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RNA virus populations are composed of highly diverse individ-
uals that form a cloud of related sequences commonly referred 
to as a ‘quasispecies’1–3. This diversity arises as a consequence 
of low-fidelity genome replication4,5. By contrast, DNA virus 
populations contain more uniform individuals with similar fit-
ness6. Genome diversity is often correlated with increased fit-
ness in RNA viruses, while DNA viruses are thought to require 
more faithful genome replication. During DNA replication, 
erroneously incorporated bases are removed by a 3′-5′ exo-
nuclease, a highly conserved enzymatic function of replicative 
DNA but not RNA polymerases. This proofreading process 
enhances replication fidelity and ensures the genome integ-
rity of DNA organisms, including large DNA viruses7. Here, we 
show that a herpesvirus can tolerate impaired exonucleolytic 
proofreading, resulting in DNA virus populations, which, as 
in RNA viruses8, are composed of highly diverse genotypes 
of variable individual fitness. This indicates that herpesvi-
rus mutant diversity may compensate for individual fitness 
loss. Notably, in vivo infection with diverse virus populations 
results in a marked increase in virulence compared to geneti-
cally homogenous parental virus. While we cannot exclude 
that the increase in virulence is caused by selection of and/
or interactions between individual genotypes, our findings are 
consistent with quasispecies dynamics. Our results contrast 
with traditional views of DNA virus replication and evolution, 
and indicate that a substantial increase in population diversity 
can lead to higher virulence.

We chose Marek’s Disease Virus (MDV), an alphaherpesvirus of 
chickens9, to investigate DNA virus replication and genome evolu-
tion in the absence of exonucleolytic proofreading. MDV normally 
shows exceptionally low sequence divergence and field virus iso-
lates are genetically more conserved than in other herpesviruses10,11. 
Herpesviruses possess a large double-stranded DNA genome and 
encode a DNA polymerase12 whose exonuclease activity is largely 
independent of polymerase processivity13.

We constructed MDV with mutations in the exonuclease 
domains of viral DNA polymerase (Fig. 1a), producing viruses 
with variable proofreading capabilities. Mutations D358A, E360A 
and D358A/E360A reside within the first conserved exonuclease 
domain (ExoI) and prevent the coordination of Mg2+ ions essential 
for catalytic activity14. In vitro assays confirmed the virtual absence 
of exonuclease activity of ExoI mutant polymerases (Fig. 1b,  
Supplementary Fig. 1 and Supplementary Table 1). As all ExoI 
mutants are equivalent with respect to the impairment of exonucle-
ase function, we subsequently focused on the E360A and D358A/
E360A mutants. Conserved residues within the ExoIII domain 

were exchanged in the Y547S and Y567F mutants, which leaves a  
residual enzymatic activity of approximately 85 and 20%,  
respectively (Fig. 1b and Supplementary Table 1).

In contrast to herpes simplex virus type 115–18, MDV polymerase 
mutants could replicate following transfection in cultured chicken 
embryo cells (CECs) and caused cytopathic effects similar to the 
parental wild-type (WT) virus. However, most of the mutant viruses 
exhibited a severe growth deficit in subsequent in  vitro passages 
(Fig. 1c,d). The extent of the impairment correlated with the degree 
of exonuclease deficiency, indicating that poor proofreading pro-
duces an accumulation of detrimental mutations over time, ulti-
mately leading to population extinction19,20.

To understand the correlation between exonuclease deficiency, 
mutation accumulation and retarded virus growth, we isolated 
individual genomes from diverse virus populations as single bac-
terial artificial chromosome (BAC) clones in Escherichia coli. This 
provided a comprehensive overview of genetic diversity of virus 
populations in different mutants and passages. Next-generation 
sequencing revealed that mutation frequency correlated with the 
level of exonuclease deficiency and was linked to a severe loss of 
fitness in virus populations within a short time. The E360A and 
D358A/E360A ExoI mutants exhibited error frequencies that were 
approximately 100-fold higher than the WT virus; mutant virus 
populations eroded within the first five passages. Virus populations 
established by the ExoIII mutant Y567F met a similar fate but did so 
more slowly, with estimated mutation rates being slightly lower than 
those observed for ExoI mutants (Supplementary Fig. 2). ExoIII 
mutant Y547S retained WT-like growth properties in cell culture 
and can be stably propagated without signs of reversion beyond pas-
sage 20, although its mutation frequency is about threefold higher 
compared to WT (Supplementary Fig. 2).

The growth deficiency of the ExoI mutants prevented their  
use in infections in  vivo. However, we infected chickens with  
the ExoIII mutants Y547S and Y567F and confirmed their in vitro 
phenotypes. In  vivo infection revealed significant attenuation 
of mutant Y567F, while mutant Y547S caused disease similar to 
the parental virus (Supplementary Fig. 3). Remarkably, Y567F 
caused severe MDV-specific disease in 1 out of 25 chickens in two  
independent experiments.

We continued our investigations of the exonuclease mutants by 
transfections of large amounts of cloned viral DNA. Surprisingly, 
this approach resulted in the recovery of stably replicating virus 
populations in CECs. Key to recovery of sustainable populations 
was (1) a large enough population size immediately following the 
generation of replicating virus and (2) maintaining large popula-
tions during passaging to avoid dilution during the first passages. 
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Under such conditions, mutant viruses recover within 5–7 passages. 
The plaque sizes and DNA copy numbers of the entire population 
reached WT levels in the case of Y567F, while viral genome cop-
ies stabilized at lower levels in the case of the E360A and D358A/
E360A mutants (Fig. 1e).

