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Abstract  38 

The intensification of the poultry industry over the last sixty years facilitated the evolution of 39 

increased virulence and vaccine breaks in Marek’s disease virus (MDV). Full genome sequences 40 

are essential for understanding why and how this evolution occurred, but what is known about 41 

genome-wide variation in MDV comes from laboratory culture. To rectify this, we developed 42 

methods for obtaining high quality genome sequences direct from field samples without the need 43 

for sequence-based enrichment strategies prior to sequencing. We found that viral genomes from 44 

adjacent field sites had high levels of overall DNA identity, and despite strong evidence of 45 

purifying selection, had coding variations in proteins associated with virulence and manipulation 46 

of host immunity. Our methods empower ecological field surveillance, make it possible to 47 

determine the basis of viral virulence and vaccine breaks, and can be used to obtain full genomes 48 

from clinical samples of other large DNA viruses, known and unknown.  49 

Importance 50 

Despite both clinical and laboratory data that show increased virulence in field isolates of MDV-51 

1 over the last half century, we do not yet understand the genetic basis of its pathogenicity. Our 52 

knowledge of genome-wide variation between strains of this virus comes exclusively from 53 

isolates that have been cultured in the laboratory. MDV-1 isolates tend to lose virulence during 54 

repeated cycles of replication in the laboratory, raising concerns about the ability of cultured 55 

isolates to accurately reflect virus in the field. The ability to directly sequence and compare field 56 

isolates of this virus is critical to understanding the genetic basis of rising virulence in the wild. 57 

Our approaches remove the prior requirement for cell culture, and allow direct measurement of 58 
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viral genomic variation within and between hosts, over time, and during adaptation to changing 59 

conditions.  60 

 61 

Introduction  62 

Marek’s disease virus (MDV), a large DNA alphaherpesvirus of poultry, became increasingly 63 

virulent over the second half of the 20th century, evolving from a virus that caused relatively mild 64 

disease to one that can kill all unvaccinated hosts in ten days (1–5). Today, mass immunizations 65 

with live-attenuated vaccines derived from related herpesviruses control production losses (3, 6), 66 

with almost 9 billion broiler chickens vaccinated against MD each year in the US alone (7). MD 67 

vaccines prevent host animals from developing disease symptoms, but do not prevent them from 68 

becoming infected, nor do they block transmission of the virus (6, 8). Perhaps because of that, 69 

those vaccines may have created the conditions favoring the evolutionary emergence of the 70 

hyperpathogenic strains which dominate the poultry industry today (5). Certainly, virus evolution 71 

undermined two generations of MD vaccines (1–4) However, the genetics underlying MDV-1 72 

evolution into more virulent forms and vaccine breaks are not well understood (9, 10). Likewise, 73 

the nature of the vaccine-break lesions that can result from human immunization with live-74 

attenuated varicella zoster virus (VZV) vaccine is an area of active study (11–14). 75 

  76 

Remarkably, our understanding of MDV-1 (also known as gallid herpesvirus type 2; GaHV-2) 77 

genomics and genetic variation comes exclusively from the study of 10 different laboratory-78 

grown strains (15–22). Most herpesviruses share this limitation, where the large genome size and 79 

the need for high-titer samples has led to a preponderance of genome studies on cultured virus, 80 
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rather than clinical or field samples (23–29). Repeated observations about the loss of virulence 81 

during serial passage of MDV-1 and other herpesviruses raises concerns about the ability of 82 

cultured strains to accurately reflect the genetic basis of virulence in wild populations of virus 83 

(10, 26, 30, 31). The ability to capture and sequence viral genomes directly from host infections 84 

and sites of transmission is the necessary first step to reveal when and where variations 85 

associated with vaccine-breaks arise, which one(s) spread into future host generations, and to 86 

begin to understand the evolutionary genetics of virulence and vaccine failure.  87 

 88 

Recent high-throughput sequencing (HTS) applications have demonstrated that herpesvirus 89 

genomes can be captured from human clinical samples using genome amplification techniques 90 

such as oligonucleotide enrichment and PCR amplicon-based approaches (32–37). Here we 91 

present a method for the enrichment and isolation of viral genomes from dust and feather 92 

follicles, without the use of either of these solution-based enrichment methods. Chickens become 93 

infected with MDV by the inhalation of dust contaminated with virus shed from the feather 94 

follicles of infected birds. Deep sequencing of viral DNA from dust and feather follicles enabled 95 

us to observe, for the first time, the complete genome of MDV-1 directly from field samples of 96 

naturally infected hosts. This revealed variations in both new and known candidates for virulence 97 

and modulation of host immunity. These variations were detected both within and between the 98 

virus populations at different field sites, and during sequential sampling. One of the new loci 99 

potentially associated with virulence, in the viral transactivator ICP4 (MDV084), was tracked 100 

using targeted gene surveillance of longitudinal field samples. These findings confirm the 101 

genetic flexibility of this large DNA virus in a field setting, and demonstrate how a new 102 
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combination of HTS and targeted Sanger-based surveillance approaches can be combined to 103 

understand viral evolution in the field.  104 

 105 

Results 106 

Sequencing, assembly and annotation of new MDV-1 consensus genomes from the field  107 

To assess the level of genomic diversity within and between field sites that are under real world 108 

selection, we selected two commercial-scale farms in central Pennsylvania (11 miles apart) that 109 

have a high incidence of MDV-1 (Figure 1A). These operations raise poultry for meat (also 110 

known as broilers), and house 25,000-30,000 individuals per house. The poultry on these farms 111 

were vaccinated with a bivalent vaccine composed of MDV-2 (strain SB-1) and HVT (strain 112 

FC126). In contrast to the Rispens vaccine, which is an attenuated MDV-1 strain, MDV-2 and 113 

HVT can be readily distinguished from MDV-1 across the length of the genome, which allowed 114 

us to distinguish wild MDV-1 from concomitant shedding of vaccine strains. These farms are 115 

part of a longitudinal study of MDV-1 epidemiology and evolution in modern agricultural 116 

settings.  117 

 118 

To obtain material for genomic surveillance, we isolated MDV nucleocapsids from dust or 119 

epithelial tissues from individual feather follicles from selected hosts (see Methods and 120 

Supplemental Figure S2 for overview, and Supplemental Tables S1-S4 for DNA yields). A 121 

total of five uncultured wild-type samples of MDV were sequenced on an in-house Illumina 122 

MiSeq sequencer (Table 1, lines 4-6; see Methods for details). The sequence read data derived 123 

from dust contained approximately 2-5% MDV-1 DNA, while the feather samples ranged from 124 
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~27%-48% MDV-1 (Table 1, line 6). Since dust represents the infectious material that transmits 125 

MDV from host to host, and across generations of animals that pass through a farm or field site, 126 

we pursued analysis of wild MDV genomes from both types of source material. 127 

 128 

Consensus genomes were created for each of the five samples in Table 1, using a recently 129 

described combination of de novo assembly and reference-guided alignment of large sequence 130 

blocks, or contigs (38). Like other alphaherpesviruses, MDV genomes have a class E 131 

organization (Figure 2A) that consists of unique long (UL) and unique short (US) regions (39, 132 

40). Each unique region is flanked by inverted repeats, which are named according to their 133 

position (terminal, T, vs. internal, I), and whether they flank the unique long (L) or short (S) 134 

region (TRL, IRL, TRS, IRS; see Figure 2A for illustration). Nearly complete genomes were 135 

obtained for all five samples (Table 1). The coverage depth for each genome was directly 136 

proportional to the number of MDV-1 specific reads obtained from each sequencing library 137 

(Table 1, line 5,7). The dust sample from Farm B had the highest coverage depth, at an average 138 

of almost 600X across the viral genome. Feather 1 from Farm B had the lowest coverage depth, 139 

averaging 44X genome-wide, which still exceeds that of most bacterial or eukaryotic genome 140 

assemblies. The genome length for all 5 samples was approximately 180 kilobases (Table 1), 141 

which is comparable to all previously sequenced MDV-1 isolates (15, 17–22, 41).  142 

 143 

For each field sample collected and analyzed here, we assembled a consensus viral genome. We 144 

anticipated that the viral DNA present in a single feather follicle might be homotypic, based on 145 

similar results found for individual vesicular lesions of the alphaherpesvirus varicella zoster virus 146 

(VZV) (11, 33). We further expected that the genomes assembled from a dust sample would 147 
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represent a mix of viral genomes, summed over time and space. Viral genomes assembled from 148 

dust represent the most common genome sequence, or alleles therein, from all of the circulating 149 

MDV-1 on a particular farm. The comparison of consensus genomes provided a view into the 150 

amount of sequence variation between Farm A and Farm B, or between two individuals on the 151 

same Farm (Table 2). In contrast, examining the polymorphic loci within each consensus 152 

genome assembly allowed us to observe the level of variation within the viral population at each 153 

point source (Supplemental Table S5, Figures 3-4). 154 

 155 

DNA and amino acid variations between five new field genomes of MDV-1  156 

We began our assessment of genetic diversity by determining the extent of DNA and amino acid 157 

variations between the five different consensus genomes. We found that the five genomes are 158 

highly similar to one another at the DNA level, with the percent homology ranging from 99.4% 159 

to 99.9% in pairwise comparisons (Figure 2C, Table 2). These comparisons used a trimmed 160 

genome format (Figure 2B) where the terminal repeat regions had been removed, so that these 161 

sequences were not over-represented in the analyses. The level of identity between samples is 162 

akin to that observed in closely related isolates of HSV-1 (38). Observed nucleotide differences 163 

were categorized as genic or intergenic, and further sub-divided based on whether the differences 164 

were insertions or deletions (INDELs) or single-nucleotide polymorphism (SNPs) (Table 2). The 165 

number of nucleotide differences was higher in intergenic regions than in genic regions for all 166 

genomes. For the INDEL differences, we also calculated the minimum number of events that 167 

could have led to the observed differences, to provide context on the relative frequency of these 168 

loci in each genome. We anticipate that these variations include silent mutations, as well as 169 

potentially advantageous or deleterious coding differences. 170 
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 171 

To understand the effect(s) of these nucleotide variations on protein coding and function, we 172 

next compared the amino acid (AA) sequences of all open reading frames (ORFs) for the five 173 

isolates. The consensus protein coding sequences of all five isolates were nearly identical, with 174 

just a few differences (Table 2). In comparison to the other four samples, Farm B-dust harbored 175 

AA substitutions in four proteins. A single non-synonymous mutation was seen in each of the 176 

following: the virulence-associated lipase homolog vLIP (MDV010; Farm B-dust, S501A) (42), 177 

the MHC class I immune evasion protein LORF2 (MDV012; Farm B-dust, L311W) (43), and the 178 

probable membrane protein UL43 (MDV056; Farm B-dust, S74L). A single synonymous 179 

mutation was observed in the DNA helicase-primase protein UL8 (MDV020). Finally, a 66 AA 180 

insertion unique to Farm B-dust was observed in the DNA polymerase processivity subunit 181 

protein UL42 (MDV055). We did not observe any coding differences between temporally 182 

separated dust isolates from Farm A or between feather isolates from different hosts in Farm B, 183 

although both of these comparisons (Table 2, bottom) revealed hundreds of noncoding 184 

differences. The fact that any coding differences were observed in this small sampling of field 185 

viruses suggests that the natural ecology of MDV-1 may include drift and adaptation in protein 186 

function, in addition to genetic drift.  187 

  188 

Detection of polymorphic bases within each genome  189 

Comparing viral genomes found in different sites provides a macro-level assessment of viral 190 

diversity. We next investigated the presence of polymorphic viral populations within each 191 

consensus genome, to reveal how much diversity might exist within a field site (as reflected in 192 

dust-derived genomes) or within a single host (as reflected in feather genomes). Drug resistance 193 
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and vaccine failure have been attributed to the variation present in viral populations (11, 33, 44). 194 

