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Abstract Gallid herpesvirus 2 (GaHV-2) is the alpha-

herpesvirus responsible for Marek’s disease (MD), a T-cell

lymphoma of chickens. The virulence of the GaHV-2 field

strain is steadily increasing, but MD is still controlled by

the CVI988/Rispens vaccine. We tried to determine dis-

tinguishing traits of the CVI988/Rispens vaccine by

focusing on the 50 end region of the latency-associated

transcript (50LAT). It includes a variable number of 60-bp

tandem repeats depending on the GaHV-2 strain. By ana-

lyzing six batches of vaccine, we showed that CVI988/

Rispens consisted of a population of 50LAT molecular

subtypes, all with deletions and lacking 60-bp tandem

repeat motifs, with two major subtypes that probably

constitute CVI988/Rispens markers. Serial passages in cell

culture led to a substantial change in the frequency of

CVI988/Rispens 50LAT subtypes, with non-deleted sub-

types harboring up to four 60-bp repeats emerging during

the last few passages. Dynamic changes in the distribution

of 50LAT-deleted subtypes were also detected after infec-

tion of chickens. By contrast, the 50LAT region of the

oncogenic clonal RB-1B strain, which was investigated at

every step from the isolation of the clonal bacmid RB-1B

DNA to the isolation of the ovarian lymphoma cell line,

consisted of non-deleted 50LAT subtypes harboring at least

two 60-bp repeats. Thus, vaccine and oncogenic GaHV-2

strains consist of specific populations of viral genomes that

are constantly evolving in vivo and in vitro and providing

potential markers for epidemiological surveys.

Introduction

Gallid herpesvirus type 2 (GaHV-2), also known as Marek’s

disease (MD) virus serotype 1 (MDV-1), is an alphaher-

pesvirus that causes a rapid-onset T-cell lymphoma in

chickens [1]. GaHV-2 belongs to genus Mardivirus of the

subfamily Alphaherpesvirinae, together with two other clo-

sely related but non-oncogenic avian viruses, gallid her-

pesvirus type 3 (GaHV-3, MDV serotype 2), isolated from

chickens, and serotype 3 herpesvirus of turkey (HVT) or

meleagrid herpesvirus type 1 (MeHV-1). The highly con-

tagious Marek’s disease has been controlled by worldwide

vaccination since the 1970s, the initial MD vaccine being

the first licensed commercially available vaccine against a

neoplastic disease. Since the isolation and market release of

the heterologous HVT vaccine [2], various strategies have
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been developed for the design of new and more effective

vaccines [3, 4]. The CVI988/Rispens vaccine, isolated from

a flock of viremic chickens without significant clinical signs

of MD and then attenuated by serial passages in cell culture

[5, 6], remains the gold standard MD vaccine [7]. As vac-

cinated chickens do not develop MD, but may still become

infected with circulating strains of GaHV-2, vaccination

seems to have played a major role in driving the evolution of

GaHV-2 virulence, with waves of increase in field virus

virulence being linked to the introduction of different gen-

erations of vaccines [7–9]. Consequently, GaHV-2 strains

are now classified into virulent (v), very virulent (vv), and

very virulent plus (vv?) pathotypes [8]. This increase in

virulence over time strongly suggests that GaHV-2 strains

display genomic variability that potentially contributes to

their adaptability. GaHV-2 strains have been shown to

consist of mixed viral populations, on the basis of molecular

data from deep sequencing [10, 11] or BAC cloning [12,

13]. These findings are consistent with initial observations

for human herpesvirus type 1 (HHV-1) [14] and subsequent

reports for other members of the family Herpesviridae [15,

16]. The GaHV-2 genome is organized into two unique

regions—the long (UL) and short (US) unique regions—

encompassing core genes and flanked by the inverted

internal and terminal long-region (IRL/TRL) and short-

region (IRS/TRS) repeats, respectively [17]. Comparative

genomics studies of attenuated GaHV-2 strains and strains

with various levels of virulence have led to the identification

of six major regions with highly variable sequences [18].

One of these regions is the a-like sequence region [19],

positioned in a direct orientation at the terminus of each

genome and in an inverted orientation at the L-S junction.