Sequencing of complete Y567F mutant virus populations indi-
cated partial reversion of the introduced mutation in ExoIII and 
variation in other parts of the gene. To investigate genome-wide 
diversity, we isolated individual virus genomes from the Y567F 

population. Twenty-one clonal virus genomes established as BACs 
in E. coli from passages XII–XVI in CECs underwent whole-
genome sequencing. The genetic diversity uncovered in the clonal 
genomes was unexpectedly high. While the number of mutations 
of individual clones remained stable at slightly below 100 muta-
tions per genome, not a single clone was represented more than 
once (Fig. 2a,b and Supplementary Table 2). Enrichment of high-
frequency mutations was not detected from passages XII–XVI 
(Supplementary Table 3). While population-based sequencing of 
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Fig. 1 | Design and properties of MDV DNA polymerase mutants. a, Schematic representation of MDV DNA polymerase with the conserved polymerase 
domains I–VII, the δ-C region and the conserved 3′-5′ exonuclease domains I–III. The positions of the point mutations introduced in the respective mutant 
viruses are indicated. b, Enzymatic properties of purified and C-terminally FLAG-tagged MDV DNA polymerase with mutations in the exonuclease domain. 
Enzymatic activity is provided in percentage activity of the WT protein. The individual measurements and the means are shown (see Supplementary  
Table 1). c, Plaque diameters of the polymerase mutant viruses relative to WT. Development of the plaque diameters over time from 7 d after transfection 
of the respective infectious clones (n = 50) to passage II (n = 75) and passage V (n = 149) is shown. Note that, by passage V, the ExoI mutants (D358A, 
E360A and D358A/E360A) have lost the ability to cause a visible cytopathic effect. Box plots: the centre line denotes the median; the box limits denote the 
upper and lower quartiles; the whiskers indicate the minimum and maximum of the box. Statistical significance was determined by Kruskal–Wallis ANOVA 
with Dunn’s correction for multiple comparisons. See the Supplementary Information for detailed statistical information. The asterisks indicate significant 
reductions relative to WT. *P ≤ 0.05, ***P ≤ 0.001. d, Efficiency of viral genome replication (viral genome copy numbers relative to cellular genomes after 
passaging in CECs). DNA copy numbers were determined in duplicate in each experiment and the means (dots) and s.e.m. (whiskers) of three independent 
experimental replicates are shown. e, Recovery of mutant virus-derived populations; the development of viral genome copy numbers over nine passages in 
CECs in a single experiment is shown.
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viruses during passage XII revealed that the Y567F mutation had 
reverted to the WT sequence in approximately 40% of the popula-
tion (Supplementary Table 4), it was maintained in the remaining 
60%, thus presumably endowing the population with the capacity 
for continued hypermutation.

The recovery of stably replicating populations from the original 
ExoIII mutant Y567F was confirmed in cell culture by sequencing a 
Y567F mutant virus population from an independent experimental 
replicate. This revealed a completely different sequence spectrum 
and yielded a population lacking any sign of reversion of the ExoIII 
mutation over the course of 12 passages (Supplementary Table 5).

Our passaging experiments suggest that the initial mutation fre-
quency of the exonuclease-impaired mutants is too high to be tol-
erated. One possibility to adjust mutation frequencies to tolerable 
levels is diversification and reversion within recovered populations. 
The diversified populations may retain the originally introduced 
mutations in addition to possessing fully repaired WT polymerases 
and polymerases that have acquired an array of different mutations 
of mostly unknown function. However, the adjustment could also 
be achieved by other means since the exonuclease mutation was 

maintained in virtually all viruses in the replicated passaging exper-
iment. We conclude that, to cause elevated mutation frequencies, a 
mutator phenotype is required in only a fraction of the population.  
Such dynamics could provide a distinct selective advantage, as  
discussed elsewhere21,22.

To examine the phenotypic diversity of virus clones, we generated 
virus populations by transfection of cloned viral DNA. From the 
21 clones, only 14 caused a visible cytopathic effect, indicating the 
presence of a large proportion of replication-incompetent genomes 
within the population. These could be the products of error-prone 
replication and recombination leading to non-viable offspring. 
Another possibility is that, individually, replication-incompetent 
genomes are replicated by replication-competent members of the 
virus population. This process would maintain these genomes 
within the population and allow them to contribute to the repli-
cation of other genotypes through expression of their (mutated) 
genes and/or by providing a source of diversity via recombination. 
Clones that caused a visible cytopathic effect in cell culture exhib-
ited a marked diversity in plaque sizes and titres (Fig. 2c,d). It is 
important to note that we found limited evidence for the presence 
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Fig. 2 | Genetic diversity of quasispecies-like populations in cell culture. a, Viral DNA was extracted from virus-infected cells at passages XII, XIV and 
XVI, and used to generate BAC-based bacterial clones that harboured single viral genomes. A total of 21 clones underwent full-genome sequencing. The 
number of point mutations per single-virus genome at the respective cell culture passage is shown; the centre line represents the mean. b, Most point 
mutations in the diverse virus populations are unique or rare. The frequency of occurrence of SNPs (a total of 1,203) in any of the 21 sequenced clones 
is shown (see Supplementary Table 3 for the absolute numbers). c, Phenotypic diversity in cell culture was assessed by plaque diameters, which were 
determined for the WT virus, the diverse quasispecies at passage XVI and single-virus clones obtained from the diverse population at this passage level. 
While the intact diverse population induced plaque sizes that were very similar to those of the WT virus, single clones typically induced smaller plaques, 
with some clonal viruses not causing any cytopathic effect. n = 50 plaques per virus. The centre line denotes the median; the box limits denote the upper 
and lower quartiles; the whiskers denote the minimum and maximum of the box. Statistical significance was determined by Kruskal–Wallis ANOVA 
with Dunn’s correction for multiple comparisons. The asterisks indicate significant reductions relative to WT. *P ≤ 0.05 **P ≤ 0.01 ***P ≤ 0.001. d, Titres 
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Only viral clones capable of causing cytopathic effects were evaluated. Statistical significance was determined by one-way ANOVA with Bonferroni’s 
correction for multiple comparisons. Titrations were performed four times independently for WT and the diverse quasispecies and three times for  
each of the clones. The centre line represents the mean of the independent measurements (see Supplementary Information for detailed information).  
The asterisks indicate significant reductions relative to WT. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001.