Polymorphic populations allow viruses to adapt to diverse environments and withstand changing 195 

selective pressures, such as evading the host immune system, adapting to different tissue 196 

compartments, and facilitating transmission between hosts (11, 27, 33–35, 44, 45).  197 

 198 

For each consensus genome, we used polymorphism detection analysis to examine the depth and 199 

content of the sequence reads at every nucleotide position in each genome (see Methods for 200 

details). Rather than detecting differences between isolates, as in Table 2, this approach revealed 201 

polymorphic sites within the viral population that contributed to each consensus genome. We 202 

detected 2-58 polymorphic sites within each consensus genome (Figure 3) (see Methods for 203 

details). The feather genomes had a lower number of polymorphisms compared to the dust 204 

genomes, which may be due to low within-follicle diversity or the relatively low sequence 205 

coverage. INDELs were not included in this polymorphism analysis, but clearly contributed to 206 

between-sample variation (Table 2), suggesting that this may be an underestimate of the overall 207 

amount of within-sample variation. Viral polymorphisms were distributed across the entire 208 

length of the genome (Figure 3), with the majority concentrated in the repeat regions. 209 

Application of a more stringent set of parameters (see Methods for details) yielded a similar 210 

distribution of polymorphisms, albeit with no polymorphisms detected in feather samples due to 211 

their lower depth of coverage (Supplemental Figure S3). These data reveal that polymorphic 212 

alleles are present in field isolates, including in viral genomes collected from single sites of 213 

shedding in infected animals. 214 

 215 
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To address the potential effect(s) of these polymorphisms on MDV biology, we divided the 216 

observed polymorphisms into categories of synonymous, non-synonymous, genic-untranslated, 217 

or intergenic (Supplemental Table S5). The majority of all polymorphisms were located in 218 

intergenic regions (Supplemental Table S5). We next investigated whether evidence of 219 

selection could be detected from the distribution of polymorphisms in our samples. One way to 220 

assess this is to determine whether the relative frequencies of synonymous, non-synonymous, 221 

genic-untranslated, and intergenic polymorphisms can be explained by random chance. If the 222 

observed frequencies differ from those expected from a random distribution, it would suggest 223 

genetic selection. After calculating the expected distribution in each sample (as described in 224 

Methods), we determined that the distribution of variants differed from that expected by chance 225 

in each of our dust samples (Figure 4, Farm A-Dust 1: χ2=68.16, d.f.=3, p<0.001; Farm A-Dust 226 

2: χ2=128.57, d.f.=3, p<0.001; Farm B-Dust 1: χ2=63.42, d.f.=3, p<0.001). In addition, we found 227 

in pairwise tests that the number of observed intergenic polymorphisms was significantly higher 228 

than the observed values for other categories (Table S6). This suggests that the mutations that 229 

occurred in the intergenic regions were better tolerated and more likely to be maintained in the 230 

genome; i.e. that purifying selection was acting on coding regions.  231 

 232 

Tracking shifts in polymorphic loci over time 233 

In addition to observing polymorphic SNPs in each sample at a single moment in time, we 234 

explored whether any shifts in polymorphic allele frequency were detected in the two sequential 235 

dust samples from Farm A. We found one locus in the ICP4 (MDV084) gene (nucleotide 236 

position 5,495) that was polymorphic in the Farm A-dust 2 sample, with nearly equal proportions 237 

of sequence reads supporting the major allele (C) and the minor allele (A) (Figure 5A). In 238 
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contrast, this locus had been 99% A and only 1% C in Farm A-dust 1 (collected 11 months 239 

earlier in another house on the same farm), such that it was not counted as polymorphic in that 240 

sample by our parameters (see Methods for details). At this polymorphic locus, the nucleotide C 241 

encodes a serine, while nucleotide A encodes a tyrosine. The encoded AA lies in the C-terminal 242 

domain of ICP4 (AA position 1,832). ICP4 is an important immediate-early protein in all 243 

herpesviruses, where it serves as a major regulator of viral transcription (46). The role of ICP4 in 244 

MDV pathogenesis is also considered crucial because of its proximity to the latency associated 245 

transcripts (LAT) and recently described miRNAs (9).  246 

 247 

Given the very different allele frequencies at this ICP4 locus between two houses on the same 248 

farm 11 months apart, we examined dust samples from one of the houses over 9 months with 249 

targeted Sanger sequencing of this SNP (Figure 5B). We found that this locus was highly 250 

polymorphic in time-separated dust samples. The A (Tyrosine) allele rose to almost 50% 251 

frequency in the 9 month period. In four of the dust samples, the A (Tyrosine) allele was 252 

dominant over the C (serine) allele. This reversible fluctuation in allele frequencies over a short 253 

period of time is unprecedented for alphaherpesviruses so far as we know. However, recent 254 

studies on human cytomegalovirus (HCMV) have shown that selection can cause viral 255 

populations to evolve in short periods of time (34, 35). While this is only one example of a 256 

polymorphic locus that shifts in frequency over time, similar approaches could be used at any of 257 

the hundreds of polymorphic loci detected here (Supplemental Table S5). This combination of 258 

deep-sequencing genomic approaches to detect new polymorphic loci, and fast gene-specific 259 

surveillance to track changes in SNP frequency over a larger number of samples, illustrate the 260 
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power of high-quality full genome sequences from field samples to provide powerful markers for 261 

field ecology. 262 

 263 

Comparison of field isolates of MDV-1 to previously sequenced isolates  264 

To compare these new field-based MDV genomes to previously sequenced isolates of MDV, we 265 

created a multiple sequence alignment of all available MDV-1 genomes (15, 18–22, 41, 47, 48). 266 

The multiple sequence alignment was used to generate a dendrogram depicting genetic 267 

relatedness (see Methods). We observed that the five new isolates form a separate group when 268 

compared to all previously sequenced isolates (Figure 6). This may result from geographic 269 

differences as previously seen for HSV-1 and VZV (28, 49–52), or from temporal differences in 270 

the time of sample isolations, or from the lack of cell-culture adaptation in these new genomes.  271 

 272 

Assessment of taxonomic diversity in dust and chicken feathers  273 

As noted in Table 1, only a fraction of the reads obtained from each sequencing library were 274 

specific to MDV-1. We analyzed the remaining sequences to gain insight into the taxonomic 275 

diversity found in poultry dust and chicken feathers. Since our enrichment for viral capsids 276 

removed most host and environmental contaminants, the taxa observed here represent only a 277 

fraction of the material present initially. However it provides useful insight into the overall 278 

complexity of each sample type. The results of the classification for Farm B- dust, Farm B-279 

feather 1, and Farm B-feather 2 are shown in Supplemental Figure S4. We divided the 280 

sequence reads by the different kingdoms they represent. Complete lists of taxonomic diversity 281 

for all samples to the family level are listed in Supplemental Table S7. As expected, the 282 
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taxonomic diversity of dust is greater than that of feather samples. The majority of sequences in 283 

the dust samples mapped to the chicken genome, and only about 2-5% were MDV specific (see 284 

also Table 1, line 6). We found that single feathers were a better source of MDV DNA, due to 285 

their reduced level of taxonomic diversity and higher percentage of MDV-specific reads (Table 286 

1, line 6 and Supplemental Figure S4).  287 

 288 

Discussion  289 

This study presents the first description of MDV-1 genomes sequenced directly from a field 290 

setting. This work builds on recent efforts to sequence VZV and HCMV genomes directly from 291 

human clinical samples, but importantly the approaches presented here do not employ either the 292 

oligo-enrichment used for VZV or the PCR-amplicon strategy used for HCMV (11, 33, 35, 37, 293 

53). This makes our technique widely accessible and reduces potential methodological bias. It is 294 

also more rapid to implement and is applicable to the isolation of unknown large DNA viruses, 295 

since it does not rely on sequence-specific enrichment strategies. These five genomes were 296 

interrogated at the level of comparing consensus genomes – between-host variation – as well as 297 

within each consensus genome – within-host variation. By following up with targeted PCR and 298 

Sanger sequencing, we demonstrate that HTS can rapidly empower molecular epidemiological 299 

field surveillance of loci undergoing genetic shifts. 300 

 301 

Although a limited number of non-synonymous differences were detected between the field 302 

samples compared here, it is striking that several of these have been previously demonstrated to 303 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 16, 2016. ; https://doi.org/10.1101/039479doi: bioRxiv preprint 

https://doi.org/10.1101/039479


Pandey et al., submitted for review. 

 14

have roles in virulence and immune evasion. The N-glycosylated protein viral lipase (vLIP; 304 

MDV010) encodes a 120 kDa protein that is required for lytic virus replication in chickens (4).  305 

The viral protein LORF2 (MDV012) is a viral immune evasion gene that suppresses MHC class 306 

I expression by inhibiting TAP transporter delivery of peptides to the endoplasmic reticulum 307 

(43). LORF2 is unique to the non-mammalian Mardivirus clade, but its function is analogous to 308 

that of the mammalian alphaherpesvirus product UL49.5 (43, 54, 55). The non-synonymous 309 

mutations detected in Farm B dust lie in protein residues where their impact is unknown, but the 310 

presence of these variations suggests that these targets warrant further study. Polymorphisms that 311 

were not fully penetrant in the consensus genomes, but that may be fodder for future selection, 312 

include residues in genes associated with virulence and immune evasion, such as ICP4, Meq, 313 

pp38, vLIP, LORF2, and others (Supplemental Table S5). It is noteworthy that these coding 314 

variations are detected despite signs of clearance of polymorphisms from coding regions, as 315 

indicated by the higher-than-expected ratios of intergenic to coding polymorphisms in these 316 

genomes (Figure 4). Together these findings suggest that MDV exhibits genetic variation and 317 

undergoes rapid selection in the field, which may provide a basis for its ability to overcome 318 

vaccine-induced host resistance to infection (4, 56–58). Future work will be needed to deduce if 319 

the mechanisms and phenotypic outcomes in wild virus reflect those predicted by prior in vitro 320 

evolution studies (10, 30). 321 

 322 

Our comparison of new field-isolated MDV-1 genomes revealed a distinct genetic clustering of 323 

these genomes, separate from other previously sequenced MDV-1 genomes (Figure 6). This 324 

pattern may results from geographic and temporal drift in these strains, or from the wild, virulent 325 

nature of these strains vs. the adaptation(s) to tissue culture in all prior MDV-1 genome 326 
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sequences. The impact of geography on the genetic relatedness of herpesvirus genomes has been 327 

previously shown for related alphaherpesviruses such as VZV and HSV-1 (28, 49–52). 328 

Phenomena such as recombination can also have an impact on the clustering pattern of MDV 329 

isolates. It is worth noting that the genetic distance dendrogram constructed here included 330 

genomes from isolates that were collected over a 40 year span, which introduces the potential for 331 

temporal drift (15, 18–22, 41, 47, 48). Agricultural and farming practices have evolved 332 

significantly during this time, and we presume that pathogens have kept pace. To truly 333 

understand the global diversity of MDV, future studies will need to include the impacts of 334 

recombination and polymorphisms within samples, in addition to the overall consensus-genome 335 

differences reflected by static genetic distance analyses.  336 

 337 

Prior studies have shown that when MDV is passaged for multiple generations in cell-culture, the 338 

virus accumulates a series of mutations, including several that affect virulence (30). The same is 339 

true for the betaherpesvirus HCMV (26). Extended passage in vitro forms the basis of vaccine 340 

attenuation strategies, as for the successful vaccine strain (vOka) of the alphaherpesvirus VZV 341 