The a region, which encodes several cis-acting elements,

including conserved motifs such as the pac-1 and pac-2 sites

directing the cleavage and packaging of unit-length genomes

into the viral capsid in alphaherpesvirus genomes [20], has

been shown to be highly variable in HHV-1 [21] and human

herpesvirus type 6 (HHV-6) [22]. In addition to the con-

served a-consensus motifs, the GaHV-2 a-like sequence

contains two telomeric repeat islands, one of which is

invariable, the other containing a highly variable number of

repeats, depending on the virulence of the GaHV-2 strain

[18, 23]. The 50LAT (latency-associated transcript) region in

the RS region [24, 25], just downstream from the a-like

region, also encompasses a highly variable region consisting

of either a variable number of 60-base-pair (bp) motifs

tandemly repeated in virulent GaHV-2 strains, or lacking

these motifs in attenuated and vaccine strains of GaHV-2

[18]. These polymorphic tandem 60-bp repeats carry no

ORF but have been shown to control the expression of LAT

transcripts [26] and intronic clustered microRNAs poten-

tially involved in MD lymphomagenesis [27]. In their

comparative sequence analysis, Spatz and Silva [18] showed

that one of the three CVI988/Rispens isolates analyzed

harbored two 60-bp repeats, whereas the other two had

deletions of the 50LAT region extending into the first intron

of the LAT gene in both cases, with the deletion boundary at

the 30end preserving the entire microRNA cluster in one

case and resulting in the deletion of mdv1-miR-M8 in the

other [18]. CVI988/Rispens remains the most effective

vaccine available for MD control worldwide. Thus, in this

study, we focused on the 50 LAT region, from nucleotide

142,484 to nucleotide 144,337 (EF523390.1), encompassing

the 60-bp tandem repeat motifs, the TSS and the first exon of

the LAT gene, and part of the first LAT intron, up to the 30

end of the mdv1-miR-M8-M10 cluster [26]. We carried out

a comparative study on the 50 LAT region of CVI988/Ris-

pens vaccines and that of the oncogenic RB1B strain cloned

as a bacmid [28]. We identified distinguishing traits of

CVI988/Rispens that might be useful for epidemiological

surveys and for future development of vaccines.

Materials and methods

Ethics statement

All experiments were performed in accordance with the

guidelines of the National Charter on the Ethics of Animal

Experimentation. The protocols were approved by the

Committee on the Ethics of Animal Experiments of Val de

Loire (Numbers GD ST-04-06-A and GD 01-10B),

according to directive 2010/63/UE. They were carried out

in isolation units, under conditions of strict confinement

and controlled access, at INRA (PFIE, 37380 Nouzilly,

France).

Chickens

Four-week-old White Leghorn B13/B13 specific-pathogen-

free (SPF) chickens lacking maternal antibodies against

GaHV-2 and highly susceptible to MD were used. They

were hatched and raised at INRA (PFIE, 37380 Nouzilly,

France).

Vaccines and BAC-derived virus

Six batches of CVI988/Rispens vaccine were used. Four

batches of monovalent vaccine consisting of CVI988 alone

(MD9500, MD10300 and MD18800, provided by Pfizer

Animal Health (AH), A290A provided by Intervet) and two

batches of bivalent vaccine consisting of the CVI988/Ris-

pens strain associated with MeHV-1 HVT (MC23900 and

MC24000 provided by Pfizer AH) were used.

The oncogenic GaHV-2 strain RB-1B, cloned as a

bacmid, was used in this study. BACRB1B-5 derived virus
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was recovered from the parental pRB1B-BAC5 as descri-

bed below [28].

Cells, infection with CVI988/Rispens vaccine

and reconstitution of BAC-derived virus

Chicken embryo fibroblasts (CEFs) were prepared from

11-day-old specific-pathogen-free (SPF) White Leghorn

B13/B13 embryos raised at INRA (PFIE, 37380, Nouzilly,

France) and used as secondary cultures [29]. CEFs were

maintained in Dulbecco’s modified Eagle medium (DMEM)

supplemented with 2.5 % fetal calf serum, 1.25 % chicken

serum, 1 % penicillin/streptomycin, 1 % Fungizone and 2 %

tryptose phosphate broth (TPB). Secondary CEF monolayer

cultures were used to propagate CVI988/Rispens vaccine,

which was stored in vials at -140 �C and then diluted 1/10,

and CVI988/Rispens cell-associated vaccine from serial

passages carried out every 3–4 days with 1/3 to 1/30 dilu-

tions of the cell-associated CVI988/Rispens from the previ-

ous passage. CEF monolayer cultures were also used to

reconstitute RB-1B BAC-derived virus by transfection with

1 lg of BAC DNA complexed with Lipofectamine� (Invit-

rogen�), in accordance with the manufacturer’s instructions.

