacaggctgttggggcttgtgttct
ttgcaattcacagacttcattaagatgtggtgcttgcatacgtagaccattcttatgttgtaaatgctgttacgaccatgtcat
atcaacatcacataaattagtcttgtctgttaatccgtatgtttgcaatgctccaggttgtgatgtcacagatgtgactcaact
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tagtaattacctaaagagacgtgtagtctttaatggtgtttcctttagtacttttgaagaagctgcgctgtgcacctttttgtta
aataaagaaatgtatctaaagttgcgtagtgatgtgctattacctcttacgcaatataatagatacttagctctttataataa
gtacaagtattttagtggagcaatggatacaactagctacagagaagctgcttgttgtcatctTgcaaaggctctcaatgac
ttcagtaactcaggttctgatgttctttaccaaccaccacaaaTctctatcacctcagctgttttgcagagtggttttagaaaa
atggcattcccatctggtaaagttgagggttgtatggtacaagtaacttgtggtacaactacacttaacggtctttggcttgat
gacgtagtttactgtccaagacatgtgatctgcacctctgaagaTatgcttaaccctaattatgaagatttactcattcgtaa
gtctaatcataatttcttggtacaggctggtaatgttcaactcagggttattggacattctatgcaaaattgtgtacttaagctt
aaggttgatacagccaatcctaagacacctaagtataagtttgttcgcattcaaccaggacagactttttcagtgttagcttg
ttacaatggttcaccatctggtgtttaccaatgtgctatgagAcAcaatttcactattaagggttcattccttaatggttcatgt
ggtagtgttggttttaacatagattatgactgtgtctctttttgttacatgcaccatatggaattaccaactggagttcatgctg
gcacagacttagaaggtaacttttatggaccttttgttgacaggcaaacagcacaagcagctggtacggacacaactatta
cagttaatgttttagcttggttgtacgctgctgttataaatggagacaggtggtttctcaatcgatttaccacaactcttaatg
actttaaccttgtggctatgaagtacaattatgaacctctaacacaagaccatgttgacatactaggacctctttctgctcaa
actggaattgccgttttagatatgtgtgcttcattaaaagaattactgcaaaatggtatgaatggacgtaccatattgggtag
tgctttattagaagatgaatttacaccttttgatgttgttagacaatgctcaggtgttactttccaaagtgcagtgaaaagaac
aatcaagggtacacaccactggttgttactcacaattttgacttcacttttagttttagtccagagtactcaatggtctttgttc
ttttttttgtatgaaaatgcctttttaccttttgctatgggtattattgctatgtctgcttttgcaatgatgtttgtcaaacataagc
atgcatttctctgtttgtttttgttaccttctcttgccactgtagcttattttaatatggtctatatgcctgctagttgggtgatgcg
tattatgacatggttggatatggttgatactagtttg---------aagctaaaagactgtgttatgtatgcatcagctgtagtgtt
actaatccttatgacagcaagaactgtgtatgatgatggtgctaggagagtgtggacacttatgaatgtcttgacactcgttt
ataaagtttattatggtaatgctttagatcaagccatttccatgtgggctcttataatctctgttacttctaactactcaggtgt
agttacaactgtcatgtttttggccagaggtattgtttttatgtgtgttgagtattgccctattttcttcataactggtaatacac
ttcagtgtataatgctagtttattgtttcttaggctatttttgtacttgttactttggcctcttttgtttactcaaccgctactttag
actgactcttggtgtttatgattacttagtttctacacaggagtttagatatatgaattcacagggactactcccacccaagaa
tagcatagatgccttcaaactcaacattaaattgttgggtgttggtggcaaaccttgtatcaaagtagccactgtacagtcta
aaatgtcagatgtaaagtgcacatcagtagtcttactctcagttttgcaacaactcagagtagaatcatcatctaaattgtgg
gctcaatgtgtccagttacacaatgacattctcttagctaaagatactactgaagcctttgaaaaaatggtttcactactttct
gttttgctttccatgcagggtgctgtagacataaacaagctttgtgaagaaatgctggacaacagggcaaccttacaagcta
tagcctcagagtttagttcccttccatcatatgcagcttttgctactgctcaagaagcttatgaAcaggctgttgctaatggtg
attctgaagttgttcttaaaaagttgaagaagtctttgaatgtggctaaatctgaatttgaccgtgatgcagccatgcaacgt
aagttggaaaagatggctgatcaagctatgacccaaatgtataaacaggctagatctgaggacaagagggcaaaagtta
ctagtgctatgcagacaatgcttttcactatgcttagaaagttggataatgatgcactcaacaacattatcaacaatgcaag
agatggttgtgttcccttgaacataatacctcttacaacagcagccaaactaatggttgtcataccagactataacacatata
aaaatacgtgtgatggtacaacatttacttatgcatcagcattgtgggaaatccaacaggttgtagatgcagatagtaaaat
tgttcaacttagtgaaattagtatggacaattcacctaatttagcatggcctcttattgtaacagctttaagggccaattctgc
tgtcaaattacagaataatgagcttagtcctgttgcactacgacagatgtcttgtgctgccggtactacacaaactgcttgca
ctgatgacaatgcgttagcttactacaacacaacaaagggaggtaggtttgtacttgcactgttatccgatttacaggatttg
aaatgggctagattccctaagagtgatggaactggtactatTtatacagaactggaaccaccttgtaggtttgttacagaca
cacctaaaggtcctaaagtgaagtatttatactttattaaaggattaaacaacctaaatagaggtatggtacttggtagttta
gctgccacagtacgtctacaagctggtaatgcaacagaagtgcctgccaattcaactgtattatctttctgtgcttttgctgta

gatgctgctaaagcttacaaagattatctagctagtgggggacaaccaatcactaattgtgttaagatgttgtgtacacaca
ctggtactggtcaggcaataacagttacaccggaagccaatatggatcaagaatcctttggtggtgcatcgtgttgtctgtac
tgccgttgccacatagatcatccaaatcctaaaggattttgtgacttaaaaggtaagtatgtacaaatacctacaacttgtgc
taatgaccctgtgggttttacacttaaaaacacagtctgtaccgtctgcggtatgtggaaaggttatggctgtagttgtgatc
aactccgcgaacccatgcttcagtcagctgatgcacaatcgtttttaaacgggtttgcggtgtaagtgcagcccgtcttacac
cgtgcggcacaggcactagtactgatgtcgtatacagggcttttgacatctacaatgataaagtagctggttttgctaaattc
ctaaaaactaattgttgtcgcttccaagaaaaggacgaagatgacaatttaattgattcttactttgtagttaagagacaca
ctttctctaactaccaacatgaagaaacaatttataatttacttaaggattgtccagctgttgctaaacatgacttctttaagtt
