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ABSTRACT The J subgroup of avian leukosis virus (ALV-J) infects domestic chickens,
jungle fowl, and turkeys. This virus enters the host cell through a receptor encoded
by the tvj locus and identified as Na*/H* exchanger 1. The resistance to avian leu-
kosis virus subgroup J in a great majority of galliform species has been explained by
deletions or substitutions of the critical tryptophan 38 in the first extracellular loop
of Na*/H™ exchanger 1. Because there are concerns of transspecies virus transmis-
sion, we studied natural polymorphisms and susceptibility/resistance in wild galli-
forms and found the presence of tryptophan 38 in four species of New World quails.
The embryo fibroblasts of New World quails are susceptible to infection with avian
leukosis virus subgroup J, and the cloned Na*/H* exchanger 1 confers susceptibility
on the otherwise resistant host. New World quails are also susceptible to new avian
leukosis virus subgroup J variants but resistant to subgroups A and B and weakly
susceptible to subgroups C and D of avian sarcoma/leukosis virus due to obvious
defects of the respective receptors. Our results suggest that the avian leukosis virus
subgroup J could be transmitted to New World quails and establish a natural reser-
voir of circulating virus with a potential for further evolution.

IMPORTANCE Since its spread in broiler chickens in China and Southeast Asia in
2000, ALV-J remains a major enzootic challenge for the poultry industry. Although
the virus diversifies rapidly in the poultry, its spillover and circulation in wild bird
species has been prevented by the resistance of most species to ALV-J. It is, never-
theless, important to understand the evolution of the virus and its potential host
range in wild birds. Because resistance to avian retroviruses is due particularly to re-
ceptor incompatibility, we studied Na*/H* exchanger 1, the receptor for ALV-J. In
New World quails, we found a receptor compatible with virus entry, and we con-
firmed the susceptibilities of four New World quail species in vitro. We propose that
a prospective molecular epidemiology study be conducted to identify species with
the potential to become reservoirs for ALV-J.

KEYWORDS ALV-J, antiretroviral resistance, Na*/H* exchanger, New World quail,
retroviral receptor

he range of hosts susceptible to a given retrovirus results from the process of

coevolution between the viral envelope glycoproteins and host cell receptors.
Selection forces imposed by the retrovirus drive the positive selection of receptors
toward variants with decreased or even abrogated binding to retroviral envelopes. Vice
versa, the highly error prone replication of retroviruses enables the rapid evolution of
new strains with the capacity to bind to the variant receptors or even to quite new cell
surface molecules. The results of these processes acting over evolutionary time are
visible particularly in avian sarcoma/leukosis viruses (ASLVs), murine leukemia viruses
(MLV), and feline leukemia viruses, where closely related virus subgroups differ in
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envelope glycoprotein sequences and infect different ranges of host species through
different receptors (1-4).

The impact of the host-virus arms race on retroviral receptors has been much less
studied than retroviral envelopes. It can be nicely documented by interspecific poly-
morphisms in receptors for retroviruses circulating naturally in feral populations. For
example, multiple variants of xenotropic and polytropic MLV (XP-MLV) use the same
receptor, mouse XPR1 (5) or its orthologs in other species, but show different ranges
of rodent hosts as a result of diversification of both retroviral envelopes and host cell
XPR1 receptors. Correlation of host range virus variants with receptor polymorphisms
enabled the identification of amino acids critical for virus entry within two extracellular
loops (ECL) of XPR1 (6). Interestingly, highly restrictive XPR1 alleles with disabling
mutations of ECL3 and ECL4, either K496QE or Q579E, were also found in chickens and
several other fowl and raptor species (7). At least three restrictive XPR1 alleles have
single- or 5-amino-acid deletions in the critical region of ECL4. The positive selection at
codon 496 of ECL3, geographic overlaps, and possible contact between XP-MLV-
infected rodents suggest that transmission of the virus drove the parallel selection of
virus-resistant receptor orthologs (7).