GaHV-2 infection was monitored in indirect immuno-

fluorescence assays in which the major capsid protein VP5

was labeled with anti-VP5 monoclonal antibody as

described previously [30].

Vaccination of chickens with CVI988/Rispens

A group of chickens was vaccinated by intramuscular

injection with 1000 PFU (plaque-forming units) of Pfizer

AH CVI988/Rispens batch MD18800. PBLs (peripheral

blood leucocytes) and FFs (feather follicles) were collected

from three chickens at various time points after vaccination

as described previously [31, 32].

Infection of chickens with BACRB1B-derived virus

A group of chickens was infected by intramuscular injec-

tion of 1000 PFU of BACRB1B-5 cell-associated virus.

PBLs were collected at various time points after infection

(pi) as described previously [31].

Building of 50LAT DNA libraries

We investigated the 50LAT region of GaHV-2 in more

detail by establishing genomic libraries from different

sources of CVI988/Rispens-vaccine-infected cells and at

various stages of infection in vitro and in vivo with the

BACRB1B oncogenic GaHV-2 strain. Genomic DNA was

extracted from GaHV-2-infected CEFs or PBLs after

incubation with 5 mg/ml proteinase K, 5 % sodium dode-

cyl sulfate and 100 mM Tris, pH 8, for 5 h to 24 h at

65 �C. DNA was then purified by phenol-chloroform

extraction and precipitated in ethanol. The 50LAT ampli-

cons were obtained using the forward primer F-M448 (50-
GCTAGGGGTTCGACGAAAT-30) and reverse primer

R-M688 (50-CCGGACCGAGAACACAGTGAT-30) or

R-M766 (50-GATAGTTATATAAGCCGTTATATAG-30).
With the exception of the DNAs corresponding to BAC

RB1B-5 samples, all 50LAT DNAs were amplified by PCR

(30 cycles of denaturation [94 �C for 1 min], annealing

[55 �C for 1 min] and extension [72 �C for 2 min], fol-

lowed by a final extension at 72 �C for 10 min) with the

appropriate primers at a concentration of 100 nM (Table 1)

in a final volume of 50 ll containing 1.5 mM MgCl2, 200

nM dNTPs and 0.01 units/ll ThermoPrime TaqTM poly-

merase in ReddyMixTM PCR Master Mix buffer (Thermo

Scientific). For the BAC RB-1B5 samples, nested PCR was

carried out using the same conditions, except that we used

0.01 units/ll GoTaq� Polymerase in Green GoTaq� Flexi

reaction buffer (Promega). All PCR products were inserted

into pGEM�-T Easy Vector (Promega) in accordance with

the manufacturer’s instructions. Screening of the clones

was carried out by PCR from bacterial colonies, using the

forward primer M13 (-21) (50-TGTAAAACGACGGC-

CAGT-30) and the reverse primer M13 rev (29) (50-CAG-

GAAACAGCTATGACC-30). All of the clones were

analyzed. Electrophoretic analysis was performed,

sequencing was performed by GATC Biotech AG (Ger-

many), and the corresponding sequences were aligned with

Table 1 Specified conditions for establishment of libraries

Library Type of sample Primers used for PCR amplification Specified conditions of PCR

CVI988/Rispens vaccine vials Infected CEFs M448/M766 ReddyMixTM PCR Master Mix

CVI988/Rispens during in vitro serial passages Infected CEFs M448/M766 ReddyMixTM PCR Master Mix

CVI988/Rispens in the course of chicken infection PBLs M448/M766 False-nested PCR

FFs ReddyMixTM PCR Master Mix

BAC RB-1B5 CEFs M448/M688 M448/M766 Semi-nested PCR

PBLs GoTaq
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the GaHV-2-RB1B genome sequence (EF523390.1). The

number of 60-bp repeats was determined after PCR

screening with F-M448 and R-M714 (50-CGGATGCTG-

GAGCTGCCGCCAAACTTG-30) primers, followed by

electrophoretic analysis using a 1 % agarose gel performed

with a ladder indicating the number of repeats. Directed

PCRs with specific forward primers A366 (50-TTCCGTAG

TGTTCTCGTGACAC-30) and A349 (50-GGCCGCGA

GAGGGTTAGAGGGCGT-30) were designed and used to

identify specific variants a and b. All of the CVI988/Ris-

pens sequences were checked for the presence of the

CVI988-characteristic SNP located at position 143,689

(EF523390.1).