(59). Cultured viruses can undergo bottlenecks during initial adaptation to cell culture, and they 342 

may accumulate variations and loss of function mutations by genetic drift or positive selection. 343 

The variations and mutations thus accumulated may have little relationship to virulence and the 344 

balance of variation and selection in the field. We thus anticipate that these field-isolated viral 345 

genomes more accurately reflect the genomes of wild MDV-1 that are circulating in the field. 346 

The ability to access and compare virus from virulent infections in the field will enable future 347 

analyses of vaccine-break viruses. 348 

 349 
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Our data and approaches provide powerful new tools to measure viral diversity in field settings, 350 

and to track changes in large DNA virus populations over time in hosts and ecosystems. In the 351 

case of MDV-1, targeted surveillance based on an initial genomic survey could be used to track 352 

viral spread across a geographic area, or between multiple end-users associated with a single 353 

parent corporation (Figure 1B). Similar approaches could be implemented for public-or animal-354 

health programs, for instance to guide management decisions on how to limit pathogen spread 355 

and contain airborne pathogens. The ability to sequence and compare large viral genomes 356 

directly from individual hosts and field sites will allow a new level of interrogation of host-virus 357 

fitness interactions, which form the basis of host resistance to infection (Figure 1B). Finally, the 358 

analysis of viral genomes from single feather follicles, as from single VZV vesicles, enables our 359 

first insights into naturally-occurring within-host variation during infection and transmission 360 

(Figure 1B). Evidence from tissue compartmentalization studies in HCMV suggests that viral 361 

genomes differ in distinct body niches (35, 37). If the same were true for MDV-1, it is would 362 

suggest that prior studies of spleen-derived virus may not fully reflect the virus that is shed from 363 

feather-follicle epithelia and transmitted to new hosts.  364 

 365 

Materials and Methods 366 

Collection of dust and feathers  367 

Dust samples were collected into 1.5 ml tubes from fan louvers. This location contains less 368 

moisture and contaminants than floor-collected samples, and represents a mixture of air-borne 369 

virus particles and feather dander. Sequential samples from Farm A (Table 1) were collected 11 370 

months apart, from adjacent houses on the same farm (Figure 1A). Samples from Farm B (Table 371 
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1) were collected from a single house, at a single point in time. Feathers were collected just 372 

before hosts were transported from the farms for sale, to maximize the potential for infection and 373 

high viral titer. At the time of collection the animals were 10-12 weeks old. Ten individuals were 374 

chosen randomly throughout the entirety of one house for feather collection. Two feathers from 375 

each animal were collected from the axillary track (breast feathers). The distal 0.5-1.0 cm 376 

proximal shaft or feather tip, which contains the feather pulp, was snipped into a sterile 1.5 ml 377 

micro-tube containing a single sterile 5 mm steel bead (Qiagen). On return to the laboratory, 378 

tubes were stored at -80°C until processing. One feather from each animal was tested for the 379 

presence and quantity and MDV-1 present (see below for quantitative PCR details). The 380 

remaining feather from the two animals with highest apparent MDV-1 titer were used for a more 381 

thorough DNA extraction (see below for details) and next-generation sequencing. Animal 382 

procedures were approved by the Institutional Animal Care and Use Committee of the 383 

Pennsylvania State University (IACUC Protocol#: 46599).  384 

 385 

Viral DNA isolation from dust  386 

MDV nucleocapsids were isolated from dust as indicated in Supplemental Figure S2A. Dust 387 

collected from poultry houses was stored in 50 ml polypropylene Falcon® tubes (Corning) at 4°C 388 

until required. 500 mg of dust was suspended in 6.5 ml of 1X phosphate buffered saline (PBS). 389 

The mixture was vortexed vigorously until homogenous and centrifuged at 2000 × g for 10 390 

minutes. This supernatant was agitated on ice for 30 sec. using a Sonica Ultrasonic Processor 391 

Q125 (probe sonicator with 1/8th inch microtip) set to 20% amplitude. It was then vortexed 392 

before being centrifuged for a further 10 minutes at 2000 × g. These steps in the isolation of 393 

capsids from the dust were important for the release of cell-associated virus into the supernatant. 394 
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Vortexing distributed the dust into solution and aided in the release of virions from the cells. 395 

Centrifugation allowed large dust particles to sediment out, leaving a portion of virus in solution. 396 

Sonication of the resulting supernatant further aided in release of virus. A second round of 397 

centrifugation removed additional particulates from the supernatant. To enrich viral capsids away 398 

from the remaining contaminants, we then utilized a series of filtration techniques. The 399 

supernatant (approximately 5 ml in volume) was introduced to a 5 ml syringe and pushed 400 

through a Corning® surfactant-free cellulose acetate (SFCA) filter (0.8 μM) that had been soaked 401 

overnight in fetal bovine serum (FBS), which filtered out dust particles, host cells and bacteria. 402 

The flow-through was then passed through a Millipore Express® PLUS Membrane vacuum filter 403 

(0.22 μM) and the membrane subsequently washed twice with 2.5 ml of PBS, to remove 404 

additional bacteria and fungal spores. The resulting flow-through (approximately 10 ml in 405 

volume) was treated with DNase (Sigma) at a concentration of 0.1 mg/ml for 30 minutes at room 406 

temperature to remove contaminant DNA. In the absence of DNase treatment we observed a 407 

higher yield of viral DNA, but with much lower purity (data not shown). The MDV 408 

nucleocapsids present in the DNase-treated solution were captured on a polyethersulfone (PES) 409 

membrane (VWR) filter (0.1 μM). This filter membrane trapped the viral nucleocapsids, which 410 

are between 0.1-0.2 µm (60). An increased MDV purity, but ultimately reduced total nanograms 411 

of DNA yield, may be achieved by washing this membrane once with 2.5 ml PBS (see 412 

Supplemental Tables S1-S3). In the future, samples with a higher percentage of MDV DNA 413 

could be obtained by applying these wash steps to all components of the sample pool. The 414 

membrane was then carefully excised using a sterile needle and forceps, and laid – exit side 415 

downwards – in a sterile 5 cm diameter plastic petri-dish where it was folded twice lengthwise. 416 

The “rolled” membrane was then placed into a 2 ml micro-tube containing 1.8 ml of lysis 417 
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solution (ATL buffer and Proteinase K from the DNeasy® Blood and Tissue kit, Qiagen). 418 

Digestion was allowed to proceed at 56°C for 1 hour on an incubating microplate shaker (VWR) 419 

set to 1100 rpm. The membrane was then removed, held vertically over a tilted sterile 5 cm 420 

diameter plastic petri-dish and washed with a small volume of the lysis solution (from the 2 ml 421 

micro-tube). This wash was subsequently returned to the 2 ml micro-tube and the tube replaced 422 

on the heated shaker where it was allowed to incubate overnight. The following day, the DNA 423 

was isolated as per manufacturer’s instructions using the DNeasy® Blood and Tissue kit 424 

(Qiagen). DNA was eluted in 200 μl DNase-free water. Ten to fourteen aliquots of 500 mg each 425 

were used to obtain sufficient DNA for each dust sample (see Supplemental Tables S1-S3). 426 

Quantitative PCR was used to assess the copy number of viral genomes in the resulting DNA. 427 

Total yield and percent MDV-1 vs. MDV-2 DNA are listed in Supplemental Tables S1-S3.  428 

 429 

Isolation of viral DNA from feather follicles  430 

The protocol for extraction of MDV DNA from feather follicles was optimized for the smaller 431 

input material and an expectation of higher purity (Supplemental Figure S2B). Sequential size 432 

filters were not used to filter out contaminants from feather follicles, since these direct host 433 

samples have fewer impurities than the environmental samples of dust. However, the feather 434 

follicle cells were encased inside the keratinaceous shell of the feather tip, which required 435 

disruption to release the cells. Each tube containing a single feather tip and one sterile 5 mm 436 

diameter steel bead was allowed to thaw, and then 200 μl of PBS was added and the sample 437 

bead-beaten for 30 seconds at 30 Hz using a Tissuelyser (Qiagen) (Supplemental Figure S2B). 438 

Vigorous bead-beating achieved the desired destruction of the follicle tip. A further 720 μl of 439 

PBS and 80 μl of 2.5 mg/ml trypsin (Sigma) were then added (final trypsin concentration: 0.8 440 
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mg/ml), and the solution was transferred to a new sterile 2 ml micro-tube. Feather follicle cells 441 

were digested with trypsin to remove the extracellular matrix and to dissociate cells. Digestion 442 

was allowed to proceed for 2 hours at 37°C on an incubating microplate shaker (VWR) set to 443 

700 rpm. To release cell-associated virus, the suspension was then sonicated on ice for 30 444 

seconds using a Sonica Ultrasonic Processor Q125 (probe sonicator with 1/8th inch microtip) set 445 

to 50% amplitude. DNase I was added to a final concentration of 0.1 mg/ml and allowed to 446 

digest for 1 hour at room temperature to remove non-encapsidated DNA. An equal volume of 447 

lysis solution (ATL buffer and Proteinase K from the DNeasy® Blood and Tissue kit, Qiagen) 448 

was added and the sample was incubated over night at 56°C on an Incubating Microplate Shaker 449 

(VWR) set to 1100 rpm. The following day, the DNA was isolated as per manufacturer’s 450 

instructions using the DNeasy® Blood and Tissue kit (Qiagen). While the overall amount of 451 

DNA obtained from feather follicles was lower than that obtained from pooled dust samples 452 

(Supplemental Table S4), it was of higher purity and was sufficient to generate libraries for 453 

sequencing (Table 1, lines 1-3). 454 

 455 

Measurement of total DNA and quantification of viral DNA  456 

The total amount of DNA present in the samples was quantified by fluorescence analysis using a 457 

Qubit® fluorescence assay (Invitrogen) following the manufacturer’s recommended protocol. 458 

MDV genome copy numbers were determined using serotype-specific quantitative PCR (qPCR) 459 

primers and probes, targeting either the MDV-1 pp38 (MDV073; previously known as 460 

LORF14a) gene or MDV-2 (SB-1 strain) DNA polymerase (UL42, MDV055) gene. The MDV-1 461 

assay was designed by Sue Baigent: forward primer (Spp38for) 5’-462 

GAGCTAACCGGAGAGGGAGA-3’; reverse primer (Spp38rev) 5’-463 
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CGCATACCGACTTTCGTCAA-3’; probe (MDV-1) 6FAM-CCCACTGTGACAGCC-BHQ1 464 

(S. Baigent, pers. comm.). The MDV-2 assay is that of Islam et al. (61), but with a shorter MGB 465 

probe (6FAM-GTAATGCACCCGTGAC-MGB) in place of their BHQ-2 probe. Real-time 466 

quantitative PCRs were performed on an ABI Prism 7500 Fast System with an initial 467 

denaturation of 95°C for 20 seconds followed by 40 cycles of denaturation at 95°C for 3 seconds 468 

and annealing and extension at 60°C for 30 seconds. Both assays included 4 μl of DNA in a total 469 