The second example of receptor polymorphism is the CD4 alleles, either permissive
or resistant to human immunodeficiency virus type 1 (HIV-1) infection, that have been
described for various primate species. Single amino acid differences at position 39 of
CD4 distinguish species with different susceptibilities to HIV-1 isolates from early and
late stages of human infection. The N39 alleles of humans and chimpanzees are
functional receptors for laboratory-adapted (mostly CXCR4-tropic) and chronic-stage
HIV-1 isolates, as well as for CCR5-tropic HIV-1 variants isolated from infected individ-
uals soon after virus acquisition. In contrast, 139N CD4 alleles from rhesus and pig-tailed
macaques are suboptimal receptors for early-stage HIV-1 isolates and efficiently sup-
port infection with laboratory-adapted isolates only (8). A wide screen of CD4 alleles in
multiple primate species revealed strong positive selection against N39 (9, 10) and
identified three species of New World owl monkeys compatible with early-stage HIV-1
isolates (10). At least in one captive colony of Spix’s owl monkey, the CD4 is polymor-
phic, with the N39 allele prevailing over 139, suggesting that CD4 diversification is still
in progress (10). The diversification of CD4 alleles has obviously been exerted by
circulating simian immunodeficiency viruses and appears as preexisting resistance to a
newly emerging HIV-1 strain.

Avian leukosis virus subgroup J (ALV-J) is a separate envelope subgroup of ASLVs
(11), which arose by recombination of exogenous and endogenous counterparts (12)
and utilizes Na™/H* exchanger type 1 (NHE1) as the cell surface receptor (13). Originally
identified in chronic myelocytomatosis in commercial meat breeds of domestic chicken
in the United Kingdom, ALV-J diversified into new strains that also induced erythro-
blastosis, hemangiomas, and cholangiomas in layer chicks (14). This transition in
pathogenesis coincided with the global spread of new variants of ALV-J, particularly in
China and other Asian countries (see reference 15 for a review). Rigorous control of
chicken breeds resulted in the successful elimination of ALV-J in Europe and the United
States, with the last American outbreak of the PDRC-59831 strain (16) occurring in 2007,
but there are concerns about the geographic spread of new Asian variants and their
reintroduction. Furthermore, there are reports of ALV-J isolates from wild passeriform
and anseriform bird species in Northeast China (17, 18).

The range of bird species susceptible to ALV-J infection remains to be explored
systematically. According to very limited in vitro screens, only domestic chickens, jungle
fowls, and turkeys support efficient ALV-J replication (19, 20). The resistant species,
including quail, pheasants, Guinea fowl, and chukar, have been shown to carry NHE1
receptor-disabling mutations or deletions of W38 in ECL1 (18). In contrast, there are no
polymorphisms of the NHE1 amino acid sequence in chickens of various genetically
distant breeds (21). More-detailed knowledge of the host range of ALV-J and interspe-
cific polymorphisms in NHE1 is desirable from the point of view of virus-host coevo-
lution, because susceptible species might host a natural reservoir of circulating infec-
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Chicken GQRLOADATRVSEPTWEQPWGEPGGITAAPLATAQEVHPLNKQHHNHSAEGHPKPRRAFPVLGIDYSHVRIPFEISLWILLA
Northern bobwhite GQGSQANATQVSEPTWGQPWGEPGGITAAPPATAQEVHPLNKLHHNHSAEGHARKSRKAFPVLGIDYRHVRIPFEISLWILLA
Mountain quail GQGLQANATQVSEPTWGQPWGEPGGITAAPPATVQEVHPLNKLHHNHSAEGHAKRTRKAFPVLGIDYRHVRIPFEISLWILLA
California quail GQGSQANATQVSEPTWGQPWAEPGGITAAPPATAQEVHPLNKLHHNHSAEGHARIRKAFPVLGIDYRHVRIPFEISLWILLA
Gambel s quail GQGSQANATQVSEPTWGQPWAEPGGITAAPPATAQEVHPLNKLHRNHSAEGHAKIRKAFPVLGIDYRHVRIPFEISLWILLA

FIG 1 Polymorphisms of NHET amino acid sequences from New World quails. The deduced amino acid sequences of ECL1 and adjacent parts of transmembrane
regions M1 and M2, corresponding to chNHE1 amino acids 23 to 104, are aligned and compared. The borders between ECL1 and putative transmembrane
domains M1 and M2 are shown. The W38 residue is indicated by a vertical arrow. Amino acids matching the chNHE1 sequence are shown on a gray background.

tious virus. Hence, we studied the NHE1 receptor polymorphisms in galliform species
and found functional receptors in New World quails. We confirmed the susceptibility of
four New World quail species to ALV-J in vitro and validated the W38-based screen for
prospective molecular epidemiology studies.