Statistical analysis

Data were subjected to one-way analysis of variance with

the R statistical package (R Project for Statistical Com-

puting, www.r-project.org/). We then carried out a v2 test

to compare the distributions of 50LAT molecular subtypes

and a Student t-test to compare their frequencies. Com-

parisons were considered significant if P B 0.05.

Results

CVI988 vaccines consist of sets of 50LAT-deleted

molecular subtypes

Going beyond the findings published by Spatz and Silva

[18] showing that some CVI988/Rispens isolates have

different 50LAT regions, we carried out an extensive ana-

lysis of the 50LAT region in six different batches of vaccine.

We identified at least 29 different molecular subtypes

among the 543 PCR product sequences obtained. All of

these subtypes displayed deletions of part of the 50LAT

region, involving, in all cases, the 60-bp repeats and the

TSS of the LAT gene (position 142,734 of the pRB-1B-5

genome; GenBank accession no. EF523390.1) [26] (Fig. 1,

Table S1). With the exception of subtype N, all molecular

subtypes shared the same 50 boundary position (position

142544 of pRB-1B-5 genome; GenBank accession no.

EF523390.1). By contrast, the 30 boundary position dif-

fered between subtypes (Fig. 1, Table S1). Some deletions

preserved the entire mdv1-miR-M8-M10 cluster (b sub-

type; A to G4i subtypes), whereas others extended into the

mdv1-miR-M8-M10 cluster (a, d, e, H to L subtypes) or

completely eliminated this cluster (c, Li and M). Subtype N

had a specified 50 boundary position (142,607), resulting in

the preservation of one 60-bp repeat motif and a 30

boundary position (143,584) within mdv1-miR-M6-3p,

affecting this 30 arm and resulting in the deletion of the

entire mdv1-miR-M8 and M6-5p cluster (Fig. 1, Table S1).

The frequencies of the different subtypes in the various

batches of CVI988 vaccine are reported in Table 2. Two

groups of subtypes were distinguished. First, the prevailing

subtypes a, b, c, d and e were common to all vaccine

batches. The frequencies of subtypes a, b, c, d, e were

similar for all batches of Pfizer AH vaccine tested,

regardless of the production process, the CVI988 vaccine

being present in isolation or associated with MeHV-1 HVT

(Table 2). The a and b subtypes were always present at the

highest frequencies, regardless of the vaccine producer.

The a subtype was systematically more frequent (44 to

56 %) than the b subtype in Pfizer AH batches, whereas the

b subtype was more frequent (45 %) than the a subtype in

the Intervet A290A batch (Table 2). Unlike the a, b, c, d
and e subtypes, the minority subtypes A to N, accounting

for 3 to 15 % of the subtypes per Pfizer AH batch and 17 %

of the subtypes per Intervet A290A batch, were found only

in certain batches. Their frequency differed significantly

between Pfizer AH batches, and some subtypes were found

in only one batch (Table 2). The distribution of the

minority subtypes A to N may, therefore, constitute a

hallmark of the CVI988 vaccine batch.

Dynamic changes in 50LAT CVI988 subtypes occur

in vitro and in vivo

The demonstration that the CVI988 vaccine consisted of a

population of molecular subtypes with different 50LAT

regions led us to assess whether the frequencies of these

subtypes were stable or varied during serial passages in cell

culture, as currently used in vaccine production procedures.

We infected secondary B13 CEFs with CVI988 MC18800,

provided by Pfizer AH, and subjected the cells to 65 serial

passages in culture. Every five passages, we performed a

molecular analysis of the 50LAT region as described pre-

viously, with the analysis of about 100 clones per passage

sampled. We plotted the change in 50LAT subtype fre-

quency against the number of passages (Fig. 2). From

passage 1 to 40, there was a gradual, continuous change in

50LAT subtype distribution, characterized principally by a

dynamic equilibrium involving mostly the a and b sub-

types, with a continuous decrease in the frequency of the a
subtype and a continuous increase in that of the b subtype

(Fig. 2A). At passage 45, a breakdown of subtype evolu-

tion occurred, with an unusual pattern showing a sudden

decrease in b subtype frequency and a substantial increase

in the frequency of the minor N subtype (Fig. 2A). From

passage 45 onwards, CVI988 infection was more difficult

to manage; the frequency of the a subtype fell below 10 %,

and that of the b subtype also decreased, in parallel with an

increase in the frequency of the N subtype (Fig. 2A). At
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passage 65, a breakdown occurred, with an absence of

detectable CVI988 infection (no labeling with VP5 anti-

body and no PCR product with the M448/M766 primers).