NATurE MiCrObiOlOGy | www.nature.com/naturemicrobiology

Content courtesy of Springer Nature, terms of use apply. Rights reserved



Letters Nature Microbiology

of high-frequency mutations, and those identified did not provide 
a discernible phenotypic (growth) benefit (Supplementary Table 6).

To test the importance of increased genetic diversity of MDV 
for virulence in its natural host, we infected five groups of chick-
ens with viruses of known growth capacity in vitro (Supplementary 
Fig. 5): (1) the original Y567F polymerase mutant at passage I 
(Y567F_I); (2) the recovered diverse quasispecies-like population 
resulting from the Y567F mutant at passage XII (Y567F quasispe-
cies); (3) a single-virus clone isolated from passage XVI (clone 6); 
(4) a combination of 14 independent clones isolated from passages 
XII–XVI (clones 1–14); (5) the parental MDV clone as a control 
(WT) (Fig. 3a).

The diverse population of viruses derived from the polymerase 
mutant Y567F showed a significant and unexpected increase in 
virulence compared to the parental virus. The disease phenotype 
caused by this population was unusual and included transient 
paralysis and death of young chickens. Such symptoms are reported 
for the most virulent MDV strains, but are not typically associated 
with the RB-1B strain used in this study23. This result was unex-
pected, not only because the original polymerase mutant proved to 
be highly attenuated, but also because mutations that arise through 
cell culture passage generally result in attenuation of herpesviruses 
in vivo24. A single clone derived from the diverse population was 
as attenuated as the original mutant virus at passage I, while the 
mixture of single clones from passages XII–XVI, which represented 
a more restricted sequence space compared to the entire population, 
showed an intermediate virulence phenotype (Fig. 3b). We con-
clude from the animal experiments that increased diversity caused 
by an exonuclease-impaired DNA polymerase results in markedly 
increased virulence of the hypermutated virus population.

To determine if the gain of virulence observed in  vivo can be 
attributed to the presence of a single or a few fit genotypes in the 
diverse mutant pool, we applied two independent sequencing 
approaches. First, we isolated virus from the tissues of diseased  
animals and recovered individual virus genomes following transfer of  
the genomes in E. coli. Second, we developed a hybridization capture 
procedure to sequence the highly cell-associated MDV from total 
DNA extracts of different tissues and organs, including the skin, 
the compartment from which virus is shed10. Comparisons between 
individual genomes and populations allows an in-depth exploration 

of the viral sequence space and is less biased than more traditional 
single-locus sequencing and extrapolation approaches4,6,25,26.

Sequencing confirmed high genetic variability in animals 
infected with the diverse population of Y567F-derived viruses 
from passage XII. By contrast, neither the WT nor the clonal 
virus from the diverse population showed genetic diversity in vivo  
(Fig. 4a–c and Supplementary Tables 7–9). The infection of animals 
with the 14 independent virus clones resulted in a diverse mixture 
of recombined genomes (Fig. 4c and Supplementary Table 10). The 
extent of recombination was unexpected and emphasizes its role in 
herpesvirus replication and evolution. Recombination can unlink 
beneficial and detrimental mutations and lead to preservation of 
favourable genetic changes and adaptation, while deleterious muta-
tions are purged27. The difference in virulence between the original 
Y567F mutant virus at passage I and the highly diverse popula-
tion from passage XII was striking and is in good agreement with 
our observations in cell culture. We infer that small and isolated 
populations of strong hypermutators probably encounter lethal 
mutagenesis and population extinction. However, the death of 1 
out of 25 infected animals in two independent experiments using 
the original Y567F mutant demonstrates that recovery of virulent 
virus in  vivo is also possible without previous passaging in  vitro. 
Importantly, sequencing from both animals revealed very diverse 
virus populations, covering a large sequence space (Supplementary 
Fig. 4) without reversion of the Y567F mutation (Supplementary 
Table 7), further indicating the possibility for virus evolution under 
high mutation rates and harsh selective pressure. In later passages, 
the virus appeared to benefit from prior diversification and adjust-
ment of mutation rates in cell culture, potentially because of large 
population sizes in a shared replication environment and limited 
selection pressure.

Our experiments demonstrate that a large DNA virus can exist 
with impaired proofreading and can overcome individual fitness 
loss caused by elevated rates of mutation in vitro and in vivo. This is 
achieved by the formation of a genetically very diverse population, 
which, by analogy with RNA viruses1,3,5, adopts a structure that is 
reminiscent of a quasispecies: a population composed of individu-
als of varying fitness that together achieve higher overall population 
fitness28. This interpretation is supported by the unimpaired growth 
properties (Supplementary Fig. 5) and increased virulence of the 
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diverse population compared to a genetically homogenous popula-
tion of very fit but monophyletic individuals. We could not detect 
significant selection for a single or few fit individuals in the diverse 
populations in vitro (Supplementary Tables 2–5) or even under the 
pressure of in vivo replication (Supplementary Tables 3 and 7–9).