RESULTS

NHE1 sequences of New World quails encode W38, a key determinant of
susceptibility to ALV-J. In our previous study (20), we identified W38 of chicken NHE1

as a critical amino acid distinguishing between resistant and susceptible galliform
species. In order to find new susceptible species in addition to the domestic chicken,
red jungle fowl, and turkey, we analyzed multiple galliform species, including New
World quiails, for the presence of a W38 homolog as a marker of susceptibility. The
amino acid sequences were deduced from the cDNA sequences obtained from embryo
fibroblasts of four New World quail species, California quail, Gambel’s quail, northern
bobwhite, and mountain quail. The amino acid sequence of the putative ECL1 of NHE1
is shown in Fig. 1, aligned with the corresponding sequence of chicken. All four New
World quail species contain the tryptophan residue homologous with W38 of chicken
NHE1 (chNHE1), suggesting that these NHE1 forms might be compatible with ALV-J.
Within ECL1, the New World quails exhibit several differences from chNHE1. Some
polymorphisms are specific for New World quails; some are shared with other non-
chicken galliform species; and some are specific for individual species or genera (Fig. 1).
The rest of the NHE1 amino acid sequence was found to be well conserved between
New World quails and chickens, except for three residues in putative transmembrane
region 1 and two residues in the putative ECL4. In conclusion, our results confirmed
the accumulation of polymorphisms within the N-terminal part of ECL1 of otherwise
well-conserved NHE1 sequences and suggested that New World quails might be
susceptible to ALV-J infection.

New World quails are susceptible to ALV-J. The susceptibility of New World quail
cells was tested by infection of cultured embryo fibroblasts with a recombinant reporter
virus of subgroup J, RCASBP(J)GFP. The spread of infection was monitored by quanti-
fication of green fluorescent protein (GFP)-positive cells. Embryo fibroblasts from all
four New World quail species displayed fewer GFP-positive cells than chicken DF-1 cells
(Fig. 2A). RCASBP(J)GFP infected ca 20% of northern bobwhite and California quail cells,
which is less than half of the proportion of GFP-positive DF-1 chicken cells. Mountain
quail and Gambel’s quail embryo fibroblasts were even less susceptible, with only ca.
5% of the cells infected on day 1, and the virus spread slowly; ca. 8% of cells were
infected on day 3. The GFP-negative and GFP-positive cells are clearly distinct, as shown
by the presence of two separated peaks in the fluorescence-activated cell sorter (FACS)
histograms (Fig. 2B). These data confirmed that galliform species with NHE1 containing
W38 are susceptible to infection with ALV-J. New World quails, however, are less
susceptible than chickens, probably due to amino acid substitutions in ECL1 or non-
receptor postentry restriction of ALV-J.

Because of the very slow increase of GFP-positive cells in RCASBP(J)GFP-infected
cells, we tested the propagation of replication-competent virus in New World quail
cells. Supernatants of New World cell cultures were sampled 3 days postinfection and
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FIG 2 Time course of infection of New World quail embryo fibroblasts with ALV-J. Embryo fibroblasts were infected
at a multiplicity of infection of 10 with replication-competent ALV-J encoding the GFP reporter proteins RCASB-
PU)GFP. (A) The percentages of GFP-positive cells were determined by FACS analysis on the indicated days
postinfection. The relative GFP fluorescence was plotted against the cell count, and the percentages of GFP-positive
cells area are shown. Data are means for three parallel dishes. Error bars show standard deviations wherever they
are large enough to be visible. (B) FACS histograms of RCASBP(J)GFP-infected chicken DF-1 cells, Japanese quail
QT6 cells, and northern bobwhite, California quail, mountain quail, and Gambel’s quail embryo fibroblasts at 3 days
postinfection.

were transferred to chicken embryonic fibroblasts (CEFs). GFP-positive CEFs indicated
the transfer of infectious virus from New World quail cells. The titer of RCASBP(J)GFP
virus produced by New World quail cells was very low, ca. 103 per ml (data not shown),
which corresponds to the low number of infected cells and the slow kinetics of
infection.