PCR reaction volume of 20 μl with 1X PerfeCTaTM qPCR FastMixTM (Quanta Biosciences), 470 

forward and reverse primers at 300 nM and TaqMan ® BHQ (MDV-1) or MGB (MDV-2) 471 

probes (Sigma and Life Sciences, respectively) at 100 nM and 200 nM, respectively. In addition 472 

each qPCR reaction incorporated 2 μl BSA (Sigma). Absolute quantification of genomes was 473 

based on a standard curve of serially diluted plasmids cloned from the respective target genes. 474 

The absolute quantification obtained was then converted to concentration. Once the 475 

concentration of the total DNA, MDV-1, and MDV-2 DNA present in the sample were known, 476 

we calculated the percentage of MDV-1 and MDV-2 genomic DNA in the total DNA pool (see 477 

Supplemental Tables S1-S4).  478 

 479 

Illumina next-generation sequencing 480 

Sequencing libraries for each of the isolates were prepared using the Illumina TruSeq Nano DNA 481 

Sample Prep Kit, according to the manufacturer’s recommended protocol for sequencing of 482 

genomic DNA. Genomic DNA inputs used for each sample are listed in Table 1. The DNA 483 

fragment size selected for library construction was 550 base pairs (bp). All the samples were 484 

sequenced on an in-house Illumina MiSeq using version 3 sequencing chemistry to obtain 485 
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paired-end sequences of 300 × 300 bp. Base calling and image analysis was performed with the 486 

MiSeq Control Software (MCS) version 2.3.0.  487 

 488 

Consensus genome assembly  489 

As our samples contained DNA from many more organisms than just MDV, we developed a 490 

computational workflow (Supplemental Figure S2) to preprocess our data prior to assembly. A 491 

local BLAST database was created from every Gallid herpesvirus genome available in GenBank. 492 

All sequence reads for each sample were then compared to this database using BLASTN (62) 493 

with a loose e-value less than or equal to 10-2 in order to computationally enrich for sequences 494 

related to MDV. These “MDV-like” reads were then processed for downstream genome 495 

assembly. The use of bivalent vaccine made it possible for us to readily distinguish sequence 496 

reads that resulted from the shedding of virulent MDV-1 vs. vaccine virus (MDV-2 or HVT) 497 

strains. The overall DNA identity of MDV-1 and MDV-2 is just 61% (63). In a comparison of 498 

strains MDV-1 Md5 (NC_002229) and MDV-2 SB-1 (HQ840738), we found no spans of 499 

identical DNA greater than 50 bp (data not shown). This allowed us to accurately distinguish 500 

these 300 x 300 bp MiSeq sequence reads as being derived from either MDV-1 or MDV-2.  501 

 502 

MDV genomes were assembled using the viral genome assembly VirGA (38) workflow which 503 

combines quality control preprocessing of reads, de novo assembly, genome linearization and 504 

annotation, and post-assembly quality assessments. For the reference-guided portion of viral 505 

genome assembly in VirGA, the Gallid herpesvirus 2 (MDV-1) strain MD5 was used (GenBank 506 

Accession: NC_002229.3). These new genomes were named according to recent 507 

recommendations, as outlined by Kuhn et al (64). We use shortened forms of these names 508 
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throughout the manuscript (see Table 1 for short names). The full names for all five genomes are 509 

as follows: MDV-1 Gallus domesticus-wt/Pennsylvania, USA/2015/Farm A-dust 1; MDV-1 510 

Gallus domesticus-wt/Pennsylvania, USA/2015/Farm A-dust 2; MDV-1 Gallus domesticus-511 

wt/Pennsylvania, USA/2015/Farm B-dust; MDV-1 Gallus domesticus-wt/Pennsylvania, 512 

USA/2015/Farm B-feather 1; MDV-1 Gallus domesticus-wt/Pennsylvania, USA/2015/Farm B-513 

feather 2. GenBank Accessions are listed below and in Table 1. Annotated copies of each 514 

genome, in a format compatible with genome- and sequence browsers, are available at the 515 

Pennsylvania State University ScholarSphere data repository: 516 

https://scholarsphere.psu.edu/collections/1544bp14j. 517 

 518 

Between-sample: consensus genome comparisons  519 

Clustalw2 (43) was used to construct pairwise global nucleotide alignments between whole 520 

genome sequences, and pairwise global amino acid alignments between open reading frames. 521 

These alignments were utilized by downstream custom Python scripts to calculate percent 522 

identity, protein differences, and variation between samples.  523 

 524 

The proline-rich region of UL36 (MDV049), which contains an extended array of tandem 525 

repeats, was removed from all five consensus genomes prior to comparison. The amount of 526 

polymorphism seen in this region of UL36 is driven by fluctuations in the length of these tandem 527 

repeats, as has been seen in prior studies with other alphaherpesviruses such as HSV, VZV, and 528 

pseudorabies virus (PRV) (32,48–50). Since the length of extended arrays of perfect repeats 529 

cannot be precisely determined by de novo assembly (23, 24, 27, 28), we excluded this region 530 

from pairwise comparisons of genome-wide variation. Genome alignments with and without the 531 
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UL36 region removed are archived at the ScholarSphere site: 532 

https://scholarsphere.psu.edu/collections/1544bp14j. 533 

 534 

Within-sample: polymorphism detection within each consensus genome 535 

VarScan v2.2.11 (67) was used to detect variants present within each consensus genome. To aid 536 

in differentiating true variants from potential sequencing errors (68), two separate variant calling 537 

analyses were explored. (11). Our main polymorphism-detection parameters (used in Figures 3-538 

4 and Supplemental Tables S5-S6) were as follows: minimum variant allele frequency ≥ 0.02; 539 

base call quality ≥ 20; read depth at the position ≥ 10; independent reads supporting minor allele 540 

≥ 2. Directional strand bias ≥ 90% was excluded; a minimum of two reads in opposing directions 541 

was required. For comparison and added stringency, we also explored a second set of parameters 542 

(used in Supplemental Figure S3): minimum variant allele frequency ≥ 0.05; base call quality ≥ 543 

20; read depth at the position ≥ 100; independent reads supporting minor allele ≥5. Directional 544 

strand bias ≥ 80% was excluded. The variants obtained from VarScan were then mapped back to 545 

the genome to understand their distribution and mutational impact using SnpEff and SnpSift (69, 546 

70). Polymorphisms in the proline-rich region of UL36 were excluded, as noted above.  547 

 548 

Testing for signs of selection acting on polymorphic viral populations 549 

For each of our five consensus genomes, which each represent a viral population, we classified 550 

the polymorphisms detected into categories of synonymous, non-synonymous, genic-551 

untranslated, or intergenic, based on where each polymorphism was positioned in the genome. 552 

For these analyses (Figure 4), we were only able to include polymorphisms detected in the three 553 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 16, 2016. ; https://doi.org/10.1101/039479doi: bioRxiv preprint 

https://doi.org/10.1101/039479


Pandey et al., submitted for review. 

 25

dust genomes, since the total number of polymorphisms obtained from feather genomes was too 554 

low for chi-square analysis. First, we calculated the total possible number of single nucleotide 555 

mutations that could be categorized as synonymous, non-synonymous, genic-untranslated or 556 

intergenic. To remove ambiguity when mutations in overlapping genes could be classified as 557 

either synonymous or non-synonymous, genes with alternative splice variants or overlapping 558 

reading frames were excluded from these analyses. This removed 25 open reading frames 559 

(approximately 21% of the genome). These tallies of potential mutational events were used to 560 

calculate the expected fraction of mutations in each category. We preformed chi-squared tests on 561 

each dataset to assess whether the observed distribution of polymorphisms matched the expected 562 

distribution. We also performed a similar analysis in pairwise fashion (Supplemental Table S6), 563 

to assess whether the fraction of variants differed from what would be expected by random 564 

chance. Pairwise combinations included the following: synonymous vs. non-synonymous, 565 

synonymous vs. intergenic, synonymous vs. genic-untranslated, non-synonymous vs. intergenic, 566 

non-synonymous vs. genic-untranslated, and intergenic vs. genic-untranslated. Statistically 567 

significant outcomes would suggest that recent or historical selection differed between those 568 

categories of variants. 569 

 570 

Sanger sequencing of polymorphic locus in ICP4 571 

A potential locus of active selection within the ICP4 (MDV084) gene was detected during deep-572 

sequencing of Farm B-dust. This locus was examined using Sanger sequencing. An 573 

approximately 400 bp region of the ICP4 gene was amplified using a Taq PCR Core Kit 574 

(Qiagen) and the following primers at 200 nM: forward primer (ICP4selF) 575 

5’AACACCTCTTGCCATGGTTC 3’; reverse primer (ICP4selR) 576 
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5’GGACCAATCATCCTCTCTGG 3’. Cycling conditions included an initial denaturation of 577 

95°C for 2 minutes, followed by 40 cycles of denaturation at 95°C for 30 seconds, annealing at 578 

55°C for 30 seconds and extension at 72°C for 1 minute, with a terminal extension at 72°C for 10 579 

minutes. The total reaction volume of 50 μl included 10 μl of DNA and 4 μl BSA (final 580 

concentration 0.8 mg/ml). Amplification products were visualized on a 1.5% agarose gel, the 581 

target amplicon excised and then purified using the E.Z.N.A. Gel Extraction Kit (Omega Bio-582 

tek). Sanger sequencing was performed by the Penn State Genomics Core Facility utilizing the 583 

same primers as used for DNA amplification. The relative peak height of each base call at the 584 

polymorphic position was analyzed using the ab1PeakReporter tool (71). 585 

 586 

Genetic distance and dendrogram 587 

Multiple sequence alignments of complete MDV-1 (Gallid herpesvirus 2) genomes from 588 

GenBank (15, 18–22, 41, 47, 48) and those assembled by our lab were generated using MAFFT 589 

(72). The evolutionary distances were computed using the Jukes-Cantor method (73) and the 590 

evolutionary history was inferred using the neighbor-joining method (74) in MEGA6 (75), with 591 

1,000 bootstrap replicates (76). Positions containing gaps and missing data were excluded. The 592 

18-strain genome alignment is archived at ScholarSphere: 593 

https://scholarsphere.psu.edu/collections/1544bp14j. 594 

 595 

Taxonomic estimation of non-MDV sequences in dust and feathers 596 

All sequence reads from each sample were submitted to a quality control preprocessing method 597 

to remove sequencing primers, artifacts, and areas of low confidence (38). Sequence annotation 598 
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was performed using a massively iterative all-vs.-all BLASTN (E-value ≤ 10-2) approach using 599 

the all-nucleotide-database from NCBI. Only a portion of the total sequence read pool could be 600 

identified with confidence using this method. We then used de novo assembly to extend the 601 

length of these unidentified sequences, therefore elongating them into contigs. These were 602 

iterated through BLASTN again, which revealed alignment to repetitive regions of the Gallus 603 

domesticus (chicken) genome. Since the viral DNA enrichment procedures include a level of 604 

stochasticity in removal of host and environmental contaminants, the proportion of taxa present 605 

is not a definitive outline of those present initially. The results of these classifications are shown 606 

in Supplemental Figure S4 and listed in Supplemental Table S7. 607 

 608 

 GenBank accession numbers and availability of materials 609 

GenBank Accessions are listed here and in Table 1: Farm A - dust 1, KU173116; Farm A - dust 610 

2, KU173115; Farm B – dust, KU173119; Farm B - feather 1, KU173117; Farm B - feather 2, 611 