Recently, the view that RNA virus diversity per se is a selective 
advantage was challenged29 because the antimutator phenotype 

used in a hallmark study to address quasispecies theory28 exhibited 
a growth deficit caused by reduced viral RNA polymerase proces-
sivity. The authors concluded that RNA viruses have evolved for 
maximum replication speed, high mutation rates being an inadver-
tent corollary rather than the target of selection. While we cannot 
resolve the interdependence of replication speed and fidelity for 
RNA viruses, we present a system that allows a significant reduction  
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virus, Y567F quasispecies and clones 1–14. The parsimony random seed (-p) and bootstrap random seed (-x) were set to 12345. We used Dendroscope 
3 (ref. 52) to draw the figures. Numbers 1–9 in the circles are zoomed-in sections of the phylogenies; individual scales are indicated. The different colours 
of clades in the phylogenies indicate different experimental animals. Support values (>70) are indicated in the phylogenies. The sequence nomenclature 
consists of bird number-organ origin and clone number. S, spleen; P, PBMC; L, liver; Bf, Bursa fabricii; Br, brain. b, Shannon entropy plots were used to 
measure population diversity for WT virus, Y567F quasispecies, clone 6 and clones 1–14. To create the diversity plots, population sequence alignments 
were analysed using FreeBayes and a custom script to calculate Shannon entropy (S = –∑iϵ{A,C,G,T}pi ln pi, where pi is the relative frequency of nucleotide i at 
a given position) for each nucleotide in the genome. High values indicate high nucleotide diversity at the respective position; it is 0 if only one nucleotide 
is represented in all reads at a respective position (see Supplementary Fig. 4 for viral diversity in animals that succumbed to infection with the original 
polymerase mutant Y567F at passage I). c, Recombination of viral genomes from the group of chickens that were infected with 14 defined clones (clones 
1–14). Each colour indicates a different origin of the sequences. Determination of recombination was based on a maximum likelihood method (see 
Supplementary Table 10 for detailed information on sequences).
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of replication fidelity without increasing polymerase processivity. 
This ability to decouple error-prone DNA replication from poly-
merase processivity has enabled us to study DNA virus mutator 
phenotypes in  vitro and in  vivo in a natural virus–host setting, 
allowing significant insight into the role of error-prone genome 
replication for virus evolution.

We refer to highly diverse virus populations as quasispecies but 
recognize the controversy over the use of this term30,31. The discus-
sion in part relates to the implication that populations, as opposed 
to individual viruses, are the primary target of natural selection1,32. 
Our findings of sustained population diversity could be the result of 
positive selection and/or neutral forces acting on individual geno-
types within populations, for example, via frequency-dependent 
selection of otherwise unfit genotypes in a process of mutually ben-
eficial coexistence33. However, we contend that diversity could also 
be maintained by selection acting on mutationally linked popula-
tions. Regardless of the debate surrounding this issue, our study 
demonstrates that herpesvirus population diversity can be stably 
maintained over many generations and can result in increased viru-
lence in vivo. That a herpesvirus can be manipulated to withstand 
elevated mutation frequencies poses an interesting question about 
the evolutionary necessity of exonuclease activity during DNA virus 
replication. Most DNA viruses have higher nucleic acid replica-
tion fidelity than RNA viruses, indicating that DNA viruses require 
proofreading during genome replication26. Yet, we demonstrate that 
a large DNA virus can exist despite error-prone nucleic acid replica-
tion and may even increase in  vivo fitness via generating genetic 
diversity. Whether virulent mutator DNA viruses can hold a selec-
tive advantage and be stably maintained over the course of multiple 
infection-transmission cycles remains to be determined, but high 
virus population diversity at transmission sites suggests that these 
dynamics could be more than transient.

Methods
Cell cultures. Virus. The parental MDV used in this study was reconstituted from a 
BAC clone34 based on the very virulent MDV strain RB-1B (GenBank EF523390.1).

CECs. Specific pathogen-free chicken eggs were purchased from VALO BioMedia. 
Primary CECs were prepared from 11-day-old chicken embryos exactly as 
described previously35.

Transfection. CECs were transfected using a polyethylenimine (Polysciences) 
transfection procedure36. For the reconstitution of viruses, 10 μl polyethylenimine 
(1 mg ml−1) was added to 1–2 μg of viral BAC DNA isolated from E. coli37 in 100 μl 
Optimem (Thermo Fisher Scientific). The DNA:polyethylenimine complex was 
allowed to form during a 20 min incubation at room temperature. The suspension 
was then added to 2 ml of MEM (PAN-Biotech) supplemented with 10% FCS 
(PAN-Biotech) in 1 well of a 6-well dish with a confluent monolayer of CECs 
(approximately 1 × 106 cells). The cells and transfection mixture were incubated 
at 37 °C for 3–4 h before the transfection mixture was removed and 2 ml of MEM-
10% FCS were added.

Infection of cells and propagation of virus. Cells were infected by co-seeding 
uninfected and infected CECs or by adding infected cells to a monolayer of 
uninfected cells. Virus was propagated in cell culture by serial passaging. When 
a cytopathic effect became apparent, infected cells were brought into suspension 
by treatment with trypsin/EDTA (0.25% trypsin (Sigma-Aldrich), 0.5 mM EDTA 
(AppliChem) in PBS), and 1/10 of the detached cells were seeded with fresh cells 
onto a new cell culture plate in 1 ml of MEM-10% FCS. For the purpose of this 
study, one passage was defined as 5 d of infection.