tagaatagacggtgacatggtaccacatatatcacgtcaacgtcttactaaatacacaatggcagacctcgtctatgcttta
aggcattttgatgaaggtaattgtgacacattaaaagaaatacttgtcacatacaattgttgtgatgatgattatttcaataa
aaaggactggtatgattCtgtagaaaacccagatatattacgcgtatacgccaacttaggtgaacgtgtacgccaagctttg
ttaaaaacagtacaattctgtgatgccatgcgaaatgctggtattgttggtgtactgacattagataatcaagatctcaatgg
taactggtatgatttcggtgatttcatacaaaccacgccaggtagtggagttcctgttgtagattcttattattcattgttaatg
cctatattaaccttgaccagggctttaactgcagagtcacatgttgacactgacttaacaaagccttacattaagtgggattt
gttaaaatatgacttcacggaagagaggttaaaactctttgaccgttattttaaatattgggatcagacataccacccaaatt
gtgttaactgtttggatgacagatgcattctgcattgtgcaaactttaatgttttattctctacagtgttcccacTtacaagtttt
ggaccactagtgagaaaaatatttgttgatggtgttccatttgtagtttcaactggataccacttcagagagctaggtgttgt
acataatcaggatgtaaacttacatagctctagacttagttttaaggaattacttgtgtatgctgctgaccctgctatgcacgc
tgcttctggtaatctattactagataaacgcactacgtgcttttcagtagctgcacttactaacaatgttgcttttcaaactgtc
aaacccggtaattttaacaaagacttctatgactttgctgtgtctaagggtttctttaaggaaggaagttctgttgaattaaaa
cacttcttctttgctcaggatggtaatgctgctatcagcgattatgactactatcgttataatctaccaacaatgtgtgatatca
gacaactactatttgtagttgaagttgttgataagtactttgattgttacgatggtggctgtattaatgctaaccaagtcatcg
tcaacaacctagacaaatcagctggttttccatttaataaatggggtaaggctagactttattatgattcaatgagttatgag
gatcaagatgcacttttcgcatatacaaaacgtaatgtcatccctactataactcaaatgaatcttaagtatgccattagtgc
aaagaatagagctcgcaccgtagctggtgtctctatctgtagtactatgaccaatagacagtttcatcaaaaattattgaaa
tcaatagccgccactagaggagctactgtagtaattggaacaagcaaattctatggtggttggcacaacatgttaaaaact
gtttatagtgatgtagaaaaccctcaccttatgggttgggattatcctaaatgtgatagagccatgcctaacatgcttagaat
tatggcctcacttgttcttgctcgcaaacatacaacgtgttgtagcttgtcacaccgtttctatagattagctaatgagtgtgct
caagtattgagtgaaatggtcatgtgtggcggttcactatatgttaaaccaggtggaacctcatcaggagatgccacaactg
cttatgctaatagtgtttttaacatttgtcaagctgtcacggccaatgttaatgcacttttatctactgatggtaacaaaattgc
cgataagtatgtccgcaatttacaacacagactttatgagtgtctctatagaaatagagatgttgacacagactttgtgaatg
agttttacgcatatttgcgtaaacatttctcaatgatgatactTtctgacgatgctgttgtgtgtttcaatagcacttatgcatc
tcaaggtctagtggctagcataaagaactttaagtcagttctttattatcaaaacaatgtttttatgtctgaagcaaaatgttg
gactgagactgaccttactaaaggacctcatgaattttgctctcaacatacaatgctagttaaacagggtgatgattatgtgt
accttccttacccagatccatcaagaatcctaggggccggctgttttgtagatgatatcgtaaaaacagatggtacacttatg
attgaacggttcgtgtctttagctatagatgcttacccacttactaaacatcctaatcaggagtatgctgatgtctttcatttgt
acttacaatacataagaaagctacatgatgagttaacaggacacatgttagacatgtattctgttatgcttactaatgataa
cacttcaaggtattgggaacctgagttttatgaggctatgtacacaccgcatacagtcttacaggctgttggggcttgtgttct
ttgcaattcacagacttcattaagatgtggtgcttgcatacgtagaccattcttatgttgtaaatgctgttacgaccatgtcat
atcaacatcacataaattagtcttgtctgttaatccgtatgtttgcaatgctccaggttgtgatgtcacagatgtgactcaact
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ttacttaggaggtatgagctattattgtaaatcacataaaccacccattagttttccattgtgtgctaatggacaagtttttggt
ttatataaaaatacatgtgttggtagcgataatgttactgactttaatgcaattgcaacatgtgactggacaaatgctggtga
ttacattttagctaacacctgtactgaaagactcaagctttttgcagcagaaacgctcaaagctactgaggagacatttaaa
ctgtcttatggtattgctactgtacgtgaagtgctgtctgacagagaattacatctttcatgggaagttggtaaacctagacc
accacttaaccgaaattatgtctttactggttatcgtgtaactaaaaacagtaaagtacaaataggagagtacacctttgaa
aaaggtgactatggtgatgctgttgtttaccgaggtacaacaacttacaaattaaatgttggtgattattttgtgctgacatca
catacagtaatgccattaagtgcacctacactagtgccacaagagcactatgttagaattactggcttatacccaacactca
atatctcagatgagttttctagcaatgttgcaaattatcaaaaggttggtatgcaaaagtattctacactccagggaccacct
ggtactggtaagagtcattttgctattggcctagctctctactacccttctgctcgcatagtgtatacagcttgctctcatgccg
ctgttgatgcactatgtgagaaggcattaaaatatttgcctatagataaatgtagtagaattatacctgcacgtgctcgtgta
gagtgttttgataaattcaaagtgaattcaacattagaacagtatgtcttttgtactgtaaatgcattgcctgagacgacagT
agatatagttgtctttgatgaaatttcaatggccacaaattatgatttgagtgttgtcaatgccagattaTgtgctaagcacta
tgtgtacattggcgaccctgctcaattacctgcaccacgcacattgctaactaagggcacactagaaccagaatatttcaat
tcagtgtgtagacttatgaaaactataggtccagacatgttcctcggaacttgtcggcgttgtcctgctgaaattgttgacact
gtgagtgctttggtttatgataataagcttaaagcacataaagacaaatcagctcaatgctttaaaatgttttataagggtgt
tatcacgcatgatgtttcatctgcaattaacaggccacaaataggcgtggtaagagaattccttacacgtaaccctgcttgg
agaaaagctgtctttatttcaccttataattcacagaatgctgtagcctcaaagattttgggactaccaactcaaactgttgat
tcatcacagggctcagaatatgactatgtcatattcactcaaaccactgaaacagctcactcttgtaatgtaaacagatttaa