KU173118. Additional files used in this manuscript, such as multiple-sequence alignments of 612 

these genomes, are archived and available at ScholarSphere: 613 

https://scholarsphere.psu.edu/collections/1544bp14j 614 
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Table 1: Field sample statistics and assembly of MDV-1 consensus genomes 837 

Li
ne

 #
 

Categorya Farm A - 
dust 1 

Farm A - 
dust 2 

Farm B - 
dust 

Farm B - 
feather 1 

Farm B - 
feather 2

1 Nanograms of DNA 120 127 144 12 27 
2 % MDV-1 2.4% 1.3% 0.6% 40.6% 5.7% 
3 % MDV-2 4.6% 2.7% 5.9% 0.1% 0% 
4 Total Readsb 1.4×107 2.5×107 2.7×107 3.9×105 3.4×105 
5 MDV-specific readsb 3.7×105 5.1×105 1.4×106 1.0×105 1.7×105 
6 % MDV specific reads 2.6% 2.0% 5.2% 26.9% 48.3% 
7 Average depth (X-fold) 271 333 597 44 68 
8 Genome length 177,967 178,049 178,169 178,327 178,540 

9 NCBI accession 
number KU173116 KU173115 KU173119 KU173117 KU173118

       
aLines 1-3 refer to sample preparation, lines 4-6 to Illumina MiSeq output, and lines 7-9 to new 838 
viral genomes. 839 
b Sequence read counts in line 4 and 5 are the sum of forward and reverse reads for each sample. 840 
 841 
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Table 2. Pair-wise DNA identity and variant proteins between pairs of 843 

consensus genomes 844 

Comparisons 
% 

DNA 
identity 

Total # 
bp 

different 

Intergenic Genic 

INDELs 
(# events)

SNPs 
INDELs 

(# events) 
Synonymous 

SNPs 
Non-synonymous 

SNPs 

Different farms: Dust vs. dust 
Farm B-dust  

vs.  
Farm A-dust 1 

99.73 353 143 (22) 140 66 (1) in 
DNA-pola

1 in 
helicase
-primase  

3 (one each in  
vLIP, LORF2, UL43)

Farm B-dust  
vs.  

Farm A-dust 2 
99.87 195 49 (14) 76 66 (1) in 

DNA-pola
1 in 

helicase
-primase  

3 (one each in  
vLIP, LORF2, UL43)

Same farm, same time: Dust vs. host 
Farm B-dust  

vs.  
Farm B-feather 1 

99.64 552 476 (11) 6 66 (1) in 
DNA-pola

1 in 
helicase
-primase  

3 (one each in  
vLIP, LORF2, UL43)

Farm B-dust  
vs.  

Farm B-feather 2 
99.52 687 572 (19) 45 66 (1) in 

DNA-pola
1 in  

helicase
-primase  

3 (one each in  
vLIP, LORF2, UL43)

Same farm: Separated in time and space 
Farm A-dust 1  

vs.  
Farm A-dust 2 

99.76 338 170 (20) 168 0 0 0 

Same farm, same time: one host vs. another 
Farm B-feather 1 

vs.  
Farm B-feather 2 

99.38 973 972 (9) 1 0 0 0 

aAbbreviations refer to DNA polymerase processivity subunit protein UL42 (MDV055); 
helicase-primase subunit UL8 (MDV020); vLIP, lipase homolog (MDV010); LORF2, immune 
evasion protein (MDV012); UL43 membrane protein (MDV056)  

 845 
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Figures 847 

 848 

Figure 1. Diagram of samples collected for genome sequencing of field isolates of MDV. 849 

(A) Samples collected for genome sequencing were sourced from two Pennsylvania farms with 850 

large-scale operations that house approximately 25,000-30,000 individuals per building. These 851 

farms were separated by 11 miles. On Farm A, two separate collections of dust were made 11 852 

months apart. On Farm B, we collected one dust sample and individual feathers from several 853 

hosts, all at a single point in time. In total, three dust collections and two feathers were used to 854 

generate five consensus genomes of MDV field isolates (Tables 1-3). (B) Future comparisons 855 

using these approaches could include an analysis of viral genome variation between scales or 856 

types of production (top row), between different animals within any field site (middle row), or 857 

between different body locations or temporal stages of a single host (bottom row). (Artwork by 858 

Nick Sloff, Penn State University, Department of Entomology).  859 
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 860 

 861 

 862 

Figure 2. The complete MDV-1 genome includes two unique regions and two sets of large 863 

inverted repeats. (A) The full structure of the MDV-1 genome includes a unique long region 864 

(UL) and a unique short regions (US), each of which are flanked large repeats known as the 865 

terminal and internal repeats of the long region (TRL and IRL) and the short region (TRS and 866 

IRS). Most ORFs (pale green arrows) are located in the unique regions of the genome. ORFs 867 

implicated in MDV pathogenesis are outlined and labeled; these include ICP4 (MDV084), UL36 868 

(MDV049), and Meq (MDV005 and MDV076) (see Results for complete list). (B) A trimmed 869 

genome format without the terminal repeat regions was used for analyses in order to not over-870 

represent the repeat regions. (C) Percent identity from mean pairwise comparison of five 871 

consensus genomes, plotted spatially along the length of the genome. Darker colors indicate 872 

lower percent identity (see Legend).  873 
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 874 
 875 

 876 

 877 

Figure 3: Genome-wide distribution of polymorphic bases within each consensus genome. 878 

Polymorphic base calls from each MDV genome were grouped in bins of 5 kb and the sum of 879 

polymorphisms in each bin was plotted. Farm B-dust (aqua) contained the largest number of 880 

polymorphic bases, with the majority occurring in the repeat region (IRL/IRS). Farm A-dust 1 881 

(brown) and Farm A-dust 2 (gray) harbored fewer polymorphic bases, with similar distribution to 882 

Farm B-dust. Polymorphic bases detected in feather genomes were more rare, although this 883 

likely reflects their lower coverage depth (see Table 1). Note that the upper and lower segments 884 

of the y-axis have different scales; the number of polymorphic bases per genome for the split 885 

column on the right are labeled for clarity.  886 

  887 
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 889 

 890 

 891 

Figure 4. Observed vs. expected polymorphism categories for each consensus genome. Each 892 

consensus genome was analyzed for the presence of polymorphic loci (see Methods for details). 893 

Observed polymorphic loci (solid bars) were categorized as causing synonymous (green) or non-894 

synonymous (aqua) mutations, or as genic-untranslated (gray) or intergenic (brown). The 895 

expected outcomes (striped bars) for a random distribution of polymorphisms is plotted behind 896 

the observed outcomes (solid bars) for each category. For all genomes there was a significant 897 

difference of the observed-vs.-expected intergenic polymorphisms, relative to those of other 898 

categories.  899 

 900 
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 901 

 902 

 903 

Figure 5: A new polymorphic locus in ICP4, and its shifting allele frequency over time. (A) 904 

HTS data revealed a new polymorphic locus in ICP4 (MDV084) at nucleotide position 5,495. In 905 

the spatially- and temporally-separated dust samples from Farm A (see Figure 1A and Methods 906 

for details), we observed a different prevalence of C (encoding serine) and A (encoding tyrosine) 907 

alleles. (B) Using targeted Sanger sequencing of this locus, time-separated dust samples 908 

spanning nine months were Sanger-sequenced to track polymorphism frequency at this locus 909 

over time. The major and minor allele frequencies at this locus varied widely across time, and the 910 

major allele switched from C to A more than twice during this time.  911 

  912 
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 913 

 914 

Figure 6: Dendrogram of genetic distances among all sequenced MDV-1 genomes. Using a 915 

multiple-genome alignment of all available complete MDV-1 genomes, we calculated the 916 

evolutionary distances between genomes using the Jukes-Cantor model. A dendrogram was then 917 

created using the neighbor-joining method in MEGA with 1000 bootstraps. The five new field-918 

sampled MDV-1 genomes (green) formed a separate group between the two clusters of USA 919 

isolates (blue). The European vaccine strain (Rispens) formed a separate clade, as did the three 920 

Chinese MDV-1 genomes (aqua). GenBank Accessions for all strains: new genomes, Table 1; 921 

Passage 11-648a, JQ806361; Passage 31-648a, JQ806362; Passage 61-648a, JQ809692; Passage 922 

41-648a, JQ809691; Passage 81-648a, JQ820250; CU-2, EU499381; RB-1B, EF523390; Md11, 923 

170950; Md5, AF243438; Rispens (CVI988), DQ530348; 814, JF742597; GX0101, JX844666; 924 

LMS, JQ314003. 925 
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Supplemental Material Legends and Descriptions 926 

Supplemental Figure S1. Procedures for enrichment and isolation of MDV DNA from dust 927 

or individual feather follicles. (A) Procedure for enrichment of MDV DNA using dust as the 928 

source of viral DNA. Vortexing, centrifugation and sonication were essential to release cell-929 

associated virus into the solution. The virus-containing supernatant was then passed through 0.8 930 

μM and 0.22 μM filters for removal of larger contaminants. The flow-thorough was treated with 931 

DNase and the viral particles were captured using 0.1 μM filter. The membrane of the 0.1 μM 932 

filter was then excised and used for extraction of the viral DNA. (B) Procedure for enrichment of 933 

MDV DNA using chicken feather follicle as the source of viral DNA. A feather was 934 

mechanically disrupted (bead-beating) and treated with trypsin to break open host cells and 935 

release cell-free virus into the solution. The sample was then treated with DNase to remove 936 

contaminant DNA. Finally, the viral capsids were lysed to obtain viral genomic DNA.  937 

 938 

Supplemental Figure S2. Workflow for computational enrichment for MDV sequences and 939 

subsequent viral genome assembly and taxonomic profiling. The VirGA workflow (38) 940 

requires an input of high-quality HTS data from the viral genome of interest. For this study we 941 

added an additional step that selected MDV-like sequence reads from the milieu of dust and 942 

feather samples. The sequence reads of interest were obtained by using BLAST to compare all 943 

reads against a custom MDV database with an E-value of 10-2; these were then submitted to 944 

VirGA for assembly. Taxonomic profiling followed a similar path using NCBI’s all-nucleotide 945 

database to identify the taxonomic kingdom for each sequence read. In this workflow diagram, 946 

parallelograms represent data outputs while rectangles represent computational actions. 947 

 948 
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Supplemental Figure S3: Genome-wide distribution of polymorphisms within each 949 

consensus genome, using high-stringency criteria. Polymorphic base calls from each MDV 950 

genome were grouped by position in bins of 5 kb and the sum of polymorphisms in each bin was 951 

plotted. Stricter parameters of polymorphism detection (see Methods for details) revealed a 952 

similar distribution to those in Figure 3. No polymorphisms were detected in feather-derived 953 

genomes using high-stringency criteria, due to their lower coverage depth (see Table 1). Note 954 

that the upper and lower segments of the y-axis have different scales; the number of polymorphic 955 

bases per segment for the split column on the right are thus labeled on the graph.  956 

 957 

Supplemental Figure S4. Taxonomic diversity in dust and chicken feathers from Farm B. 958 

We used an iterative BLASTN workflow to generate taxonomic profiles for all samples from 959 

Farm B (see Methods for details). Major categories are shown here, with a full list of taxa (to 960 

family level) in Supplemental Table S7. Farm B-feather 1 and Farm B-feather 2 show less 961 

overall diversity, as would be expected from direct host-sampling, vs. the environmental mixture 962 

of the dust samples. Since the viral DNA enrichment procedures remove variable amounts of 963 

host and environmental contaminants, the proportion of taxa present is representative but not 964 

fully descriptive of those present initially.  965 

 966 

Supplemental Table S1: Yield and percent MDV1+MDV2 and total nanograms of DNA in 967 

each sample for Farm A-dust 1 968 

 969 

Supplemental Table S2: Yield and percent MDV1+MDV2 and total nanograms of DNA in 970 

each sample for Farm A-dust 2  971 
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 972 