For virus reconstitution from BAC DNA, all infected cells from 1 or several 
wells of a 6-well dish were collected 7 d after transfection and co-seeded with 
uninfected cells in a 100 mm dish (Sarstedt). To recover virus populations from 
polymerase mutant viruses, splitting was avoided in the first two passages and all 
infected cells were transferred to a 150 mm dish. For subsequent passages, 30–50% 
of infected cells were used for passaging until the virus returned to WT-like 
growth. From this point forward, cells were split in a 1:10 ratio (infected:non-
infected cells).

Plaque size assays. To determine plaque sizes, CECs were transfected or infected 
with 50–100 plaque-forming units (p.f.u.) per well of a 6-well cell culture plate. 
On day 7 after transfection or 5 d postinfection, cells were fixed with formalin and 

stained with anti-MDV antibodies exactly as described previously38. Images of 
plaques were taken with an Axio Vert.A1 inverted fluorescent microscope using 
an Axiocam 503 mono with the ZEN v.2.3 pro software and ×50 magnification 
(ZEISS). Plaque areas were measured with the ImageJ v.1.49 software (NIH) and 
diameters calculated.

Titration of viruses. Titrations were performed in duplicates in 6-well plates using 
serial dilutions of previously frozen virus stocks. Virus stocks were diluted in cell 
culture medium from 1:10 to 1:105 and incubated at 37 °C until visible plaques 
formed (typically 5 d postinfection). Subsequently, cells were fixed and stained 
using the described procedure. Plaques were counted in wells containing 10–100 
plaques after which the titres of the respective stocks were calculated.

Virus titration as fitness marker. Titrations were performed to compare the fitness 
of different BAC-derived virus clones obtained from extrachromosomal DNA 
extracted from a diverse population of viruses in cell culture. Original virus stocks 
were generated and titrated as described earlier. From the stocks, 10,000 p.f.u. were 
used to infect CECs on a 150 mm cell culture dish. At 4 d postinfection, stocks were 
generated from each of the infected plates by trypsinization of infected cells and 
cryopreserved by resuspension in a final volume of 8 ml medium (MEM containing 
10% FCS and 10% dimethylsulfoxide). The cryopreserved stocks were titrated 
again to obtain comparable titres for each of the clones, WT viruses and the intact 
diverse virus population at passage XII.

Viral growth kinetics. For multistep growth kinetics, approximately 5 × 106 CECs 
were infected with 100 p.f.u. of MDV; 1–5 d postinfection, infected cells were 
trypsinized and virus titres were determined in triplicate.

Reisolation of virus from diseased animal tissues. For whole-genome sequencing of 
viral clones after animal passage, organ material was collected from chickens that 
died or were killed while showing clear signs of Marek’s disease. Tissue samples 
(approximately 500 mg) were homogenized by passing through a 40 µm cell 
strainer (VWR). The homogenate was used to overlay a fresh CEC monolayer in a 
100 mm cell culture dish that was prepared 3–4 h in advance. CECs were incubated 
with the homogenate overnight; then, organ material was carefully washed off the 
monolayer and fresh medium was added. Cells were left on the original 100 mm 
plate for another 1–3 d and subsequently transferred to a 150 mm dish where MDV 
plaques became apparent after 3–4 d. Typically, one more cell culture passage was 
required to obtain enough infected cells for the extraction of extrachromosomal 
DNA and subsequent generation of bacterial clones harbouring single BACs. The 
single viral genomes isolated in this procedure were used to build phylogenetic 
trees (Fig. 4a).

BAC mutagenesis. MDV mutants were generated using a two-step Red-mediated 
recombination protocol known as en passant mutagenesis39. To introduce the 
desired change in the DNA polymerase gene (UL30), a PCR product was generated 
to contain recombination sites specific to the insertion site, the desired nucleotide 
change, a kanamycin resistance gene (aphAI) as the selection marker and an 
I-SceI recognition site. Briefly, electrocompetent E. coli containing the BACs of 
interest were transformed and selected for resistance to kanamycin. In a second 
recombination step, the aphAI gene was removed via homologous recombination 
following a double-strand break produced after the induction of I-SceI expression. 
Final clones were selected for kanamycin susceptibility, confirmed by restriction 
fragment length polymorphism analysis and sequencing of the desired change  
in nucleotides39.

DNA extraction procedures. Isolation of total DNA from infected cell monolayers 
(sarkosyl extraction). To extract total DNA from the cell culture samples40, the 
monolayer was washed with PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 
1.8 mM KH2P04); cells were trypsinized, resuspended in MEM-10% FCS and 
centrifuged for 5 min at 4 °C and 800g. The pellet was washed with 10 ml of ice-cold 
PBS and centrifuged again under the same conditions. Cells from a 100 mm dish 
were resuspended in 500 μl TEN buffer (10 mM Tris-HCl, 1 mM EDTA, 100 mM 
NaCl, pH 8.0) and lysed by adding 250 μl sarcosine lysis buffer (75 mM Tris-HCl, 
25 mM EDTA, 3% (w/v) N-lauroylsarcosine, pH 8.0) followed by 15 min incubation 
at 65 °C. RNA was removed by adding 10 μl RNase A (10 mg ml−1; Applichem)  
and 30 min incubation at 37 °C. Protein was digested during a 16 h incubation after 
the addition of 10 μl proteinase K (20 mg ml−1; Sigma-Aldrich). DNA was  
extracted using a standard phenol–chloroform procedure followed by ethanol/
isopropanol precipitation41.