tgttgctattaccagagcaaaagtaggcatactttgcataatgtctgatagagacctttatgacaagttgcaatttacaagtc
ttgaaattccacgtaggaatgtggcaactttacaagctgaaaatgtaacaggactctttaaagattgtagtaaggtaatcac
tgggttacatcctacacaggcacctacacacctcagtgttgacactaaattcaaaactgaaggtttatgtgttgacGtacct
ggcatacctaaggacatgacctatagaagactcatctctatgatgggttttaaaatgaattatcaagttaatggttaccctaa
catgtttatcacccgcgaagaagctataagacatgtacgtgcatggattggcttcgatgtcgaggggtgtcatgctactaga
gaagctgttggtaccaatttacctttacagctaggtttttctacaggtgttaacctagttgctgtacctacaggttatgttgata
cacctaataatacagatttttccagagttagtgctaaaccaccgcctggagatcaatttaaacacctcataccacttatgtac
aaaggacttccttggaatgtagtgcgtataaagattgtacaaatgttaagtgacacacttaaaaatctctctgacagagtcg
tatttgtcttatgggcacatggctttgagttgacatctatgaagtattttgtgaaaataggacctgagcgcacctgttgtctat
gtgatagacgtgccacatgcttttccactgcttcagacacttatgcctgttggcatcattctattggatttgattacgtctataa
tccgtttatgattgatgttcaacaatggggttttacaggtaacctacaaagcaaccatgatctgtattgtcaagtccatggta
atgcacatgtagctagttgtgatgcaatcatgactaggtgtctagctgtccacgagtgctttgttaagcgtgttgactggact
attgaatatcctataattggtgatgaactgaagattaatgcggcttgtagaaaggttcaacacatggttgttaaagctgcatt
attagcagacaaattcccagttcttcacgacattggtaaccctaaagctattaagtgtgtacctcaagctgatgtagaatgg
aagttctatgatgcacagccttgtagtgacaaagcttataaaatagaagaattattctattcttatgccacacattctgacaa
attcacagatggtgtatgcctattttggaattgcaatgtcgatagatatcctgctaattccattgtttgtagatttgacactaga
gtgctatctaaccttaacttgcctggttgtgatggtggcagtttgtatgtaaataaacatgcattccacacaccagcttttgat
aaaagtgcttttgttaatttaaaacaattaccatttttctattactctgacagtccatgtgagtctcatggaaaacaagtagtg
tcagatatagattatgtaccactaaagtctgctacgtgtataacacgttgcaatttaggtggtgctgtctgtagacatcatgct
aatgagtacagattgtatctcgatgcttataacatgatgatctcagctggctttagcttgtgggtttacaaacaatttgatact
tataacctctggaacacttttacaagacttcagagtttagaaaatgtggcttttaatgttgtaaataagggacactttgatgg
acaacagggtgaagtaccagtttctatcattaataacactgtttacacaaaagttgatggtgttgatgtagaattgtttgaaa

ataaaacaacattacctgttaatgtagcatttgagctttgggctaagcgcaacattaaaccagtaccagaggtgaaaatact
caataatttgggtgtggacattgctgctaatactgtgatctgggactacaaaagagatgctccagcacatatatctactattg
gtgtttgttctatgactgacatagccaagaaaccaaTtgaaacgatttgtgcaccactcactgtcttttttgatggtagagttg
atggtcaagtagacttatttagaaatgcccgtaatggtgttcttattacagaGggtagtgttaaaggtttacaaccatctgta
ggtcccaaacaagctagtcttaatggagtcacattaattggagaagccgtaaaaacacagttcaattattataagaaagtt
gatggtgttgtccaacaattacctgaaacttactttactcagagtagaaatttacaagaatttaaacccaggagtcaaatgg
aaattgatttcttagaattagctatggatgaattcattgaacggtataaattagaaggctatgccttcgaacatatcgtttatg
gagattttagtcatagtcagttaggtggtttacatctactgattggactagctaaacgttttaaggaatcaccttttgaattag
aagattttattcctatggacagtacagttaaaaactatttcataacagatgcgcaaacaggttcatctaagtgtgtgtgttct
gttattgatttattacttgatgattttgttgaaataataaaatcccaagatttatctgtagtttctaaggttgtcaaagtgactat
tgactatacagaaatttcatttatgctttggtgtaaagatggccatgtagaaacattttacccaaaattacaatctagtcaag
cgtggcaaccgggtgttgctatgcctaatctttacaaaatgcaaagaatgctattagaaaagtgtgaccttcaaaattatgg
tgatagtgcaacattacctaaaggcataatgatgaatgtcgcaaaatatactcaactgtgtcaatatttaaacacattaaca
ttagctgtaccctataatatgagagttatacattttggtgctggttctgataaaggagttgcaccaggtacagctgttttaaga
cagtggttgcctacgggtacgctgcttgtcgattcagatcttaatgactttgtctctgatgcagattcaactttgattggtgatt
gtgcaactgtacatacagctaataaatgggatctcattattagtgatatgtacgaccctaagactaaaaatgttacaaaaga
aaatgactctaaagagggttttttcacttacatttgtgggtttatacaacaaaagctagctcttggaggttccgtggctataa
agataacagaacattcttggaatgctgatctttataagctcatgggacacttcgcatggtggacagcctttgttactaatgtg
aatgcgtcatcatctgaagcatttttaattggatgtaattatcttggcaaaccacgcgaacaaatagatggttatgtcatgca
tgcaaattacatattttggaggaatacaaatccaattcagttgtcttcctattctttatttgacatgagtaaatttccccttaaa
ttaaggggtactgctgttatgtctttaaaagaaggtcaaatcaatgatatgattttatctcttcttagtaaaggtagacttata
attagagaaaacaacagagttgttatttctagtgatgttcttgttaacaactaaacgaacaatgtttgtttttcttgttttattg
ccactagtctctagtcagtgtgttaatcttaTaaccagaactcaat---------catacactaattctttcacacgtggtgtttat
taccctgacaaagttttcagatcctcagttttacattcaactcaggacttgttcttacctttcttttccaatgttacttggttccat
gcta------tctctgggaccaatggtactaagaggtttgataaccctgtcctaccatttaatgatggtgtttattttgcttccact
gagaagtctaacataataagaggctggatttttggtactactttagattcgaagacccagtccctacttattgttaataacgc
tactaatgttgttattaaagtctgtgaatttcaattttgtaatgatccatttttggAtgtttattaccacaaaaacaacaaaagt
tggatggaaagtgagttcagagtttattctagtgcgaataattgcacttttgaatatgtctctcagccttttcttatggaccttg
aaggaaaacagggtaatttcaaaaatcttagggaatttgtgtttaagaatattgatggttattttaaaatatattctaagcac