However, we carried out additional serial passages after

passage 65, and a few plaques typical of GaHV-2 infection

were again observed from passage 66 onward. We also

initiated a new series of passages from CVI988-infected

frozen CEFs at passage 55 to prevent specific bottlenecks

due to the loss of infection at passage 65 (Fig. 2B). Sur-

prisingly, in both series, we observed the emergence of

new CVI988 subtypes harboring complete 50 LAT regions

with one to four 60-bp repeats (Fig. 2). At passage 80,

these complete CVI988 subtypes accounted for 25 and

15 % of all subtypes for the first and second series of

passages, respectively.

We then investigated whether the distribution of the

50LAT subtypes of the CVI988 vaccine also changed

in vivo. We analyzed the pattern of change in 50LAT sub-

types at various time points after infection, in PBLs and

FFs, both representative of GaHV-2 infection. PBLs and

FFs were sampled from B13 chickens vaccinated with the

same batch of vaccine used for serial passages, CVI988

Fig. 1 The 50LAT molecular subtypes of CVI988/Rispens vaccines.

(A) Schematic representation of the GaHV-2 genome (top), expanded

below to show the details of the LAT locus between primers M448

and M766, with coordinates relative to the RB-1B genome (EF

523390). (B) Representation of the different molecular subtypes

found in five batches of CVI988/Rispens vaccine from Pfizer AH and

one from Intervet. Subtypes common to all batches of vaccine are

named a to e. The minority subtypes present only in some batches of

vaccine, mostly at frequencies below 5 %, are named A to N. The

letter ‘‘i’’ in lower case corresponds to subtypes detected only in the

CVI988 batch from Intervet. Black arrows indicate microRNAs

mdv1-miR-M8 to 10; black squares indicate sequences downstream

from the telomeric region to the 60-bp repeat promoter region; white

hatched boxes indicate 60-bp repeats; black diamonds indicate p53

response elements; the pale gray box indicates LAT gene exon 1; the

gray box indicates LAT gene intron 1; the white boxes indicate

microRNAs; the white triangles indicate the 50 ends of molecular

subtypes (a to e, and A to N); the gray square indicates the

transcription start site (TSS); black triangles indicate the 30 bound-

aries of the molecular subtypes (a to e, and A to N)
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MC18800. CVI988 infection rates were lower in PBLs and

FFs than in CEFs, and nested PCR was therefore required

for detection. We analyzed about 1000 clones and observed

changes in the distribution of CVI988 subtypes in both

tissues at various times pi. The data obtained for PBLs on

day 7 pi showed an increase in a subtype frequency and a

decrease in b subtype frequency with respect to the content

of the vial of CVI988 used to inoculate chickens (Fig. 3).

The overall proportions of a and b subtypes were similar

on day 14 pi, but the frequencies of these two subtypes

differed from those in the vial and those on day 7 pi

(Fig. 3A). Remarkably, as observed from passage 45 after

CEF infection, the frequency of the minor subtype N

reached 69 % on day 29 pi. The data for FFs were similar

to those for PBLs, but with a time lag, demonstrating an

absence of tissue specificity in the changes in CVI988

subtypes (Fig. 3B). No subtype without deletions was

observed in samples collected for this in vivo CVI988

infection survey.

The number of 60-bp repeats in the 50 LAT region

of the clonal BACRB-1B-5 strain varies during in vitro

and in vivo infection

We assessed whether the population subtypes of the 50LAT

region and their dynamic evolution were specific to the

CVI988/Rispens vaccines. We investigated the pattern of

the 50LAT region of an oncogenic clonal GaHV-2 strain by

monitoring the 50LAT subtypes found at each step from the

isolation of the clonal pRB-1B-5 BAC DNA [28] to that of

the BACRB-1B-5-induced 54-O ovarian lymphoma cell

line (Fig. 4A). In contrast to our observations for the

CVI988/Rispens vaccines, we detected no deletion in the

50LAT region during the course of isolation of the 54-O

ovarian GaHV-2 lymphoma cell line. However, we did

observe changes in the number of 60-bp repeats during the

isolation of the 54-O lymphoma cell line. As expected, the

initial pRB-1B-5 BAC contained only three 60-bp repeats.