Extraction of extrachromosomal DNA (Hirt extraction). The extraction of 
extrachromosomal DNA42 enabled the recovery of circular viral genomes from 
infected cells. DNA obtained by this method was used for the transformation of 
electrocompetent E. coli (MegaX; Invitrogen). To extract extrachromosomal DNA, 
infected cells where trypsinized and pelleted by centrifugation at 4 °C and 2,000g 
for 5 min. The pellet was washed once with 10 ml of ice-cold PBS, centrifuged 
and resuspended in 200 μl PBS per 100 mm dish. Addition of 200 μl of Hirt lysis 
buffer (10 mM Tris-HCl, 20 mM EDTA, 1.2% (w/v) SDS, pH 8.0) followed and the 
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suspension was mixed gently by inverting the tube 10 times and left for 20 min at 
room temperature. Then, 100 μl of a 5 M NaCl solution was added to obtain the 
final concentration of 1 M NaCl. The tube was incubated at 4 °C for >16 h and the 
mixture was centrifuged at 4 °C and 15,000g for 30 min to pellet the precipitated 
protein and chromosomal DNA. The supernatant was removed and used for 
phenol–chloroform extraction followed by ethanol precipitation41.

Extraction of DNA from animal tissues. The innuSPEED tissue DNA Kit 
(Analytik Jena) was used to extract DNA from animal tissues, according to the 
manufacturer’s instructions. Briefly, 50 mg of tissue were homogenized using a 
bead mill procedure. The homogenate underwent RNase A and proteinase K 
digestion, as suggested by the manufacturer, with the exception that proteinase K 
treatment was extended to 90 min to release viral DNA from the nucleocapsids. 
The resulting lysate was cleared by adding a protein-denaturing buffer and high-
speed centrifugation. The DNA in the supernatant was captured on DNA binding 
columns. After several washes, DNA was eluted in 200 µl elution buffer and used 
for further analysis (mainly for quantitative PCR and next-generation sequencing).

Expression and purification of MDV DNA polymerases. Purification of FLAG-
tagged MDV polymerase. For the purification of functional MDV DNA polymerase, 
CECs were transfected with a recombinant turkey herpesvirus BAC clone that 
harboured C terminus FLAG-tagged UL30 in its mini-F region and was generated 
by en passant recombination39,43. The FLAG construct had been cloned into the 
pEP-CMV-in44 plasmid and was amplified with the primers DK 112 and DK 113 
binding at the ends of the mini-F vector sequences (Supplementary Table 11). The 
UL30-expressing turkey herpesvirus exhibited WT-like growth properties and was 
propagated for two passages and frozen at a titre >105 p.f.u. ml−1. Frozen virus was 
used to infect CECs seeded in a 150 mm plate. Infected cells were collected when 
large plaques became apparent (typically 3 d postinfection) or were expanded 
for one more passage to collect a larger number of infected cells. Infected cells 
were trypsinized, centrifuged at 1,200g (4 °C) and the resulting pellet was washed 
once with ice-cold PBS. A pellet resulting from one 150 mm plate (approximately 
2 × 107 cells) was resuspended in 500 μl extraction buffer SuperB (Covaris) 
containing protease inhibitor H and EDTA (Covaris). Volumes were scaled up as 
necessary. The sample was transferred to AFA glass tubes (Covaris); microTUBES 
(130 μl; Covaris) were used for small-scale purification and immunoblot analysis, 
milliTUBES (1,000 μl; Covaris) for preparative purification. Lysis was performed 
using an M220 focused-ultrasonicator (Covaris) applying the following conditions: 
peak incident power, 75 W; duty cycle, 10%; cycles per burst, 200; duration, 240 s; 
temperature, 6 °C. The crude lysate was cleared during a 10 min centrifugation at 
15,000g (4 °C). The supernatant was collected for purification; the pellet containing 
the cellular debris was discarded after the immunoblot analyses indicated that no 
significant amount of FLAG-tagged protein was left in the pellet.

For purification, the supernatant was mixed with an equal volume of each 
Tris-buffered saline (TBS) and BC-300 lysis buffer45 (20 mM Tris-HCl, 20% (w/v) 
glycerol, 0.2 mM EDTA, 100 mM KCl, 1 mM dithiothreitol (DTT), 0.5 mM 
phenylmethylsulfonyl fluoride, pH 8.0) and transferred to a LoBind Microcentrifuge 
Tube (1.5 or 2 ml as needed). A 50% slurry of anti-FLAG M2 magnetic beads (Sigma-
Aldrich) corresponding to one fifth of the original lysate volume was added to this 
mixture and incubated for 6 or 16 h at 4 °C under gentle end-over-end rotation. 
The next day, magnetic beads were collected with a neodymium bar magnet, the 
supernatant was removed and the bead pellet washed five times with 1 ml TBS; each 
time, the pellet was resuspended and collected again magnetically. Bound protein 
was eluted with 200 μM FLAG peptide (Sigma-Aldrich) in BC-300 lysis buffer, the 
volume corresponding to one-tenth of the original lysate volume during 2 min at 
room temperature. To ensure that the majority of protein was eluted in this step, a 
pH elution was performed with the same volume of 0.1 M glycine, pH 3. Protein was 
used either directly for functional assay or stored at −20 °C after the addition of  
one-third (v/v) 99% glycerol for immunoblot analysis (Supplementary Fig. 1).

Normalization of protein input. To achieve relative quantification of protein input, 
two quantification steps were employed. First, the total protein concentration in 
the purified extracts was determined using a commercial bicinchoninic acid assay 
kit (BCA Protein Assay Kit; Pierce) according to the manufacturer’s instructions. 
Based on total protein concentration, the input volume for immunoblotting was 
normalized to equal protein levels. On the resulting blot, the target protein was 
detected using a rabbit polyclonal anti-FLAG antibody (Sigma-Aldrich, F7425) and 
visualized with an horseradish peroxidase-conjugated anti-rabbit IgG secondary 
antibody (Cell Signaling Technology, 7074S). Final protein input normalization 
was based on the intensity of the bands detected using this procedure and a Vilber 
Lourmat Imaging System with the Bio-1D software v.12.14 (Vilber).