Supplemental Table S3: Yield and percent MDV1+MDV2 and total nanograms of DNA in 973 

each sample for Farm B-dust 974 

 975 

Supplemental Table S4: Yield and percent MDV1+MDV2 and total nanograms of DNA in 976 

each sample for Farm B-feathers 977 

 978 

Supplemental Table S5: Summary and annotation of all polymorphic loci detected in MDV1 979 

consensus genomes. 980 

 981 

Supplemental Table S6: Chi-squared values from pairwise comparisons of different categories 982 

of polymorphisms. 983 

 984 
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Supplemental Figures 

 

	
Supplemental Figure S1. Procedures for enrichment and isolation of MDV DNA from dust 

or individual feather follicles. (A) Procedure for enrichment of MDV DNA using dust as the 

source of viral DNA. Vortexing, centrifugation and sonication were essential to release cell-

associated virus into the solution. The virus-containing supernatant was then passed through 0.8 

µM and 0.22 µM filters for removal of larger contaminants. The flow-thorough was treated with 

DNase and the viral particles were captured using 0.1 µM filter. The membrane of the 0.1 µM 

filter was then excised and used for extraction of the viral DNA. (B) Procedure for enrichment of 

MDV DNA using chicken feather follicle as the source of viral DNA. A feather was 

mechanically disrupted (bead-beating) and treated with trypsin to break open host cells and 

release cell-free virus into the solution. The sample was then treated with DNase to remove 

contaminant DNA. Finally, the viral capsids were lysed to obtain viral genomic DNA.   
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Supplemental Figure S2. Workflow for computational enrichment for MDV sequences and 

subsequent viral genome assembly and taxonomic profiling. The VirGA workflow (38) 

requires an input of high-quality HTS data from the viral genome of interest. For this study we 

added an additional step that selected MDV-like sequence reads from the milieu of dust and 

feather samples. The sequence reads of interest were obtained by using BLAST to compare all 

reads against a custom MDV database with an E-value of 10-2; these were then submitted to 

VirGA for assembly. Taxonomic profiling followed a similar path using NCBI’s all-nucleotide 

database to identify the taxonomic kingdom for each sequence read. In this workflow diagram, 

parallelograms represent data outputs while rectangles represent computational actions. 
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Supplemental Figure S3: Genome-wide distribution of polymorphisms within each 

consensus genome, using high-stringency criteria. Polymorphic base calls from each MDV 

genome were grouped by position in bins of 5 kb and the sum of polymorphisms in each bin was 

plotted. Stricter parameters of polymorphism detection (see Methods for details) revealed a 

similar distribution to those in Figure 3. No polymorphisms were detected in feather-derived 

genomes using high-stringency criteria, due to their lower coverage depth (see Table 1). Note 

that the upper and lower segments of the y-axis have different scales; the number of polymorphic 

bases per segment for the split column on the right are thus labeled on the graph.   
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Supplemental Figure S4. Taxonomic diversity in dust and chicken feathers from Farm B. 

We used an iterative BLASTN workflow to generate taxonomic profiles for all samples from 

Farm B (see Methods for details). Major categories are shown here, with a full list of taxa (to 

family level) in Supplemental Table S7. Farm B-feather 1 and Farm B-feather 2 show less 

overall diversity, as would be expected from direct host-sampling, vs. the environmental mixture 

of the dust samples. Since the viral DNA enrichment procedures remove variable amounts of 

host and environmental contaminants, the proportion of taxa present is representative but not 

fully descriptive of those present initially.  
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Supplemental Tables 

Supplemental Table S1: Yield and percent MDV1+MDV2 and total nanograms of DNA in 

each sample for Farm A-dust 1 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

*Samples that were washed before lysis (bold) yielded a higher percent MDV DNA, but less DNA 
overall. 

Samples Washes on 0.1 
µm filter* %MDV-1 %MDV-2 % MDV1 

+ MDV2 
DNA 
(ng) 

1 0 2.88 5.44 8.3 6.94 
2 0 2.03 5.12 7.2 6.59 
3 0 4.16 8.39 12.5 6.73 
4 0 2.51 4.73 7.2 4.71 
5 0 1.66 3.30 4.96 6.97 
6 1 9.13 13.99 23.12 2.69 
7 1 9.29 15.70 24.99 2.16 
8 1 5.86 10.91 16.77 3.36 
9 0 1.89 2.98 4.9 9.81 
10 0 1.76 2.90 4.7 17.35 
11 0 2.69 5.33 8.02 8.96 
12 0 4.49 7.80 12.29 4.14 
13 0 1.16 2.49 3.65 20.00 
14 0 1.36 2.83 4.19 19.47 
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Supplemental Table S2: Yield and percent MDV1+MDV2 and total nanograms of DNA in 

each sample for Farm A-dust 2  

Samples Washes on 
0.1 µM filter* 

%MDV-1 % MDV-2 %MDV1 
+ MDV2 

DNA 
(ng) 

1 0 1.50 3.16 4.66 10.69 
2 0 2.55 5.62 8.17 7.18 
3 0 1.36 3.68 5.04 7.62 
4 0 1.38 2.94 4.32 9.84 
5 1 2.71 6.19 8.90 4.11 
6 1 3.08 5.87 8.95 4.37 
7 1 2.68 4.91 7.59 5.88 
8 1 3.49 6.24 9.73 4.88 
9 1 4.09 7.94 12.03 2.66 
10 1 6.42 10.52 16.94 3.15 
11 0 0.26 0.91 1.17 20.35 
12 0 0.19 0.56 0.75 26.09 
13 0 0.24 0.93 1.17 15.13 
14 0 0.36 1.21 1.57 5.62 

*Samples that were washed before lysis (bold) yielded a higher percent MDV DNA, but less DNA 
overall. 
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Supplemental Table S3: Yield and percent MDV1+MDV2 and total nanograms of DNA in 

each sample for Farm B-dust 

Samples Washes on 0.1 
µM filter* % MDV-1 % MDV-2 % MDV-1 

+MDV-2 
DNA 
(ng) 

1 0 0.84 6.68 7.52 14.10 
2 0 0.46 5.20 5.66 26.64 
3 0 0.65 4.85 5.50 19.43 
4 0 0.75 5.91 6.66 16.84 
5 0 0.23 3.67 3.90 25.90 
6 0 0.53 4.65 5.18 23.50 
7 1 1.10 14.50 15.60 4.59 
8 1 0.95 15.77 16.72 4.29 
9 1 0.95 14.40 15.35 4.81 
10 1 1.02 10.69 11.71 3.59 

*Samples that were washed before lysis (bold) yielded a higher percent MDV DNA, but less DNA 
overall. 
 

Supplemental Table S4: Yield and percent MDV1+MDV2 and total nanograms of DNA in 

each sample for Farm B-feathers 

 

Samples % MDV-1 % MDV-2 % MDV-1 
+MDV-2 DNA (ng) 

Feather 1 40.59 0.12 40.72 11.97 
Feather 2 5.68 0.02 5.70 27.36 

 
 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 16, 2016. ; https://doi.org/10.1101/039479doi: bioRxiv preprint 

https://doi.org/10.1101/039479


Supplemental Table S5. Summary and annotation of all polymorphic loci detected in MDV1 consensus genomes.
DNA from dust: comparative genomics of large DNA viruses in field surveillance samples

1 Pandey et al. 2016 

Isolate
Position in 

the 
genome

Major 
allele

Minor 
allele

Minor allele 
frequency

Reads 
supporting 

major allele on 
forward strand

Reads 
supporting 

major allele on 
reverse strand

Reads 
supporting 
minor allele 
on forward 

strand

Reads 
supporting 
minor allele 
on reverse 

strand

Percent reads 
supporting 

minor allele on 
forward strand

Percent reads 
supporting 

minor allele on 
reverse strand

Type of variation Gene Function

Farm A/dust 1 115376 C A 8.16% 93 42 6 6 50% 50.00% Intergenic N/A N/A
Farm A/dust 1 115377 C A 29.20% 51 29 21 12 64% 36.36% Intergenic N/A N/A
Farm A/dust 1 137099 A C 34.74% 42 20 18 15 55% 45.45% Intergenic N/A N/A
Farm A/dust 1 137101 A C 5.93% 75 36 4 3 57% 42.86% Intergenic N/A N/A
Farm A/dust 1 137264 A G 5.22% 87 40 5 2 71% 28.57% Intergenic N/A N/A
Farm A/dust 1 138209 C A 8.27% 88 34 8 3 73% 27.27% Intergenic N/A N/A
Farm A/dust 1 138281 A C 12.82% 47 21 6 4 60% 40.00% Intergenic N/A N/A

Isolate
Position in 

the 
genome

Major 
allele

Minor 
allele

Minor allele 
frequency

Reads 
supporting 

major allele on 
forward strand

Reads 
supporting 

major allele on 
reverse strand

Reads 
supporting 
minor allele 
on forward 

strand

Reads 
supporting 
minor allele 
on reverse 

strand

Percent reads 
supporting 

minor allele on 
forward strand

Percent reads 
supporting 

minor allele on 
reverse strand

Type of variation Gene Gene

Farm A/dust 2 40519 G A 19.88% 51 78 14 18 44% 56% Non-synonymous variant MDV034 gH, glycoprotein H; UL22 homolog; heterodimer with gL; part of fusion/entry complex
Farm A/dust 2 48554 C T 9.68% 114 54 13 5 72% 28% Non-synonymous variant MDV040 gB, glycoprotein B; UL27 homolog; part of fusion/entry complex
Farm A/dust 2 116937 G A 12.67% 86 176 11 27 29% 71% Intergenic N/A N/A
Farm A/dust 2 121872 T C 36.76% 52 108 35 58 38% 62% Genic_UTR MDV076 Meq; oncogene; role in tumor formation; no HSV homolog
Farm A/dust 2 130968 G T 43.48% 77 105 52 88 37% 63% Non-synonymous variant MDV084 ICP4 (RS1) homolog; transactivator of gene expression; immediate-early protein
Farm A/dust 2 137156 C A 5.17% 81 139 4 8 33% 67% Intergenic N/A N/A
Farm A/dust 2 138433 C A 6.54% 215 85 13 8 62% 38% Intergenic N/A N/A
Farm A/dust 2 138436 C G 7.12% 221 92 18 6 75% 25% Intergenic N/A N/A
Farm A/dust 2 138437 T A 8.19% 218 96 20 8 71% 29% Intergenic N/A N/A
Farm A/dust 2 138505 C A 28.91% 73 136 52 33 61% 39% Intergenic N/A N/A
Farm A/dust 2 138506 A C 9.15% 117 161 15 13 54% 46% Intergenic N/A N/A
Farm A/dust 2 138593 C G 6.19% 81 222 10 10 50% 50% Intergenic N/A N/A
Farm A/dust 2 138594 G A 12.81% 76 203 13 28 32% 68% Intergenic N/A N/A
Farm A/dust 2 138596 T C 5.35% 81 220 9 8 53% 47% Intergenic N/A N/A
Farm A/dust 2 138599 A C 5.40% 87 211 5 12 29% 71% Intergenic N/A N/A
Farm A/dust 2 138748 A G 19.15% 12 64 5 13 28% 72% Intergenic N/A N/A