New World quail NHE1 confers susceptibility to ALV-J. Having proven that New
World quails are susceptible to ALV-J in vitro, we tested the capacity of their NHET genes
to confer this susceptibility on otherwise resistant Japanese quail QT6 cells. We pre-
pared expression vectors encoding hybrid NHE1 receptors with ECL1 of all four New
World quails examined and the rest of NHE1 of chicken origin, transfected them into
QT6 cells, and analyzed the subsequent RCASBP(J)GFP infection by flow cytometry. The
efficiency of transfection with individual NHET expression vectors was normalized by
the coexpression of a fluorescent tdTomato reporter from the same construct. We
observed that ca. 30% of the transfected tdTomato-positive cells were GFP positive on
the second day after transfection of all New World quail NHET expression vectors, a
level comparable to that with chicken NHE1 (Fig. 3). This result corroborates the
susceptibility of New World quails to ALV-J infection and shows that NHET orthologs of
New World quails encode functional ALV-J receptors. However, the differences in
susceptibility to ALV-J between northern bobwhite and California quail, on the one
hand, and mountain quail and Gambel’s quail, on the other, were not reproduced in
this experiment. This, together with the comparable efficiency of chNHET, indicates that
the amino acid mismatches observed among the ECL1 sequences of New World quail
NHE1 are not the cause of species-specific differences in susceptibility to ALV-J. Rather,
some nonreceptor restriction mechanisms present in New World quails might be in
play. We also cannot exclude the effect of polymorphisms present either in other ECLs
or in membrane regions, which have not been tested in our experiment.

NHE1 expression in New World quails. Considering the lower efficiency of ALV-J
infection in New World quails, we followed the possibility of reduced NHET expression
in these species. We therefore examined the levels of NHET mRNA in cultured embryo
fibroblasts of four New World quail species and compared them with those in chicken
cells. gPCR analysis showed that NHET mRNA levels are comparable in chicken, northern
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FIG 3 Expression of cloned wild-type chNHE1 and its hybrid variants with ECL1 of New World quails, but
not duck, confers susceptibility to ALV-J on QT6 cells. QT6 cells were transfected with NHET expression
constructs and were infected with RCASBP(J)GFP on the next day. The percentage of GFP-positive cells
was analyzed by flow cytometry 2 days postinfection. The RCASBP(J)GFP susceptibility conferred on QT6
cells by NHET hybrid variants containing ECL1 derived from New World quail NHET may be compared to
that conferred by chicken NHET or hybrid NHET containing ECL1 from duck by observing the percentages
of efficiently transfected tdTomato-positive cells that were GFP positive. Results were calculated as the
averages for three parallel wells = standard deviations.

bobwhite, Gambel’s quail, and California quail (Fig. 4). In mountain quail, the NHET
mRNA level is significantly lower, but still reasonably high compared to the level of the
GAPDH housekeeping gene. These results do not suggest that the low infection
efficiency in New World quails could be explained by insufficient expression of NHET.

Susceptibility/resistance of New World quail species to avian sarcoma/leukosis
viruses of other subgroups. In order to further analyze the susceptibility of New World
quails to the ASLV complex, we infected cultured embryo fibroblasts with RCAS vectors
of subgroups A to D. In general, New World quails were completely resistant to
subgroups A and B and only marginally susceptible to subgroups C and D (Table 1).
Subgroup C was the most efficient at infecting New World quails; the proportion of
GFP-positive cells reached >10% in mountain quail and Gambel's quail 4 days after
infection. In sharp contrast, chicken DF-1 cells were fully susceptible to the subgroups

NHE1 expression
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FIG 4 Comparison of NHET expression in chicken and New World quails. Cultured embryo fibroblasts
were analyzed using gRT-PCR, and the resulting mRNA levels were normalized to those for the GAPDH
housekeeping control. Results are shown as fold expression relative to the chNHET mRNA level. Error bars
indicate standard errors for three parallel samples in one experiment.
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TABLE 1 Host ranges of ASLV subgroups A to D9 in New World quails

% GFP-positive cells 2, 4 days after infection® with the
following virus:

Host RCASBP(A)GFP RCASBP(B)GFP RCASBP(C)GFP RCASBP(D)GFP
Chicken (DF1) 454, 68.8 96.9, 99.7 99.9, 100 99.6, 99.5
Northern bobwhite <0.05, <0.05 <0.05, <0.05 0.39, 0.47 0.06, 0.09
Mountain quail <0.05, <0.05 <0.05, <0.05 97,123 0.21, 0.10
California quail <0.05, <0.05 <0.05, <0.05 <0.05, <0.05 0.08, 0.10
Gambel's quail <0.05, <0.05 <0.05, <0.05 2.93,10.87 <0.05, 0.07

9RCASBP(A)GFP enters the host cells through the Tva receptor, RCASBP(B)GFP and RCASBP(D)GFP through
the Tvb receptor, and RCASBP(C)GFP through the Tvc receptor.

bA value of 0.05% for GFP-positive cells represents the natural autofluorescence of mock-infected cells. All
results are averages for two parallel infections. The standard deviation was calculated for each average
value and reached only low values between *=0.016 and 0.029 (not shown).

examined, reaching almost-complete infection with subgroups B, C, and D on the
second day after infection.

Because of the evolutionary distance between chicken and New World quails, we
can assume that the divergence of tva, tvb, and tvc loci could explain this resistance.
Therefore, we deduced the amino acid sequences of Tva, Tvb, and Tvc from the cDNAs
of New World quails and compared them with chicken orthologs. An alignment of
partial chicken ortholog sequences with the Tva (subgroup A receptor) sequences of
three New World quail species (Fig. 5A) shows multiple amino acid substitutions within
and around the low-density lipoprotein receptor-related motif, which is the major virus
interaction determinant (22, 23). Particularly, the W48S substitution alone abrogates
virus infectivity in chicken cells (22), in accordance with the complete resistance of New
World quails to A-subgroup RCASBP(A)GFP. The tva sequence of mountain quail could
not be analyzed, because we failed to amplify it. The Tvb (receptor for subgroups B and
D) sequence is highly divergent from the chicken ortholog, with many polymorphisms
common to all species of New World quails and several species-specific polymorphisms.
The resistance of New World quails to RCASBP(B)GFP could be explained by a 4-amino
acid deletion within the N-terminal peptide (amino acids 32 to 46) (Fig. 5B) of Tvb that
was found in a draft genome assembly of northern bobwhite (24). This N-terminal
peptide is sufficient for virus entry, and even single amino acid deletions abrogate its
receptor capacity (25). Although the critical C62 residue defining the s1 allele (26) is
present in all New World quails (Fig. 5B), low conservation around this site could
contribute to the observed resistance of all four species to subgroup B and their
marginal susceptibility to RCASBP(D)GFP. One of the substitutions present in three New
World quail species, P64L, is also found in the inbred chicken line H6 (Fig. 5B). The Tvc
(subgroup C receptor) amino acid sequence is well conserved between chicken and
New World quails (Fig. 5C). There are only 10 substitutions within the IgV domain, the
main determinant of subgroup C virus interaction, and the two residues that were
described as critical for virus binding (27, 28), W69 and Y127, are conserved in New
World quails. This is in accordance with their reduced but still significant susceptibility
to RCASBP(C)GFP. We did not find any particular polymorphism unequivocally corre-
lated with the complete resistance of California quail. In summary, New World quails
turned out to be mostly resistant to ASLV subgroups A to D. Multiple changes in the
Tva, Tvb, and Tvc receptors were found, corresponding to receptor-inactivating muta-
tions described previously for resistant chicken lines (23, 26, 27). We can infer that these
changes are responsible for the resistance or strongly reduced susceptibility of New
World quails.