Functional assays using recombinant MDV DNA polymerase. Polymerase and 
exonuclease assays. Polymerase activity was measured for each polymerase mutant 
by adding normalized amounts of purified protein to 50 μl of 2× polymerase 
buffer (50 mM Tris-HCl, 0.05% (w/v) bovine serum albumin (BSA), 0.5 mM DTT, 
7.5 mM MgCl2, 100 μM deoxycytidine triphosphate, deoxyadenosine triphosphate, 
deoxyguanosine triphosphate, 20 μM deoxythymidine triphosphate (dTTP), 1 μCi 
3H-dTTP) and 20 μg activated calf thymus DNA (Type XV; Sigma-Aldrich), before 

water was added to 100 μl. The reaction was incubated at 37 °C for 30 min and at 
42 °C for 30 min before cooling to 4 °C when the incubation was terminated. DNA 
was precipitated by adding 50 μg fish sperm DNA (Sigma-Aldrich) and 100 μl of 
10% trichloroacetic acid (TCA), and spotted on a Whatman glass filter. The filter 
was washed with 10 ml 10% TCA, 20 ml 70% ethanol and 10 ml 99% ethanol, and 
dried at room temperature overnight.

Exonuclease activity was measured for each polymerase mutant by adding  
a normalized amount of purified protein to 50 μl of 2× exonuclease buffer 
(50 mM Tris-HCl, 0.05% (w/v) BSA, 0.5 mM DTT, 7.5 mM MgCl2); 8 μl activated 
calf thymus DNA (2 μg μl−1) and 1 μCi of radioactive exonuclease template, 
prepared as described previously46, were added to the mixture before water was 
used to arrive at a total volume of 100 μl. The reaction was incubated at 37 °C 
for 30 min and at 42 °C for 30 min before cooling to 4 °C. The reaction was 
terminated by adding 10 μl 0.5 M EDTA and DNA was precipitated by adding 
50 μg fish sperm DNA (4 μg μl−1) and 100 μl of 10% TCA. The mixture was 
centrifuged at 15,000g for 30 min at 4 °C. The supernatant was carefully removed 
from the pellet and another 50 μg of fish sperm DNA was added and thoroughly 
mixed to facilitate the removal of carryover acid-insoluble radioactivity. 
Following another 30 min of centrifugation at 15,000g (4 °C), the top 200 μl of 
supernatant was used for liquid scintillation counting.

As a negative control for both reaction types, WT enzyme was heat-inactivated 
for 10 min at 98 °C and used under the conditions stated earlier.

Liquid scintillation counting. Dried glass filters from polymerization reactions were 
placed into 20 ml scintillation vials and 10 ml scintillation fluid (Carl Roth) was 
added. The vials were thoroughly agitated in an end-over-end shaker for 10 min; 
a Tri-Carb (PerkinElmer) liquid scintillation counter was used with the settings 
provided by the manufacturer.

The supernatant of exonuclease reactions (200 μl) was mixed with 50 μl of 
1 M NaOH and buffered with 100 μl 1 M Tris-HCl, pH 8.0. The resulting solution 
was mixed with 10 ml scintillation fluid and filled into 20 ml scintillation vials for 
counting in a Tri-Carb liquid scintillation counter using the appropriate protocol.

Next-generation sequencing and target enrichment. DNA sequencing procedures. 
DNA sequencing was performed on an Illumina MiSeq system. Sequencing 
libraries were prepared from DNA extracted from infected chicken cells, tissues of 
infected animals or E. coli containing individual BACs.

One to five micrograms of total DNA were diluted in 130 μl TE and fragmented 
to a peak fragment size of 500–700 base pairs (bp) using the M220 focused-
ultrasonicator. The typical settings were: peak incident power, 75 W; duty cycle, 
5%; cycles per burst, 200; duration, 52 s. However, the settings were adjusted if the 
procedure failed to produce fragments of the desired size. Size distribution of DNA 
fragments was confirmed by 1% agarose gel electrophoresis or using an Agilent 
2100 Bioanalyzer (Agilent). Fragmented DNA (100 ng to 1 μg) was used for next-
generation sequencing library preparation using the NEBNext Ultra II DNA Library 
Prep Kit for Illumina platforms (New England Biolabs). The kit was used according 
to the manufacturer’s instructions; the bead-based size selection step was performed 
with Agencourt AMPure XP magnetic beads (Beckman Coulter Life Sciences) 
selecting for inserts of 500–700 bp. To achieve a library yield >500 ng and complete 
the adaptor sequences, 3–5 PCR cycles were performed at the end of the protocol.

Generation of clonal virus DNA for full-genome sequencing. To clone individual 
viral genomes for full-genome sequencing, extrachromosomal DNA was prepared 
from infected cells as described earlier and used for the transformation of 
electrocompetent E. coli (MegaX). Transformed bacteria were plated on lysogeny 
broth agar plates containing 15 µg ml−1 chloramphenicol; individual clones 
harbouring single-virus genomes could be picked after 24–48 h. Clonal viral BAC 
DNA was prepared from bacteria grown in 5 ml lysogeny broth overnight by 
standard phenol–chloroform extraction41.

Enrichment of viral sequences. A tiling array was employed to specifically enrich 
the viral sequences from the DNA extracts that contained mainly sequences of 
chicken origin. The array consisted of 6,597 biotinylated RNA 80-mers and was 
designed against the sequence of the RB-1B strain (GenBank EF523390.1) using 
the bioinformatic tools and expertise of MYcroarray (Arbor Biosciences). Mini-F 
vector sequences were included in the final design37.