Notably, a polymorphism with respect to the number of

Table 2 Frequency of the

50LAT molecular subtypes in

different batches of CVI988/

Rispens vaccine

1 Subtypes common to all

batches; 2 Minority subtypes not

present in all batches;
3 CVI988/Rispens batches

supplied by Pfizer AH;
4 CVI988/Rispens batch

supplied by Intervet
a The comparison of the

CVI988/Rispens batches was

assessed in v2 tests. Differences

considered significant at the

P \ 0.05 level are indicated by

‘‘a’’. The difference in the

frequency of a and b subtypes

between the CVI988/Rispens

batches was assessed in Student

t-tests. Differences considered

significant at the P \ 0.05 level

are indicated by ‘‘b’’

Batch MC103003 MC95003 MC188003 MD240003 MD239003 A290A4 a

Common1 a 56 54 44 56 52 28b

b 28 23 21 20 27 45 b

c 3 7 9 8 5 2

d 5 3 8 5 4 3

e 5 4 4 6 4 5

Minority2 A - 1 1 - - -

A1 - 2 7 1 - 2

A2 - - 1 - - -

B - - 2 - - -

B1 1 - - - - -

C - 1 2 1 2 1

D - 1 - - - 1

E - - - - 1 1

F 1 - - - - 2

G - - 1 - - -

Gi - - - - - 1

G2i - - - - - 1

G3i - - - - - 1

G4i - - - - - 1

H - - - - 1 3

I 1 1 - 2 1 -

Ii - - - - - 1

J - - - - 1 -

K - - - 1 - -

Ki - - - - - 1

L - 1 - - - -

Li - - - - - 1

M - 1 - - 1 -

N - 1 1 - 1 -
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repeats, which ranged from two to nine, was detected by

the third passage after the transfection of CEFs with pRB-

1B-5 BAC DNA; the form with the highest frequency was

that with three 60-bp repeats (Fig. 4). This polymorphism

was also observed in an independent experiment in which

the number of repeats ranged from two to seven, with the

three 60-bp-repeat form having a frequency of 68 % (data

not shown). During the course of in vivo infection, poly-

morphism in the number of repeats was observed in PBLs

collected on days 7 and 14 pi from female chicken no. 54.

Again, the form with the highest frequency was consis-

tently that with three 60-bp repeats (Fig. 4). At the time of

lymphoma development, the frequency of the three-60-bp

repeat form in PBLs from female chicken no. 54 increased

from 63 % on day 21 pi to 98 % on day 35 pi, corre-

sponding to the selection of three 60-bp repeats only at this

time (Fig. 4). On day 35 pi, a necropsy was carried out on

chicken no. 54, which was found to have an ovarian lym-

phoma in which the frequency of the three-60-bp form was

also 98 % (Fig. 4). We cultured the ovarian lymphoma

cells [33] and determined the number of 60-bp repeats after

four months of permanent culture. The frequency of the

three-60-bp form had decreased to about 80 % by this time

(Fig. 4).

Discussion

In this study, we characterized the genotypic composition

of current commercial CVI988/Rispens vaccines and

showed that CVI988/Rispens vaccine batches actually

consist of a heterogeneous population of 50LAT molecular

subtypes (Table 2). This region was previously reported to

vary with GaHV-2 pathotype, with oncogenic vv and vv?

strains having two to nine repeats, whereas most mildly

virulent and vaccine strains have no 60-bp repeats, their

deletions sharing the same 50 end boundary and extending

to various extents into the LAT gene, with variable 30-end

boundaries [18]. We extended these findings by identify-

ing, in six commercial batches, 29 molecular subtypes in

total, all displaying deletions of various lengths, but

invariably encompassing the 60-bp repeats (Fig. 1). The

two most frequently detected CVI988/Rispens molecular

subtypes in the vaccine batches analyzed, which we named

a and b, were previously found in the comparative analysis

carried out by Spatz and Silva [18] on CVI988/Rispens

Intervet and BP5 isolates [34]. The characteristics of the

distribution of populations of 50LAT molecular subtypes in

the vaccine batches analyzed were developed further in the

case of the CVI988/Rispens vaccine. Indeed, in addition to

the a and b subtypes, three other molecular subtypes were

detected in all vaccine batches. These five molecular sub-

types common to all vaccine batches could thus be used as

genetic markers of the CVI988/Rispens vaccine (Table 2).