acgcctattaatttagGgcgtgatctccctcagggtttttcggctttagaaccattggtagatttgccaataggtattaacatc
actaggtttcaaactttacttgctttacatagaagttatttgactcctggtgattcttcttcaggttggacagctggtgctgcag
cttattatgtgggttatcttcaacctaggacttttctattaaaatataatgaaaatggaaccattacagatgctgtagactgtg
cacttgaccctctctcagaaacaaagtgtacgttgaaatccttcactgtagaaaaaggaatctatcaaacttctaactttaga
gtccaaccaacagaatctattgttagatttcctaatattacaaacttgtgcccttttgAtgaagtttttaacgccaccagattt
gcatctgtttatgcttggaacaggaagagaatcagcaactgtgttgctgattattctgtcctatataattccgcaCcattttTc
Gcttttaagtgttatggagtgtctcctactaaattaaatgatctctgctttactaatgtctatgcagattcatttgtaattagag
gtAatgaagtcagCcaaatcgctccagggcaaactggaaaTattgctgattataattataaattaccagatgattttacag
gctgcgttatagcttggaattctaacaaGcttgattctaaggttggtggtaattataattaccGgtatagattgtttaggaag
tctaatctcaaaccttttgagagagatatttcaactgaaatctatcaggccggtaAcaAaccttgtaatggtgttgCaggtG
ttaattgttactttcctttacaatcatatggtttccGacccactTatggtgttggtCaccaaccatacagagtagtagtacttt



Sequence Appendix

197

ttacttaggaggtatgagctattattgtaaatcacataaaccacccattagttttccattgtgtgctaatggacaagtttttggt
ttatataaaaatacatgtgttggtagcgataatgttactgactttaatgcaattgcaacatgtgactggacaaatgctggtga
ttacattttagctaacacctgtactgaaagactcaagctttttgcagcagaaacgctcaaagctactgaggagacatttaaa
ctgtcttatggtattgctactgtacgtgaagtgctgtctgacagagaattacatctttcatgggaagttggtaaacctagacc
accacttaaccgaaattatgtctttactggttatcgtgtaactaaaaacagtaaagtacaaataggagagtacacctttgaa
aaaggtgactatggtgatgctgttgtttaccgaggtacaacaacttacaaattaaatgttggtgattattttgtgctgacatca
catacagtaatgccattaagtgcacctacactagtgccacaagagcactatgttagaattactggcttatacccaacactca
atatctcagatgagttttctagcaatgttgcaaattatcaaaaggttggtatgcaaaagtattctacactccagggaccacct
ggtactggtaagagtcattttgctattggcctagctctctactacccttctgctcgcatagtgtatacagcttgctctcatgccg
ctgttgatgcactatgtgagaaggcattaaaatatttgcctatagataaatgtagtagaattatacctgcacgtgctcgtgta
gagtgttttgataaattcaaagtgaattcaacattagaacagtatgtcttttgtactgtaaatgcattgcctgagacgacagT
agatatagttgtctttgatgaaatttcaatggccacaaattatgatttgagtgttgtcaatgccagattaTgtgctaagcacta
tgtgtacattggcgaccctgctcaattacctgcaccacgcacattgctaactaagggcacactagaaccagaatatttcaat
tcagtgtgtagacttatgaaaactataggtccagacatgttcctcggaacttgtcggcgttgtcctgctgaaattgttgacact
gtgagtgctttggtttatgataataagcttaaagcacataaagacaaatcagctcaatgctttaaaatgttttataagggtgt
tatcacgcatgatgtttcatctgcaattaacaggccacaaataggcgtggtaagagaattccttacacgtaaccctgcttgg
agaaaagctgtctttatttcaccttataattcacagaatgctgtagcctcaaagattttgggactaccaactcaaactgttgat
tcatcacagggctcagaatatgactatgtcatattcactcaaaccactgaaacagctcactcttgtaatgtaaacagatttaa
tgttgctattaccagagcaaaagtaggcatactttgcataatgtctgatagagacctttatgacaagttgcaatttacaagtc
ttgaaattccacgtaggaatgtggcaactttacaagctgaaaatgtaacaggactctttaaagattgtagtaaggtaatcac
tgggttacatcctacacaggcacctacacacctcagtgttgacactaaattcaaaactgaaggtttatgtgttgacGtacct
ggcatacctaaggacatgacctatagaagactcatctctatgatgggttttaaaatgaattatcaagttaatggttaccctaa
catgtttatcacccgcgaagaagctataagacatgtacgtgcatggattggcttcgatgtcgaggggtgtcatgctactaga
gaagctgttggtaccaatttacctttacagctaggtttttctacaggtgttaacctagttgctgtacctacaggttatgttgata
cacctaataatacagatttttccagagttagtgctaaaccaccgcctggagatcaatttaaacacctcataccacttatgtac
aaaggacttccttggaatgtagtgcgtataaagattgtacaaatgttaagtgacacacttaaaaatctctctgacagagtcg
tatttgtcttatgggcacatggctttgagttgacatctatgaagtattttgtgaaaataggacctgagcgcacctgttgtctat
gtgatagacgtgccacatgcttttccactgcttcagacacttatgcctgttggcatcattctattggatttgattacgtctataa
tccgtttatgattgatgttcaacaatggggttttacaggtaacctacaaagcaaccatgatctgtattgtcaagtccatggta
atgcacatgtagctagttgtgatgcaatcatgactaggtgtctagctgtccacgagtgctttgttaagcgtgttgactggact
attgaatatcctataattggtgatgaactgaagattaatgcggcttgtagaaaggttcaacacatggttgttaaagctgcatt
attagcagacaaattcccagttcttcacgacattggtaaccctaaagctattaagtgtgtacctcaagctgatgtagaatgg
aagttctatgatgcacagccttgtagtgacaaagcttataaaatagaagaattattctattcttatgccacacattctgacaa
attcacagatggtgtatgcctattttggaattgcaatgtcgatagatatcctgctaattccattgtttgtagatttgacactaga
gtgctatctaaccttaacttgcctggttgtgatggtggcagtttgtatgtaaataaacatgcattccacacaccagcttttgat
aaaagtgcttttgttaatttaaaacaattaccatttttctattactctgacagtccatgtgagtctcatggaaaacaagtagtg
tcagatatagattatgtaccactaaagtctgctacgtgtataacacgttgcaatttaggtggtgctgtctgtagacatcatgct
aatgagtacagattgtatctcgatgcttataacatgatgatctcagctggctttagcttgtgggtttacaaacaatttgatact
tataacctctggaacacttttacaagacttcagagtttagaaaatgtggcttttaatgttgtaaataagggacactttgatgg
acaacagggtgaagtaccagtttctatcattaataacactgtttacacaaaagttgatggtgttgatgtagaattgtttgaaa