Susceptibility of New World quails to new ALV subgroup J variants. Taking our
findings together, we demonstrated that New World quail cells can be infected with
ALV-J in accordance with the conservation of NHE1 W38, the amino acid critical for the
entry of the virus into chicken cells. It is therefore interesting to inquire whether New
World quails could be infected with subgroup J variants circulating in domestic chicken
breeds. We answered this question by infecting cultured embryo fibroblasts with
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chicken 11CSPEQFHCSEPRDPQTDCYPLEWLCDGHPDCDDGRDEWGCS50
Northern bobwhite CPPEEFHCSEPHGSRAVCFPLEWLCDGHPDCSDGRDESGC
California quail CPPEEFHCSEPYGSRAVCFPLEWLCDGHPDCSDGRDESGC
Gambel’'s quail CPPEEFHCSEPYGSRAVCFPLEWLCDGHPDCSDGRDESGC
B
chicken (s) 32DRSDLQKPDLYRRKC4 6
Guinea fowl (s) NKSDLLEPDPYTKKC
turkey (r) VKSDVLKPDPYSKKC
Northern bobwhite (r) DKSDLLS----REKC
slc | s3s
chicken sl 51MGTYEANDSIQCLPCKKDEYTEYPNDFPKCL86
chicken line H6 MGTYEANDSIQCLIfCKKDEYTEYPNDFPKCL
Northern bobwhite MGSYLVNGSE- CKEDEYTEYPNYFPKCL
California quail MGSYLVNGSA- CKEDEYNQYPNDFPKCL
Gambel’'s quail MGSYLVNGSA- CKEDEYNQYPNDFPKCL
mountain quail GNYLVNRSK-CVPCKEDEYTEYPNDFPKCL
C
chicken 55CHLSPEQSVQHMEVMWEFRDQFTPFVHRYRDGQDHYGDQ 92
N. bobwhite CHLSPEHSAQDMEVTWFRDQFTPFVHRYRDGQDHYGDQ
Calif. quail CHLSPEHSAQDMEVTWFRDQFTPFVHRYRDGQDHYGDQ
Gambel’ s quail CHLSPEHSAQDMEVTWFRDQFTPFVHRYRDGQDHYGDQ
mountain quail CHLSPEHSAQDMEVTWFRDQFTPFVHRYRDGQDHYGDQ
Chicken 93ELRYQGRTEMLKDGLANGSVSLRIFRVQLSDRGRYTC129
N. bobwhite EIQYQGRTEMLKDGLANGSVDLRIFRVQLSDKGHYTC
Calif. quail EIQYQGRTEMLKDGLANGSVDLRIFRVQLSDKGHYTC
Gambel s quail EIQYQGRTEMLKDGLANGSVDLRIFRVQLSDKGHYTC
mountain quail EIQYQGRTEMLKGGLANGSVDLRIFRVQLSDKGHYTC

FIG 5 Partial Tva, Tvb, and Tvc amino acid sequences of New World quails aligned to the chicken
orthologs. Amino acids matching the chicken sequence are shown on a gray background. (A) Low-
density lipoprotein receptor motif (amino acid residues 11 to 50) of Tva. The critical W48 residue mutated
to S in New World quails is indicated by a vertical arrow. (B) (Top) Amino acid sequence of the N-terminal
Tvb peptide sufficient for virus entry (amino acids 32 to 46). Chicken, guinea fowl (both sensitive to
subgroup B), turkey, and northern bobwhite (both resistant to subgroup B) sequences are aligned.
(Bottom) Amino acid sequence of New World quail Tvb around the polymorphic site C62S distinguishing
the s1 and s3 alleles. A Tvb variant of the inbred chicken line H6 shows the presence of a P64L
substitution (on a black background). (C) Amino acid sequence of the IgV domain of Tvc, delimited by
C residues 55 and 129.

recombinant reporter RCAS vectors equipped with the subgroup J envelopes of two
recently described Chinese isolates, ZB110604-5 and WB11016j, and two American
isolates, ADOL7501 and PDRC-59831. The respective RCAS vectors were constructed
and employed recently (21). Susceptibility was quantified as the percentage of cells that
were GFP positive 2 days after infection. We observed that all species were susceptible
to all four isolates (Table 2). However, RCASBP(Jpprc)GFP and RCASBP(J,,5)GFP were
much more effective than RCASBP(J)GFP with env from the prototypic strain HPRS103
(Fig. 2); RCASBP(J,5)GFP, in contrast, infected cells of all four New World quail species