By contrast, the other molecular subtypes, referred to as

minority subtypes and detected only in specific vaccine

batches, may represent signatures of particular batches

(Table 2). Genetic variability among CVI988/Rispens

vaccine batches had been previously reported at the locus

encoding viral telomerase RNA [35]. The identification of

two sorts of molecular subtypes, one common to all

CVI988/Rispens vaccine batches and one specific to par-

ticular batches, could be used to develop new tools for

controlling vaccine production and for vaccine

Fig. 2 Changes in 50 LAT molecular subtype frequencies in CVI988

during serial passages in CEFs. The percentages of the different

molecular subtypes are shown as a function of the number of

passages, P0 to P80, with P0 representing the subtype distribution in

the initial MC18800 batch. The a, b and N subtypes are represented

individually, whereas the other subtypes are grouped together as

‘‘Others’’. ‘‘Complete’’ subtypes correspond to the non-deleted 50 LAT

region with at least one 60-bp repeat. (A) First series, from P0 to P80.

(B) Second series, initiated from frozen CVI988/Rispens-infected

cells, from P55 to P80
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epidemiological surveys. Moreover, it would be informa-

tive to determine the genotypic composition of CVI988/

Rispens clone C, which has been reported to be less pro-

tective than other CVI988/Rispens isolates [36–38]. We

further assessed the effect of serial passages in CEFs,

which are currently used in CVI988/Rispens vaccine pro-

duction, on the molecular composition of the 50LAT of the

resulting vaccine. By comparison with the initial frequen-

cies found in the vaccine batch MC18800, we observed a

dynamic change in the frequencies of 50LAT molecular

subtypes with the number of serial passages, consistent

with the currently observed bottleneck effect of cell culture

on viral populations, and also consistent with the presence

of quasispecies, which were first described for RNA viruses

and have also recently been reported for HHV-1 [39]

(Fig. 2). However, we again observed a dynamic pattern of

change in 50LAT molecular subtypes (Fig. 3) after infection

of chickens with CVI988/Rispens. Our data extend previ-

ous findings indicating that GaHV-2 exists as a collection

of mixed populations in vitro [10, 11] and definitively

demonstrate the existence of mixed populations of GaHV-2

genomes in vivo, as first suggested by the reversion of

attenuation upon back passages of the vaccine in vivo [40–

42]. We investigated whether CVI988/Rispens vaccines

consisted of specific of 50LAT molecular subtypes. We

therefore carried out a survey on an oncogenic GaHV-2

strain, using a clonal BACRB-1B strain reconstituted from

a BAC and containing three 60-bp repeats in both the IRs

and TRs regions. In contrast to the 50LAT region of

CVI988/Rispens, the 50LAT region of BACRB-1B was

always complete and contained at least two 60-bp repeats.

In addition, a rapid amplification of the 60-bp repeat

obtained with the clonal BAC occurred, generating a pat-

tern of two to nine repeats after as few as three serial

passages in CEFs following transfection with BAC DNA

(Fig. 4), consistent with the rapid variations observed in

nucleotide stretches [43]. We again observed a pattern in

the number of 60-bp repeats in PBLs from chickens

infected with BACRB-1B, with variability until day 21 pi,

followed by selection at 35 days pi (Fig. 4), probably

reflecting an evolutionary bottleneck phenomenon at the

time of lymphomagenesis, consistent with a clonal origin

of MD lymphomas [44–46]. The rapid amplification of the

60-bp repeat obtained with the clonal BAC strongly sug-

gests that recombination events commonly occurring dur-

ing replication of the DNA of viruses of the family

Herpesviridae [47, 48] may be involved in generating the

genetic diversity of the 50LAT region in GaHV-2 strains.