ataaaacaacattacctgttaatgtagcatttgagctttgggctaagcgcaacattaaaccagtaccagaggtgaaaatact
caataatttgggtgtggacattgctgctaatactgtgatctgggactacaaaagagatgctccagcacatatatctactattg
gtgtttgttctatgactgacatagccaagaaaccaaTtgaaacgatttgtgcaccactcactgtcttttttgatggtagagttg
atggtcaagtagacttatttagaaatgcccgtaatggtgttcttattacagaGggtagtgttaaaggtttacaaccatctgta
ggtcccaaacaagctagtcttaatggagtcacattaattggagaagccgtaaaaacacagttcaattattataagaaagtt
gatggtgttgtccaacaattacctgaaacttactttactcagagtagaaatttacaagaatttaaacccaggagtcaaatgg
aaattgatttcttagaattagctatggatgaattcattgaacggtataaattagaaggctatgccttcgaacatatcgtttatg
gagattttagtcatagtcagttaggtggtttacatctactgattggactagctaaacgttttaaggaatcaccttttgaattag
aagattttattcctatggacagtacagttaaaaactatttcataacagatgcgcaaacaggttcatctaagtgtgtgtgttct
gttattgatttattacttgatgattttgttgaaataataaaatcccaagatttatctgtagtttctaaggttgtcaaagtgactat
tgactatacagaaatttcatttatgctttggtgtaaagatggccatgtagaaacattttacccaaaattacaatctagtcaag
cgtggcaaccgggtgttgctatgcctaatctttacaaaatgcaaagaatgctattagaaaagtgtgaccttcaaaattatgg
tgatagtgcaacattacctaaaggcataatgatgaatgtcgcaaaatatactcaactgtgtcaatatttaaacacattaaca
ttagctgtaccctataatatgagagttatacattttggtgctggttctgataaaggagttgcaccaggtacagctgttttaaga
cagtggttgcctacgggtacgctgcttgtcgattcagatcttaatgactttgtctctgatgcagattcaactttgattggtgatt
gtgcaactgtacatacagctaataaatgggatctcattattagtgatatgtacgaccctaagactaaaaatgttacaaaaga
aaatgactctaaagagggttttttcacttacatttgtgggtttatacaacaaaagctagctcttggaggttccgtggctataa
agataacagaacattcttggaatgctgatctttataagctcatgggacacttcgcatggtggacagcctttgttactaatgtg
aatgcgtcatcatctgaagcatttttaattggatgtaattatcttggcaaaccacgcgaacaaatagatggttatgtcatgca
tgcaaattacatattttggaggaatacaaatccaattcagttgtcttcctattctttatttgacatgagtaaatttccccttaaa
ttaaggggtactgctgttatgtctttaaaagaaggtcaaatcaatgatatgattttatctcttcttagtaaaggtagacttata
attagagaaaacaacagagttgttatttctagtgatgttcttgttaacaactaaacgaacaatgtttgtttttcttgttttattg
ccactagtctctagtcagtgtgttaatcttaTaaccagaactcaat---------catacactaattctttcacacgtggtgtttat
taccctgacaaagttttcagatcctcagttttacattcaactcaggacttgttcttacctttcttttccaatgttacttggttccat
gcta------tctctgggaccaatggtactaagaggtttgataaccctgtcctaccatttaatgatggtgtttattttgcttccact
gagaagtctaacataataagaggctggatttttggtactactttagattcgaagacccagtccctacttattgttaataacgc
tactaatgttgttattaaagtctgtgaatttcaattttgtaatgatccatttttggAtgtttattaccacaaaaacaacaaaagt
tggatggaaagtgagttcagagtttattctagtgcgaataattgcacttttgaatatgtctctcagccttttcttatggaccttg
aaggaaaacagggtaatttcaaaaatcttagggaatttgtgtttaagaatattgatggttattttaaaatatattctaagcac
acgcctattaatttagGgcgtgatctccctcagggtttttcggctttagaaccattggtagatttgccaataggtattaacatc
actaggtttcaaactttacttgctttacatagaagttatttgactcctggtgattcttcttcaggttggacagctggtgctgcag
cttattatgtgggttatcttcaacctaggacttttctattaaaatataatgaaaatggaaccattacagatgctgtagactgtg
cacttgaccctctctcagaaacaaagtgtacgttgaaatccttcactgtagaaaaaggaatctatcaaacttctaactttaga
gtccaaccaacagaatctattgttagatttcctaatattacaaacttgtgcccttttgAtgaagtttttaacgccaccagattt
gcatctgtttatgcttggaacaggaagagaatcagcaactgtgttgctgattattctgtcctatataattccgcaCcattttTc
Gcttttaagtgttatggagtgtctcctactaaattaaatgatctctgctttactaatgtctatgcagattcatttgtaattagag
gtAatgaagtcagCcaaatcgctccagggcaaactggaaaTattgctgattataattataaattaccagatgattttacag
gctgcgttatagcttggaattctaacaaGcttgattctaaggttggtggtaattataattaccGgtatagattgtttaggaag
tctaatctcaaaccttttgagagagatatttcaactgaaatctatcaggccggtaAcaAaccttgtaatggtgttgCaggtG
ttaattgttactttcctttacaatcatatggtttccGacccactTatggtgttggtCaccaaccatacagagtagtagtacttt
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cttttgaacttctacatgcaccagcaactgtttgtggacctaaaaagtctactaatttggttaaaaacaaatgtgtcaatttca
acttcaatggtttaacaggcacaggtgttcttactgagtctaacaaaaagtttctgcctttccaacaatttggcagagacatt
gctgacactactgatgctgtccgtgatccacagacacttgagattcttgacattacaccatgttcttttggtggtgtcagtgtt
ataacaccaggaacaaatacttctaaccaggttgctgttctttatcaggGtgttaactgcacagaagtccctgttgctattca
tgcagatcaacttactcctacttggcgtgtttattctacaggttctaatgtttttcaaacacgtgcaggctgtttaataggggct
gaaTatgtcaacaactcatatgagtgtgacatacccattggtgcaggtatatgcgctagttatcagactcagactaaGtctc
Atcggcgggcacgtagtgtagctagtcaatccatcattgcctacactatgtcacttggtgcagaaaattcagttgcttactct
aataactctattgccatacccacaaattttactattagtgttaccacagaaattctaccagtgtctatgaccaagacatcagt
agattgtacaatgtacatttgtggtgattcaactgaatgcagcaatcttttgttgcaatatggcagtttttgtacacaattaaa
AcgtgctttaactggaatagctgttgaacaagacaaaaacacTcaagaagtttttgcacaagtcaaacaaatttacaaaa