The enrichment was performed according to the manufacturer’s instructions 
with the exception that the hybridization step was prolonged to 20 h at 65 °C. 
Depending on the abundance of MDV genomes in the input, 8–14 cycles of PCR 
were performed using Q5 High-Fidelity DNA Polymerase (New England Biolabs).

Sequence data analysis. Illumina reads were preprocessed with Trimmomatic 
v.0.3647 and mapped against the RB-1B reference sequence (GenBank EF523390.1) 
using the Burrows–Wheeler Aligner v.0.7.1248; stochastic mapping of sequences 
was allowed in repeat regions. For full-genome sequencing of BAC clones, the 
positions of mutations over multiple samples were compared. Therefore, single-
nucleotide polymorphism (SNPs) were called with FreeBayes v.1.1.0-349 and the 
data were merged by position and mutation using R v.3.2.350. Annotated SNP tables 
were generated using Geneious R11.
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Phylogeny of clonal virus after animal passage. The phylogeny of single clones from 
different groups was constructed using RAxML v.8.00 (ref. 51) with a GTRGAMMA 
model. In the analysis, 10,000 rapid bootstrap replicates were calculated in 
clone 6 while a bootstrap convergence criterion (-# autoMRE) was used for the 
determination of bootstrap replicates in WT, Y567F XII quasispecies and clones 
1–14. The parsimony random seed (-p) and bootstrap random seed (-x) were set  
to 12345. We used Dendroscope 3 v.3.5.9 (ref. 52) and Inkscape v.0.92.3  
(https://inkscape.org) to draw the figures.

Quasispecies diversity (Shannon entropy). For virus populations, Shannon entropy 
was computed at each site of the genome. The analysis was done with a custom R 
script based on the frequency of each nucleotide at each position.

Shannon entropy53: S = -∑iϵ{A,C,G,T} pi ln pi, where pi is the relative frequency of 
nucleotide i at any given position.

Animal experiments. Animals. Specific-pathogen-free chickens (VALO BioMedia) 
were used for the study. The birds are derived from commercial layer chickens; 
genetic characterization is not publicly available. Therefore, determination of 
relative MDV susceptibility is not possible. All animals were unvaccinated and free 
of maternal anti-MDV antibodies.

For the in vivo experiments, 1-day-old chickens were randomly assigned to one 
of the groups and infected with a polymerase mutant virus or the WT control.

First animal experiment: testing the pathogenic potential of MDV polymerase 
mutants. Infection was performed by subcutaneous inoculation of 4,000 p.f.u. of 
each virus in 500 μl MEM-10% FCS (Supplementary Fig. 2). All viruses were used 
at cell culture passage I or II after reconstitution. Each group of infected chickens 
was housed separately. Animals were kept under a 12 h light regime in stainless 
steel cages with wood and straw litter. Enrichment was provided by perches, 
sand baths and picking stones. Rooms were air-conditioned and temperature was 
regulated starting from an air temperature of 28 °C on day 1 decreasing to 20 °C on 
day 21. In the first 10 d, heat lamps were provided. Food and water were provided 
ad libitum. For 90 d, the animals were monitored twice daily and terminated at the 
first clinical sign of Marek’s disease. Each animal that died or was killed during the 
experiment underwent a thorough postmortem examination for gross pathological 
signs of Marek’s disease, which included: solid lymphomas in any organ; 
inflammation of peripheral nerves as evidenced by marked swelling; and ocular 
lymphomatosis as evidenced by characteristic changes in the iris. Samples taken 
from each animal—typically from the spleen, liver, kidney and skin with feathers—
were frozen for DNA extraction. On day 91 after infection, the remaining animals 
were killed and samples were taken accordingly.

Second animal experiment: testing the influence of diversity on MDV pathogenesis. 
The animal experiment was performed exactly as described earlier with the 
exception that 10,000 p.f.u. of each virus were used for infection to maintain high 
genetic diversity in the inoculum (Fig. 3). WT virus and the population derived 
from polymerase mutant Y567F (Y567F XII quasispecies) were used at cell culture 
passage XII after reconstitution. The original polymerase mutant Y567F P I was used 
at passage I; all clonal viruses derived from the quasispecies were used at passages III 
and IV after reconstitution. In the Y567F XII quasispecies group, animals started to 
die 3 d postinfection and showed severe clinical signs of Marek’s disease. These signs 
included ruffled feathers, ataxia, crop paralysis and transient paralysis. This disease 
phenotype is unusual for animals infected with the RB-1B strain or its derivatives, 
but it has been reported for very virulent plus (vv+) strains of MDV23.

All animal experiments were performed in accordance with relevant institutional 
and legal regulations. Animal experiments were approved by the Landesamt für 
Gesundheit und Soziales Berlin (approval nos. G0218/12 and G0294/17).

Statistical analyses. MDV plaque sizes were analysed with Kruskal–Wallis one-
way analysis of variance (ANOVA) and Dunn’s multiple comparison. Groups were 
always compared to WT.

Marek’s disease incidence during the 90-d animal experiment is plotted as a 
survival curve and statistically analysed using the log-rank (Mantel–Cox) test.

Virus titres were analysed using a one-way ANOVA with Bonferroni’s 
correction for multiple comparisons. Groups were always compared to WT.

All statistical analyses were performed with Prism v.5.01 (GraphPad Software).

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The SNPs analysed in this study are supplied as Supplementary Tables. Illumina 
short reads (FASTQ) have been uploaded to the Short Read Archive and can be 
accessed under Bioproject no. PRJNA553690.

Code availability
The custom code used to analyse the sequencing data is available at the public 
repository github (https://github.com/NG-viro/Shannon_Entropy).
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