The location of the 60-bp repeats in the vicinity of the

a-like sequence involved in the cleavage-packaging of the

viral DNA genome [19, 20, 23] and displaying the pac2

signal 21 bp upstream from the 50-end boundary of the

60-bp repeat deletion may have favored genetic variation in

this area, resulting, in particular, in variability of the

number of 60-bp repeats and their deletions, as shown for

the expansion and contraction of closely located telomeric

repeats [23]. The dynamic changes in the frequencies of the

50LAT molecular subtypes of CVI988/Rispens with the

number of serial passages in cell culture observed here may

account for previous observations of differences in residual

pathogenicity and protection between CVI988/Rispens

clones isolated at different passages [36, 37]. Three main

characteristics emerge from this dynamic pattern of

change. First, the frequencies of the two major subtypes

changed considerably, with a large increase in b subtype

frequency accompanied by a decrease in the frequency of

the a subtype (Fig. 2). This suggests that the commercial

CVI988/Rispens vaccines provided by Fort Dodge/Pfizer

Fig. 3 Changes in 50 LAT molecular subtype frequencies in the

CVI988 vaccine after infection of chickens. Percentages of the

different molecular subtypes in PBLs at 7, 14 and 29 dpi (A) and in

FF (feather follicles) at 14 and 21 dpi (B), in chickens vaccinated with

batch MC18800. The a, b and N subtypes are represented individ-

ually, whereas the other subtypes are grouped together as ‘‘Others’’
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Animal Health may have been produced after fewer pas-

sages than the Intervet vaccine. Second, we observed a

considerable increase in the frequency of minority subtype

N (Fig. 2), which also occurred in PBLs from chickens

inoculated with the MC18800 vaccine (Fig. 3). The

increase in the frequency of minority subtype N, therefore,

did not result from a specific CEF culture bottleneck

(Fig. 2 and 3), and its origin remains unclear. Further

investigations are required to determine whether the fre-

quencies of the other minority subtypes increased and

whether the single 60-bp repeat present in subtype N

played a role in the increase in the frequency of this sub-

type. Third, from passage 65, in both experimental series,

we detected unexpected 50LAT molecular subtypes without

deletions, harboring one to four 60-bp repeats (Fig. 2). This

observation was made on two occasions, suggesting that

the detection of non-deleted 50LAT molecular subtypes was

not an incidental event. It seems likely that non-deleted

50LAT molecular subtypes are present in CVI988/Rispens

vaccine batches at a frequency too low to be picked up in

our PCR and cloning protocols. This hypothesis is

consistent with the presence of two 60-bp repeats in the

50LAT regions of the CVI988/Rispens BAC clone [12]. The

results presented here extend previous observations of

changes in the CVI988/Rispens genome during serial

passages, including (i) a deletion within the LAT gene,

located downstream from the 50LAT region analyzed in this

study [49], and (ii) an increase in the number of head-to-

tail copies of a 132-bp repeat located in the RL region, in

the vicinity of the GaHV-2 origin of replication [50]. Non-

deleted 50LAT molecular subtypes may emerge at the same

time as alterations in other CVI988/Rispens genomic

regions, consistent with the occurrence of limited GaHV-2

genome sequence heterogeneity during serial passages

[11]. Further studies are required to determine the precise

effect of these non-deleted 50LAT molecular subtypes on

CVI988/Rispens attenuation and protection.

Our data provide potential genetic markers useful in

monitoring vaccine production and in epidemiological

vaccine surveys. Moreover, they suggest that the signature

and frequency of molecular subtypes, with a high preva-

lence of 50LAT subtypes harbouring at least two 60-bp

Fig. 4 Changes in the number of 60-bp repeats during infection with

BACRB-1B-5. (A) Diagram of the successive steps from the

transfection of CEFs with clonal pRB-1B-5 BAC DNA to isolation

of the 54-O ovarian cell line, beginning with three CEF passages to

reconstitute BACRB-1B-5-derived virus from CEFs (BACRB-1B-5

CEF (3)). Seven-week-old chickens were inoculated with 1000 PFU

of BACRB-1B-5 CEF (3) virus. Blood samples were obtained from

chicken C54 on days 7, 14, 21, 28 and 35 days postinfection

(C54PBL7 to 35), and an ovarian lymphoma (C54COL) was collected

38 days postinfection (dpi) for the establishment of a cell line (54-O).

(B) Percentages corresponding to the frequency of the forms with

different numbers of 60-bp repeats at these successive steps are shown
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repeats, determine the degree of pathogenicity of GaHV-2

strains. The introduction of the molecular subtypes most

frequently detected in all CVI988/Rispens vaccines into a

virulent GaHV-2 strain may be used for the development of

new vaccines [51].
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