Isolate
Position in 

the 
genome

Major 
allele

Minor 
allele

Minor allele 
frequency

Reads 
supporting 

major allele on 
forward strand

Reads 
supporting 

major allele on 
reverse strand

Reads 
supporting 
minor allele 
on forward 

strand

Reads 
supporting 
minor allele 
on reverse 

strand

Percent reads 
supporting 

minor allele on 
forward strand

Percent reads 
supporting 

minor allele on 
reverse strand

Type of variation Gene Gene

Farm B/dust 2072 T G 43.64% 90 43 66 37 64% 36% Non-synonymous variant MDV010 vLIP; lipase homolog; role in virulence in vivo; no HSV homolog
Farm B/dust 15775 C T 45.76% 94 53 78 46 63% 37% Synonymous variant MDV020 DNA helicase-primase subunit; UL8 homolog; role in DNA replication
Farm B/dust 65843 A G 11.30% 39 118 5 15 25% 75% Non-synonymous variant MDV049 large tegument protein; VP1/2 (UL36) homolog; ubiquitin specific protease; complexed w/ UL37 tegument protein
Farm B/dust 86626 T C 40.19% 114 78 78 51 60% 40% Non-synonymous variant MDV056 UL43 homolog; probably membrane protein; non-essential in vitro 
Farm B/dust 108743 T C 41.74% 173 95 119 73 62% 38% Genic_UTR MDV072 LORF5; function unknown; no HSV homolog
Farm B/dust 115231 A C 21.80% 127 221 36 61 37% 63% Intergenic N/A N/A
Farm B/dust 115232 A C 14.99% 161 270 19 57 25% 75% Intergenic N/A N/A
Farm B/dust 121656 C T 37.22% 76 118 43 72 37% 63% Genic_UTR MDV076 Meq; oncogene; role in tumor formation; no HSV homolog
Farm B/dust 124841 T C 41.75% 188 151 130 113 53% 47% Intergenic N/A N/A
Farm B/dust 137449 A C 45.05% 149 62 103 70 60% 40% Intergenic N/A N/A
Farm B/dust 138199 T A 5.64% 393 142 24 8 75% 25% Intergenic N/A N/A
Farm B/dust 138267 C A 37.23% 145 231 81 142 36% 64% Intergenic N/A N/A
Farm B/dust 138268 A C 7.74% 188 396 25 24 51% 49% Intergenic N/A N/A
Farm B/dust 138355 C G 5.22% 83 407 9 18 33% 67% Intergenic N/A N/A
Farm B/dust 138356 G A 12.99% 74 368 15 51 23% 77% Intergenic N/A N/A
Farm B/dust 138361 A C 5.24% 89 381 6 20 23% 77% Intergenic N/A N/A
Farm B/dust 138510 A G 27.94% 25 73 10 28 26% 74% Intergenic N/A N/A

Isolate
Position in 

the 
genome

Major 
allele

Minor 
allele

Minor allele 
frequency

Reads 
supporting 

major allele on 
forward strand

Reads 
supporting 

major allele on 
reverse strand

Reads 
supporting 
minor allele 
on forward 

strand

Reads 
supporting 
minor allele 
on reverse 

strand

Percent reads 
supporting 

minor allele on 
forward strand

Percent reads 
supporting 

minor allele on 
reverse strand

Type of variation Gene Gene

Farm A/dust 1 30905 G A 7.61% 53 32 2 5 29% 71% Synonymous variant MDV030 capsid protein VP23; UL18 homolog; DNA packaging terminase subunit 1; DNA encapsidation
Farm A/dust 1 40519 G A 17.78% 56 18 12 4 75% 25% Non-synonymous variant MDV034 gH; glycoprotein H; UL22 homolog; heterodimer with gL; part of fusion/entry complex
Farm A/dust 1 43053 G A 17.24% 48 24 12 3 80% 20% Genic_UTR MDV035 UL24 homolog; nuclear protein
Farm A/dust 1 113439 G T 7.61% 66 19 6 1 86% 14% Non-synonymous variant MDV073 pp38; 38 kDa phosphoprotein; role in pathogenesis; necessary for infection of B cells and latency in T cells; no HSV homolog
Farm A/dust 1 115376 C A 8.16% 93 42 6 6 50% 50% Intergenic N/A N/A
Farm A/dust 1 115377 C A 29.20% 51 29 21 12 64% 36% Intergenic N/A N/A
Farm A/dust 1 117527 G T 4.55% 132 57 6 3 67% 33% Intergenic N/A N/A
Farm A/dust 1 121803 C T 26.11% 92 41 39 8 83% 17% Genic_UTR MDV076 Meq; oncogene; role in tumor formation; no HSV homolog
Farm A/dust 1 126256 T G 12.96% 43 4 4 3 57% 43% Intergenic N/A N/A
Farm A/dust 1 132086 T C 11.97% 108 17 14 3 82% 18% Non-synonymous variant MDV084 ICP4 (RS1) homolog; transactivator of gene expression; immediate-early protein
Farm A/dust 1 137099 A C 34.74% 42 20 18 15 55% 45% Intergenic N/A N/A
Farm A/dust 1 137100 A C 8.41% 58 40 8 1 89% 11% Intergenic N/A N/A
Farm A/dust 1 137101 A C 5.93% 75 36 4 3 57% 43% Intergenic N/A N/A
Farm A/dust 1 137264 A G 5.22% 87 40 5 2 71% 29% Intergenic N/A N/A
Farm A/dust 1 138209 C A 8.27% 88 34 8 3 73% 27% Intergenic N/A N/A
Farm A/dust 1 138212 C G 6.29% 93 41 8 1 89% 11% Intergenic N/A N/A
Farm A/dust 1 138213 T A 7.87% 77 40 9 1 90% 10% Intergenic N/A N/A
Farm A/dust 1 138281 A C 12.82% 47 21 6 4 60% 40% Intergenic N/A N/A
Farm A/dust 1 138377 G C 8.33% 60 50 1 9 10% 90% Intergenic N/A N/A
Farm A/dust 1 138379 A C 9.71% 39 54 1 9 10% 90% Intergenic N/A N/A
Farm A/dust 1 138381 A T 10.78% 44 47 2 9 18% 82% Intergenic N/A N/A
Farm A/dust 1 138490 A T 12.64% 56 20 3 8 27% 73% Intergenic N/A N/A
Farm A/dust 1 138492 C T 10.84% 52 22 2 7 22% 78% Intergenic N/A N/A
Farm A/dust 1 138523 A G 35.48% 31 9 12 10 55% 45% Intergenic N/A N/A

Farm A/dust 1 (high stringency)

Farm A/dust 2 (high stringency)

Farm B/dust (high stringency)

Farm A/dust 1 (low stringency)
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Farm A/dust 2 (low stringency)