caccaccaattaaaTattttggtggttttaatttttcacaaatattaccagatccatcaaaaccaagcaagaggtcatttatt
gaagatctacttttcaacaaagtgacacttgcagatgctggcttcatcaaacaatatggtgattgccttggtgatattgctgct
agagacctcatttgtgcacaaaagtttaacggccttactgttttgccacctttgctcacagatgaaatgattgctcaatacact
tctgcactgttagcgggtacaatcacttctggttggacctttggtgcaggtgctgcattacaaataccatttgctatgcaaatg
gcttataggtttaatggtattggagttacacagaatgttctctatgagaaccaaaaattgattgccaaccaatttaatagtgc
tattggcaaaattcaagactcactttcttccacagcaagtgcacttggaaaacttcaagatgtggtcaaccaTaatgcacaa
gctttaaacacgcttgttaaacaacttagctccaaAtttggtgcaatttcaagtgttttaaatgatatcctttcacgtcttgaca
aagttgaggctgaagtgcaaattgataggttgatcacaggcagacttcaaagtttgcagacatatgtgactcaacaattaat
tagagctgcagaaatcagagcttctgctaatcttgctgctactaaaatgtcagagtgtgtacttggacaatcaaaaagagtt
gatttttgtggaaagggctatcatcttatgtccttccctcagtcagcacctcatggtgtagtcttcttgcatgtgacttatgtccc
tgcacaagaaaagaacttcacaactgctcctgccatttgtcatgatggaaaagcacactttcctcgtgaaggtgtctttgttt
caaatggcacacactggtttgtaacacaaaggaatttttatgaaccacaaatcattactacagacaacacatttgtgtctgg
taactgtgatgttgtaataggaattgtcaacaacacagtttatgatcctttgcaacctgaattagaTtcattcaaggaggagt
tagataaatattttaagaatcatacatcaccagatgttgatttaggtgacatctctggcattaatgcttcagttgtaaacattc
aaaaagaaattgaccgcctcaatgaggttgccaagaatttaaatgaatctctcatcgatctccaagaacttggaaagtatg
agcagtatataaaatggccatggtacatttggctaggttttatagctggcttgattgccatagtaatggtgacaattatgcttt
gctgtatgaccagttgctgtagttgtctcaagggctgttgttcttgtggatcctgctgcaaatttgatgaagacgactctgagc
cagtgctcaaaggagtcaaattacattacacataaacgaacttatggatttgtttatgagaatcttcacaattggaactgta
actttgaagcaaggtgaaatcaaggatgctactccttcagattttgttcgcgctactgcaacgataccgatacaagcctcact
ccctttcggatggcttattgttggcgttgcacttcttgctgtttttcagagcgcttccaaaatcataacTctcaaaaagagatg
gcaactagcactctccaagggtgttcactttgtttgcaacttgctgttgttgtttgtaacagtttactcacaccttttgctcgttg
ctgctggccttgaagccccttttctctatctttatgctttagtctacttcttgcagagtataaactttgtaagaataataatgag
gctttggctttgctggaaatgccgttccaaaaacccattactttatgatgccaactattttctttgctggcatactaattgttac
gactattgtataccttacaatagtgtaacttcttcaattgtcattacttcaggtgatggcacaacaagtcctatttctgaacat
gactaccagattggtggttatactgaaaaatgggaatctggagtaaaagactgtgttgtattacacagttacttcacttcag
actattaccagctgtactcaactcaattgagtacagacaTtggtgttgaacatgttaccttcttcatctacaataaaattgttg
atgagcctgaagaacatgtccaaattcacacaatcgacggttcatccggagttgttaatccagtaatggaaccaatttatga
tgaaccgacgacgactactagcgtgcctttgtaagcacaagctgatgagtacgaacttatgtactcattcgtttcggaagag
aTaggtacgttaatagttaatagcgtacttctttttcttgctttcgtggtattcttgctagttacactagccatccttactgcgct
tcgattgtgtgcgtactgctgcaatattgttaacgtgagtcttgtaaaaccttctttttacgtttactctcgtgttaaaaatctga

attcttctagagttcctgatcttctggtctaaacgaactaaatattatattagtttttctgtttggaactttaattttagccatggc
aAattccaacggtactattaccgttgaagagcttaaaaagctccttgaaGaatggaacctagtaataggtttcctattcctt
acatggatttgtcttctacaatttgcctatgccaacaggaataggtttttgtatataattaagttaattttcctctggctgttatg
gccagtaactttaActtgttttgtgcttgctgctgtttacagaataaattggatcaccggtggaattgctatcgcaatggcttg
tcttgtaggcttgatgtggctcagctacttcattgcttctttcagactgtttgcgcgtacgcgttccatgtggtcattcaatccag
aaactaacattcttctcaacgtgccactccatggcactattctgaccagaccgcttctagaaagtgaactcgtaatcggagct
gtgatccttcgtggacatcttcgtattgctggacaccatctaggacgctgtgacatcaaggacctgcctaaagaaatcactgt
tgctacGtcacgaacgctttcttattacaaattgggagcttcgcagcgtgtagcaggtgactcaggttttgctgcatacagtc
gctacaggattggcaactataaattaaacacagaccattccagtagcagtgacaatattgctttgcttgtacagtaagtgac
aacagatgtttcatctcgttgactttcaggttactatagcagagatattactaattattatgaggacttttaaagtttccatttg
gaatcttgattacatcataaacctcataattaaaaatttatctaagtcactaactgagaataaatattctcaattagatgaag
agcaaccaatggagattgattaaacgaacatgaaaattattcttttcttggcactgataacactcgctacttgtgagctttat
cactaccaagagtgtgttagaggtacaacagtacttttaaaagaaccttgctcttctggaacatacgagggcaattcaccat
ttcatcctctagctgataacaaatttgcactgacttgctttagcactcaatttgcttttgcttgtcctgacggcgtaaaacacgt
ctatcagttacgtgccagatcagtttcacctaaactgttcatcagacaagaggaagttcaagaactttactctccaatttttct
tattgttgcggcaatagtgtttataacactttgcttcacactcaaaagaaagacagaatgattgaactttcattaattgacttc
tatttgtgctttttagcctttctgTtattccttgttttaattatgcttattatcttttggttctcacttgaactgcaagatcataatg
aaacttgtcacgcctaaaTgaacatgaaatttcttgttttcttaggaatcatcacaactgtagctgcatttcaccaagaatgt
agtttacagtcatgtactcaacatcaaccatatgtagttgatgacccgtgtcctattcacttctattctaaatggtatattaga
gtaggagctagaaaatcagcacctttaattgaattgtgcgtggatgaggctggttctaaatcacccattcagtacatcgatat
cggtaattatacagtttcctgtttaccttttacaattaattgccaggaacctaaattgggtagtcttgtagtgcgttgttcgttct