Isolate
Position in 

the 
genome

Major 
allele

Minor 
allele

Minor allele 
frequency

Reads 
supporting 

major allele on 
forward strand

Reads 
supporting 

major allele on 
reverse strand

Reads 
supporting 
minor allele 
on forward 

strand

Reads 
supporting 
minor allele 
on reverse 

strand

Percent reads 
supporting 

minor allele on 
forward strand

Percent reads 
supporting 

minor allele on 
reverse strand

Type of variation Gene Gene

Farm A/dust 2 7251 G A 5.14% 63 103 1 8 11% 88.89% Intergenic N/A N/A
Farm A/dust 2 22829 A G 4.35% 105 71 6 2 75% 25.00% Non-synonymous variant MDV025 serine/threonine kinase; UL13 homolog
Farm A/dust 2 40519 G A 19.75% 51 79 14 18 44% 56.25% Non-synonymous variant MDV034 gH, glycoprotein H; UL22 homolog; heterodimer with gL; part of fusion/entry complex
Farm A/dust 2 48554 C T 9.68% 114 54 13 5 72% 27.78% Non-synonymous variant MDV040 gB, glycoprotein B; UL27 homolog; part of fusion/entry complex
Farm A/dust 2 109048 G A 5.57% 186 102 2 15 12% 88.24% Genic_UTR MDV072 LORF5; function unknown; no HSV homolog
Farm A/dust 2 115422 C T 2.47% 178 134 1 7 13% 87.50% Intergenic N/A N/A
Farm A/dust 2 115441 A C 2.20% 129 225 6 2 75% 25.00% Intergenic N/A N/A
Farm A/dust 2 116937 G A 12.67% 86 176 11 27 29% 71.05% Intergenic N/A N/A
Farm A/dust 2 121872 T C 36.76% 52 108 35 58 38% 62.37% Genic_UTR MDV076 Meq; oncogene; role in tumor formation; no HSV homolog
Farm A/dust 2 126692 C G 26.35% 108 1 33 6 85% 15.38% Intergenic N/A N/A
Farm A/dust 2 126693 C T 27.21% 105 1 33 7 83% 17.50% Intergenic N/A N/A
Farm A/dust 2 130968 G T 43.48% 77 105 52 88 37% 62.86% Non-synonymous variant MDV084 ICP4 (RS1) homolog; transactivator of gene expression; immediate-early protein
Farm A/dust 2 137156 C A 5.17% 81 139 4 8 33% 66.67% Intergenic N/A N/A
Farm A/dust 2 137320 T A 9.94% 120 41 3 15 17% 83.33% Intergenic N/A N/A
Farm A/dust 2 138433 C A 6.50% 215 85 13 8 62% 38.10% Intergenic N/A N/A
Farm A/dust 2 138434 T A 4.43% 202 89 7 7 50% 50.00% Intergenic N/A N/A
Farm A/dust 2 138436 C G 7.06% 221 93 18 6 75% 25.00% Intergenic N/A N/A
Farm A/dust 2 138437 T A 8.12% 219 96 20 8 71% 28.57% Intergenic N/A N/A
Farm A/dust 2 138451 G A 2.42% 244 110 4 5 44% 55.56% Intergenic N/A N/A
Farm A/dust 2 138505 C A 28.26% 75 139 58 33 64% 36.26% Intergenic N/A N/A
Farm A/dust 2 138506 A C 8.97% 122 162 15 13 54% 46.43% Intergenic N/A N/A
Farm A/dust 2 138593 C G 6.17% 81 222 10 10 50% 50.00% Intergenic N/A N/A
Farm A/dust 2 138594 G A 12.81% 76 203 13 28 32% 68.29% Intergenic N/A N/A
Farm A/dust 2 138595 G C 5.02% 84 219 7 9 44% 56.25% Intergenic N/A N/A
Farm A/dust 2 138596 T C 5.61% 81 220 10 8 56% 44.44% Intergenic N/A N/A
Farm A/dust 2 138599 A C 5.38% 87 211 5 12 29% 70.59% Intergenic N/A N/A
Farm A/dust 2 138600 G C 2.59% 90 210 1 7 13% 87.50% Intergenic N/A N/A
Farm A/dust 2 138600 G C 2.59% 90 210 1 7 13% 87.50% Intergenic N/A N/A
Farm A/dust 2 138601 G T 2.97% 81 213 6 3 67% 33.33% Intergenic N/A N/A
Farm A/dust 2 138601 G T 2.97% 81 213 6 3 67% 33.33% Intergenic N/A N/A
Farm A/dust 2 138602 G C 4.15% 77 197 3 9 25% 75.00% Intergenic N/A N/A
Farm A/dust 2 138602 G C 4.15% 77 197 3 9 25% 75.00% Intergenic N/A N/A
Farm A/dust 2 138604 A C 4.96% 77 191 5 9 36% 64.29% Intergenic N/A N/A
Farm A/dust 2 138604 A C 4.96% 77 191 5 9 36% 64.29% Intergenic N/A N/A
Farm A/dust 2 138606 A T 4.63% 75 192 3 10 23% 76.92% Intergenic N/A N/A
Farm A/dust 2 138606 A T 4.63% 75 192 3 10 23% 76.92% Intergenic N/A N/A
Farm A/dust 2 138748 A G 17.82% 12 65 5 13 28% 72.22% Intergenic N/A N/A
Farm A/dust 2 138748 A G 17.82% 12 65 5 13 28% 72.22% Intergenic N/A N/A
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Farm B/dust 2072 T G 44% 90 43 66 37 64% 36% Non-synonymous variant MDV010 vLIP; lipase homolog; role in virulence in vivo; no HSV homolog
Farm B/dust 4411 G T 44% 18 80 14 64 18% 82% Non-synonymous variant MDV012 LORF2; TAP transporter blocker; reduces MHCI presentation; no direct HSV homolog
Farm B/dust 13809 G C 3% 173 133 4 4 50% 50% Non-synonymous variant MDV019 virion morphogenesis & egress; UL7 homolog; tegument protein
Farm B/dust 15775 C T 46% 94 53 78 46 63% 37% Synonymous variant MDV020 DNA helicase-primase subunit; UL8 homolog; role in DNA replication
Farm B/dust 65764 G A 10% 66 93 3 14 18% 82% Non-synonymous variant MDV049 large tegument protein; VP1/2 (UL36) homolog; ubiquitin specific protease; complexed w/ UL37 tegument protein
Farm B/dust 65773 G T 16% 62 95 4 26 13% 87% Non-synonymous variant MDV049 large tegument protein; VP1/2 (UL36) homolog; ubiquitin specific protease; complexed w/ UL37 tegument protein
Farm B/dust 65796 A G 35% 53 85 9 66 12% 88% Synonymous variant MDV049 large tegument protein; VP1/2 (UL36) homolog; ubiquitin specific protease; complexed w/ UL37 tegument protein
Farm B/dust 65804 A T 34% 61 89 11 67 14% 86% Non-synonymous variant MDV049 large tegument protein; VP1/2 (UL36) homolog; ubiquitin specific protease; complexed w/ UL37 tegument protein
Farm B/dust 65821 G T 34% 53 83 8 63 11% 89% Non-synonymous variant MDV049 large tegument protein; VP1/2 (UL36) homolog; ubiquitin specific protease; complexed w/ UL37 tegument protein
Farm B/dust 65843 A G 11% 39 118 5 15 25% 75% Non-synonymous variant MDV049 large tegument protein; VP1/2 (UL36) homolog; ubiquitin specific protease; complexed w/ UL37 tegument protein
Farm B/dust 85939 A C 95% 0 2 15 21 42% 58% Non-synonymous variant MDV055 DNA polymerase processivity subunit; UL42 homolog; dsDNA binding protein
Farm B/dust 85954 C T 29% 14 18 11 2 85% 15% Non-synonymous variant MDV055 DNA polymerase processivity subunit; UL42 homolog; dsDNA binding protein
Farm B/dust 85959 C A 36% 22 17 16 6 73% 27% Non-synonymous variant MDV055 DNA polymerase processivity subunit; UL42 homolog; dsDNA binding protein
Farm B/dust 85961 C A 39% 28 16 20 8 71% 29% Non-synonymous variant MDV055 DNA polymerase processivity subunit; UL42 homolog; dsDNA binding protein
Farm B/dust 85962 G A 40% 25 10 19 4 83% 17% Non-synonymous variant MDV055 DNA polymerase processivity subunit; UL42 homolog; dsDNA binding protein
Farm B/dust 85963 T C 56% 7 12 18 6 75% 25% Non-synonymous variant MDV055 DNA polymerase processivity subunit; UL42 homolog; dsDNA binding protein
Farm B/dust 85966 G A 9% 46 22 3 4 43% 57% Non-synonymous variant MDV055 DNA polymerase processivity subunit; UL42 homolog; dsDNA binding protein
Farm B/dust 85971 G C 11% 47 18 4 4 50% 50% Non-synonymous variant MDV055 DNA polymerase processivity subunit; UL42 homolog; dsDNA binding protein
Farm B/dust 85974 G C 9% 49 21 2 5 29% 71% Non-synonymous variant MDV055 DNA polymerase processivity subunit; UL42 homolog; dsDNA binding protein
Farm B/dust 86626 T C 40% 114 78 78 51 60% 40% Non-synonymous variant MDV056 UL43 homolog; probably membrane protein; non-essential in vitro 
Farm B/dust 108743 T C 42% 173 95 119 73 62% 38% Genic_UTR MDV072 LORF5; function unknown; no HSV homolog
Farm B/dust 108856 G A 10% 254 164 6 41 13% 87% Genic_UTR MDV072 LORF5; function unknown; no HSV homolog
Farm B/dust 108899 A G 11% 227 192 7 45 13% 87% Genic_UTR MDV072 LORF5; function unknown; no HSV homolog
Farm B/dust 109012 T C 5% 184 176 2 16 11% 89% Genic_UTR MDV072 LORF5; function unknown; no HSV homolog
Farm B/dust 114927 T G 2% 331 276 13 2 87% 13% Intergenic N/A N/A
Farm B/dust 115231 A C 22% 127 221 36 61 37% 63% Intergenic N/A N/A
Farm B/dust 115232 A C 15% 161 270 19 57 25% 75% Intergenic N/A N/A
Farm B/dust 115241 C A 4% 155 360 17 6 74% 26% Intergenic N/A N/A
Farm B/dust 116288 T A 2% 309 248 3 9 25% 75% Intergenic N/A N/A
Farm B/dust 120327 A G 29% 4 64 3 25 11% 89% Intergenic N/A N/A
Farm B/dust 121181 A C 2% 203 194 4 6 40% 60% Non-synonymous variant MDV076 Meq; oncogene; role in tumor formation; no HSV homolog
Farm B/dust 121656 C T 37% 76 118 43 72 37% 63% Genic_UTR MDV076 Meq; oncogene; role in tumor formation; no HSV homolog
Farm B/dust 122052 A T 3% 381 231 14 3 82% 18% Genic_UTR MDV076 Meq; oncogene; role in tumor formation; no HSV homolog
Farm B/dust 124841 T C 42% 188 151 130 113 53% 47% Intergenic N/A N/A
Farm B/dust 127347 G T 42% 35 178 22 130 14% 86% Intergenic N/A N/A
Farm B/dust 137081 A C 4% 97 66 1 6 14% 86% Intergenic N/A N/A
Farm B/dust 137101 A G 2% 137 198 7 1 88% 13% Intergenic N/A N/A
Farm B/dust 137102 A G 4% 119 199 10 2 83% 17% Intergenic N/A N/A
Farm B/dust 137249 A G 3% 112 193 7 1 88% 13% Intergenic N/A N/A
Farm B/dust 137449 A C 45% 149 62 103 70 60% 40% Intergenic N/A N/A
Farm B/dust 138195 C A 4% 402 137 15 5 75% 25% Intergenic N/A N/A
Farm B/dust 138196 T A 3% 383 138 10 7 59% 41% Intergenic N/A N/A
Farm B/dust 138198 C G 5% 405 142 18 8 69% 31% Intergenic N/A N/A
Farm B/dust 138199 T A 6% 393 142 24 8 75% 25% Intergenic N/A N/A
Farm B/dust 138266 C A 4% 266 386 19 9 68% 32% Intergenic N/A N/A
Farm B/dust 138267 C A 37% 145 231 81 142 36% 64% Intergenic N/A N/A
Farm B/dust 138268 A C 8% 188 396 25 24 51% 49% Intergenic N/A N/A
Farm B/dust 138355 C G 5% 83 407 9 18 33% 67% Intergenic N/A N/A
Farm B/dust 138356 G A 13% 74 368 15 51 23% 77% Intergenic N/A N/A
Farm B/dust 138357 G C 4% 83 397 5 14 26% 74% Intergenic N/A N/A
Farm B/dust 138358 T C 4% 82 399 8 12 40% 60% Intergenic N/A N/A
Farm B/dust 138361 A C 5% 89 381 6 20 23% 77% Intergenic N/A N/A
Farm B/dust 138362 G C 3% 95 379 2 11 15% 85% Intergenic N/A N/A
Farm B/dust 138364 G C 4% 80 355 5 15 25% 75% Intergenic N/A N/A
Farm B/dust 138366 A C 5% 79 343 8 14 36% 64% Intergenic N/A N/A
Farm B/dust 138368 A T 3% 79 345 2 13 13% 87% Intergenic N/A N/A
Farm B/dust 138476 A C 4% 111 79 2 5 29% 71% Intergenic N/A N/A
Farm B/dust 138510 A G 28% 25 73 10 28 26% 74% Intergenic N/A N/A
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Farm B/feather 1 12176 C A 15.56% 17 20 6 1 86% 14% Non-synonymous variant MDV018 capsid portal protein; UL6 homolog; DNA encapsidation
Farm B/feather 1 23126 G T 12.28% 28 21 2 5 29% 71% Non-synonymous variant MDV025 serine/threonine kinase; UL13 homolog
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Farm B/feather 2 122174 C T 10.94% 32 25 1 6 14% 85.71% Genic_UTR MDV076 Meq; oncogene; role in tumor formation; no HSV homolog
Farm B/feather 2 122204 C T 15.79% 21 27 2 7 22% 77.78% Genic_UTR MDV076 Meq; oncogene; role in tumor formation; no HSV homolog
Farm B/feather 2 128489 G T 10.13% 38 33 2 6 25% 75.00% Intergenic N/A N/A
Farm B/feather 2 144479 C A 14.00% 33 10 5 2 71% 28.57% Non-synonymous variant MDV092 serine/threonine kinase; US3 homolog
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Supplemental Table S6: Chi-squared values from pairwise comparisons of different 

categories of polymorphisms. 

Sample* Intergenic vs. 
synonymous  

Intergenic vs. 
non-

synonymous  

Intergenic vs. 
genic 

untranslated  

Synonymous 
vs. non-

synonymous 

Synonymous 
vs. genic 

untranslated 

Non-
synonymous 

vs. genic 
untranslated 

Farm A-
dust 1 

χ2=16.6 
(p = <0.001) 

χ2=55.47 
(p = <0.001) 

χ2=3.74 
(p = 0.053) 

χ2=0.03 
(p=0.873) 

χ2=0.83 
(p = 0.361) 

χ2=1.73 
(p = 0.189) 

Farm A-
dust 2 

χ2=31.76 
(p = <0.001) 

χ2=94.93 
(p = <0.001) 

χ2=9.48 
(p = 0.002) 

χ2=1.11 
(p = 0.292) 

χ2=2.72 
(p = 0.099) 

χ2=0.69 
(p = 0.407) 

Farm B-
dust 

χ2=25.27 
(p = <0.001) 

χ2=47.32 
(p = <0.001) 

χ2=5.39 
(p = 0.020) 

χ2=1.83 
(p = 0.176) 

χ2=1.61 
(p = 0.205) 

χ2=0.09 
(p = 0.759) 

*Degrees of freedom (d.f.) = 1 for all comparisons; p indicates p-value. 
 

 

 

 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 16, 2016. ; https://doi.org/10.1101/039479doi: bioRxiv preprint 

https://doi.org/10.1101/039479