atgaagactttttagagtatcatgacgttcgtgttgttttagatttcatctaaacgaacaaactTaaatgtctgataatggacc
ccaaaatcagcgaaatgcaTTccgcattacgtttggtggGccctcagattcaactggcagtaaccagaatg---------gtg
gggcgcgatcaaaacaacgtcggccccaaggtttacccaataatactgcgtcttggttcaccgctctcactcaacatggcaa
ggaagaccttaaattccctcgaggacaaggcgttccaattaacaccaatagcagtccagatgaccaaattggctactaccg
aagagctaccagacgaattcgtggtggtgacggtaaaatgaaagatctcagtccaagatggtatttctactacctaggaac
tgggccagaagctggacttccctatggtgctaacaaagacggcatcatatgggttgcaactgagggagccttgaatacacc
aaaagatcacattggcacccgcaatcctgctaacaatgctgcaatcgtgctacaacttcctcaaggaacaacattgccaaa
aggcttctacgcagaagggagcagaggcggcagtcaagcctcttctcgttcctcatcacgtagtcgcaacagttcaagaaa
ttcaactccaggcagcagtaAACgaacttctcctgctagaatggctggcaatggcggtgatgctgctcttgctttgctgctg
cttgacagattgaaccagcttgagagcaaaatgtctggtaaaggccaacaacaacaaggccaaactgtcactaagaaatc
tgctgctgaggcttctaagaagcctcggcaaaaacgtactgccactaaagcatacaatgtaacacaagctttcggcagacg
tggtccagaacaaacccaaggaaattttggggaccaggaactaatcagacaaggaactgattacaaacattggccgcaa
attgcacaatttgcccccagcgcttcagcgttcttcggaatgtcgcgcattggcatggaagtcacaccttcgggaacgtggtt
gacctacacaggtgccatcaaattggatgacaaagatccaaatttcaaagatcaagtcattttgctgaataagcatattgac
gcatacaaaacattcccaccaacagagcctaaaaaggacaaaaagaagaaggctgatgaaactcaagccttaccgcaga
gacagaagaaacagcaaactgtgactcttcttcctgctgcagatttggatgatttctccaaacaattgcaacaatccatgag
cCgtgctgactcaactcaggcctaaactcatgcagaccacacaaggcagatgggctatataaacgttttcgcttttccgttta
cgatatatagtctactcttgtgcagaatgaattctcgtaactacatagcacaagtagatgtagttaactttaatctcacatag
caatctttaatcagtgtgtaacattagggaggacttgaaagagccaccacattttcaccgaggccacgcggagtacgatcg
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cttttgaacttctacatgcaccagcaactgtttgtggacctaaaaagtctactaatttggttaaaaacaaatgtgtcaatttca
acttcaatggtttaacaggcacaggtgttcttactgagtctaacaaaaagtttctgcctttccaacaatttggcagagacatt
gctgacactactgatgctgtccgtgatccacagacacttgagattcttgacattacaccatgttcttttggtggtgtcagtgtt
ataacaccaggaacaaatacttctaaccaggttgctgttctttatcaggGtgttaactgcacagaagtccctgttgctattca
tgcagatcaacttactcctacttggcgtgtttattctacaggttctaatgtttttcaaacacgtgcaggctgtttaataggggct
gaaTatgtcaacaactcatatgagtgtgacatacccattggtgcaggtatatgcgctagttatcagactcagactaaGtctc
Atcggcgggcacgtagtgtagctagtcaatccatcattgcctacactatgtcacttggtgcagaaaattcagttgcttactct
aataactctattgccatacccacaaattttactattagtgttaccacagaaattctaccagtgtctatgaccaagacatcagt
agattgtacaatgtacatttgtggtgattcaactgaatgcagcaatcttttgttgcaatatggcagtttttgtacacaattaaa
AcgtgctttaactggaatagctgttgaacaagacaaaaacacTcaagaagtttttgcacaagtcaaacaaatttacaaaa
caccaccaattaaaTattttggtggttttaatttttcacaaatattaccagatccatcaaaaccaagcaagaggtcatttatt
gaagatctacttttcaacaaagtgacacttgcagatgctggcttcatcaaacaatatggtgattgccttggtgatattgctgct
agagacctcatttgtgcacaaaagtttaacggccttactgttttgccacctttgctcacagatgaaatgattgctcaatacact
tctgcactgttagcgggtacaatcacttctggttggacctttggtgcaggtgctgcattacaaataccatttgctatgcaaatg
gcttataggtttaatggtattggagttacacagaatgttctctatgagaaccaaaaattgattgccaaccaatttaatagtgc
tattggcaaaattcaagactcactttcttccacagcaagtgcacttggaaaacttcaagatgtggtcaaccaTaatgcacaa
gctttaaacacgcttgttaaacaacttagctccaaAtttggtgcaatttcaagtgttttaaatgatatcctttcacgtcttgaca
aagttgaggctgaagtgcaaattgataggttgatcacaggcagacttcaaagtttgcagacatatgtgactcaacaattaat
tagagctgcagaaatcagagcttctgctaatcttgctgctactaaaatgtcagagtgtgtacttggacaatcaaaaagagtt
gatttttgtggaaagggctatcatcttatgtccttccctcagtcagcacctcatggtgtagtcttcttgcatgtgacttatgtccc
tgcacaagaaaagaacttcacaactgctcctgccatttgtcatgatggaaaagcacactttcctcgtgaaggtgtctttgttt
caaatggcacacactggtttgtaacacaaaggaatttttatgaaccacaaatcattactacagacaacacatttgtgtctgg
taactgtgatgttgtaataggaattgtcaacaacacagtttatgatcctttgcaacctgaattagaTtcattcaaggaggagt
tagataaatattttaagaatcatacatcaccagatgttgatttaggtgacatctctggcattaatgcttcagttgtaaacattc
aaaaagaaattgaccgcctcaatgaggttgccaagaatttaaatgaatctctcatcgatctccaagaacttggaaagtatg
agcagtatataaaatggccatggtacatttggctaggttttatagctggcttgattgccatagtaatggtgacaattatgcttt
gctgtatgaccagttgctgtagttgtctcaagggctgttgttcttgtggatcctgctgcaaatttgatgaagacgactctgagc
cagtgctcaaaggagtcaaattacattacacataaacgaacttatggatttgtttatgagaatcttcacaattggaactgta
actttgaagcaaggtgaaatcaaggatgctactccttcagattttgttcgcgctactgcaacgataccgatacaagcctcact
ccctttcggatggcttattgttggcgttgcacttcttgctgtttttcagagcgcttccaaaatcataacTctcaaaaagagatg
gcaactagcactctccaagggtgttcactttgtttgcaacttgctgttgttgtttgtaacagtttactcacaccttttgctcgttg
ctgctggccttgaagccccttttctctatctttatgctttagtctacttcttgcagagtataaactttgtaagaataataatgag
gctttggctttgctggaaatgccgttccaaaaacccattactttatgatgccaactattttctttgctggcatactaattgttac
gactattgtataccttacaatagtgtaacttcttcaattgtcattacttcaggtgatggcacaacaagtcctatttctgaacat
gactaccagattggtggttatactgaaaaatgggaatctggagtaaaagactgtgttgtattacacagttacttcacttcag
actattaccagctgtactcaactcaattgagtacagacaTtggtgttgaacatgttaccttcttcatctacaataaaattgttg
atgagcctgaagaacatgtccaaattcacacaatcgacggttcatccggagttgttaatccagtaatggaaccaatttatga
tgaaccgacgacgactactagcgtgcctttgtaagcacaagctgatgagtacgaacttatgtactcattcgtttcggaagag
aTaggtacgttaatagttaatagcgtacttctttttcttgctttcgtggtattcttgctagttacactagccatccttactgcgct
tcgattgtgtgcgtactgctgcaatattgttaacgtgagtcttgtaaaaccttctttttacgtttactctcgtgttaaaaatctga

attcttctagagttcctgatcttctggtctaaacgaactaaatattatattagtttttctgtttggaactttaattttagccatggc
aAattccaacggtactattaccgttgaagagcttaaaaagctccttgaaGaatggaacctagtaataggtttcctattcctt
acatggatttgtcttctacaatttgcctatgccaacaggaataggtttttgtatataattaagttaattttcctctggctgttatg
gccagtaactttaActtgttttgtgcttgctgctgtttacagaataaattggatcaccggtggaattgctatcgcaatggcttg
tcttgtaggcttgatgtggctcagctacttcattgcttctttcagactgtttgcgcgtacgcgttccatgtggtcattcaatccag
aaactaacattcttctcaacgtgccactccatggcactattctgaccagaccgcttctagaaagtgaactcgtaatcggagct
gtgatccttcgtggacatcttcgtattgctggacaccatctaggacgctgtgacatcaaggacctgcctaaagaaatcactgt
tgctacGtcacgaacgctttcttattacaaattgggagcttcgcagcgtgtagcaggtgactcaggttttgctgcatacagtc
gctacaggattggcaactataaattaaacacagaccattccagtagcagtgacaatattgctttgcttgtacagtaagtgac
aacagatgtttcatctcgttgactttcaggttactatagcagagatattactaattattatgaggacttttaaagtttccatttg
gaatcttgattacatcataaacctcataattaaaaatttatctaagtcactaactgagaataaatattctcaattagatgaag
agcaaccaatggagattgattaaacgaacatgaaaattattcttttcttggcactgataacactcgctacttgtgagctttat
cactaccaagagtgtgttagaggtacaacagtacttttaaaagaaccttgctcttctggaacatacgagggcaattcaccat
ttcatcctctagctgataacaaatttgcactgacttgctttagcactcaatttgcttttgcttgtcctgacggcgtaaaacacgt
ctatcagttacgtgccagatcagtttcacctaaactgttcatcagacaagaggaagttcaagaactttactctccaatttttct
tattgttgcggcaatagtgtttataacactttgcttcacactcaaaagaaagacagaatgattgaactttcattaattgacttc
tatttgtgctttttagcctttctgTtattccttgttttaattatgcttattatcttttggttctcacttgaactgcaagatcataatg
aaacttgtcacgcctaaaTgaacatgaaatttcttgttttcttaggaatcatcacaactgtagctgcatttcaccaagaatgt
agtttacagtcatgtactcaacatcaaccatatgtagttgatgacccgtgtcctattcacttctattctaaatggtatattaga
gtaggagctagaaaatcagcacctttaattgaattgtgcgtggatgaggctggttctaaatcacccattcagtacatcgatat
cggtaattatacagtttcctgtttaccttttacaattaattgccaggaacctaaattgggtagtcttgtagtgcgttgttcgttct
atgaagactttttagagtatcatgacgttcgtgttgttttagatttcatctaaacgaacaaactTaaatgtctgataatggacc
ccaaaatcagcgaaatgcaTTccgcattacgtttggtggGccctcagattcaactggcagtaaccagaatg---------gtg
gggcgcgatcaaaacaacgtcggccccaaggtttacccaataatactgcgtcttggttcaccgctctcactcaacatggcaa
ggaagaccttaaattccctcgaggacaaggcgttccaattaacaccaatagcagtccagatgaccaaattggctactaccg
aagagctaccagacgaattcgtggtggtgacggtaaaatgaaagatctcagtccaagatggtatttctactacctaggaac
tgggccagaagctggacttccctatggtgctaacaaagacggcatcatatgggttgcaactgagggagccttgaatacacc
aaaagatcacattggcacccgcaatcctgctaacaatgctgcaatcgtgctacaacttcctcaaggaacaacattgccaaa
aggcttctacgcagaagggagcagaggcggcagtcaagcctcttctcgttcctcatcacgtagtcgcaacagttcaagaaa
ttcaactccaggcagcagtaAACgaacttctcctgctagaatggctggcaatggcggtgatgctgctcttgctttgctgctg
cttgacagattgaaccagcttgagagcaaaatgtctggtaaaggccaacaacaacaaggccaaactgtcactaagaaatc
tgctgctgaggcttctaagaagcctcggcaaaaacgtactgccactaaagcatacaatgtaacacaagctttcggcagacg
tggtccagaacaaacccaaggaaattttggggaccaggaactaatcagacaaggaactgattacaaacattggccgcaa
attgcacaatttgcccccagcgcttcagcgttcttcggaatgtcgcgcattggcatggaagtcacaccttcgggaacgtggtt
gacctacacaggtgccatcaaattggatgacaaagatccaaatttcaaagatcaagtcattttgctgaataagcatattgac
gcatacaaaacattcccaccaacagagcctaaaaaggacaaaaagaagaaggctgatgaaactcaagccttaccgcaga
gacagaagaaacagcaaactgtgactcttcttcctgctgcagatttggatgatttctccaaacaattgcaacaatccatgag
cCgtgctgactcaactcaggcctaaactcatgcagaccacacaaggcagatgggctatataaacgttttcgcttttccgttta
cgatatatagtctactcttgtgcagaatgaattctcgtaactacatagcacaagtagatgtagttaactttaatctcacatag
caatctttaatcagtgtgtaacattagggaggacttgaaagagccaccacattttcaccgaggccacgcggagtacgatcg
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agtgtacagtgaacaatgctagggagagctgcctatatggaagagccctaatgtgtaaaattaattttagtagtgnnnnn
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn
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