TABLE 2 Susceptibilities of New World quails to new J subgroup variants

% GFP-positive cells 2 days after infection®

Host RCASBP(Jpprc)GFP RCASBP(J5po )GFP RCASBP(Jyy5)GFP RCASBP(J,5)GFP
Northern bobwhite 36.6 19.1 41.1 1.9
Mountain quail 129 15.1 30.6 0.9
California quail 338 15.9 36.9 2.1
Gambel’s quail 15.3 14.5 31.0 1.0

aAll results are averages for two parallel infections. The standard deviation was calculated for each value and
reached only low values between +0.027 and 1.24 (not shown).
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Northern bobwhite LLLGPLLPGQGSQANATQVYEPTW----GQPWGEPGGITAAPP-ATAQEVHPLNKLHHNHSAEGHAKSRKAFPVLGIDYKHVRIPFEISLW
California quail LLLGPLLPGQGSQANATQVSEPTW----GQPWAEPGGITAAPP-ATAQEVHPLNKLHHNHSAEGHAKIRKAFPVLGIDYKHVRIPFEISLW
Gambel's quail LLLGPLLPGQGSQANATQVSEPTW----GQPWAEPGGITAAPP-ATAQEVHPLNKLHHNHSAEGHAKIRKAFPVLGIDYKHVRIPFEISLW
Turkey LLLGPLLPGQGLQANATRVSEPTW----EQPWGEPGGITAAPP-ATAQEVHPLNKQHHNHSSDGHSKPRKAFPVLGIDYSHVRIPFEISLW
Helmeted guineafowl LLLGPLLPGQGLQANAPRVSETPG----GQLWGEPGGITAAPP-ATAQEVHPLNKQPHNHSAEGHAKPRKAFPVLGIDYSHVRIPFEISLW
Reeves's pheasant LLLGPLLPGQRLOADATRVFEPTG----EQPWGEPGGITAAPL-ATAQEVHPLNKQHHNHSAEGHPKPRKAFPVLGIDYSHVRIPFEISLW
Ring-necked pheasant LLLGPLLLGQGLQANATRVS - - -~ ———~-| EQPWGEAGGITAAPL-ATAQEVHPLNRQQOHNHS SDGHSKPRKAFPVLGIDYSHVRIPFEISLW
Gray peacock-pheasant LLLGPLLPGQGLQADVTRVSEPTS----DQPWGEPGGITAAPP-ATAHEVHPLSKQHHNHSAEGHLKPRKAFPVLGIDYSHVRIPFEISLW
Malayan peacock-pheasant LLLGPLLPGQGLQADVTRVSEPTS----DQPWGEPGGITAAPP-ATAHEVHPLSKQHHNHSAEGH LKPRKAFPVLGIDYSHVRIPFEISLW
Green peafowl LLLGPLLPGQGLQANAPRVSETT ITAAPP-ATAQE SKQHHNHSAEGHPKPRKAFPVLGIDYSHVRIPFEISLW|
Japanese quail LLLGPLLPGQGLQANASHGPEPTE----EQPWVKVGGITAAPP-ATAQEVHPLNRQHHNHSAEGHPKTRKAFPVLSIDYSHVRIPFEIALW
Grey partridge LLLGPLLPGQGLQANT SE ENTGGIPAAPP-ATAQEVHPLNKQRHNHSTDGHSKPRKAFPVLGIDYSHVRIPFEISLW
Chukar partridge LLLGPLLPGQGLQANATRVSEPT - -—-— EQPWGEPGGITAAHP-ATAQEVHPLNKQHHNHSAEGHSKPRKAFPVLGIDYSHVRIPFEISLW
Common mallard VLLGSLLPGQGLQANPMLASEPSRRHPAPLPGGEPGGITAAPPPATAQEMHPLNKQAANHSGEGHQKHRKAFPVLDIDYDRIRIPFEISLW

FIG 6 Molecular evolution of NHET in galliform birds. (A) ML tree of NHET partial nucleotide sequences of galliform species with the
common mallard as an outlier. Nonparametric bootstrap supports are given next to the corresponding nodes. For each species, the critical
residue or deletion at position 38 relative to the chicken sequence, taken as a reference, is shown in a gray circle on the right. Information
about the sensitivity of the species to ALV-J infection is shown in a gray rectangle on the far right (+, susceptible; —, resistant; 2, unknown).
Bar, substitutions per nucleotide. (B) Domain structure of the NHE1 protein. Membrane regions (M1 to M12, H10), extracellular loop 1
(ECL1), and the C-terminal cytoplasmic domain are shown. Annotation is based on the human NHET ortholog. (C) Amino acid sequence
alignment and positive-selection analysis of the ECL1 region. Residues identical to the chicken sequence are shown on a gray background.
Ratios of nonsynonymous to synonymous substitution rates (dN/dS) for each alignment position are shown above the alignment. Residues
with positive-selection signatures (dN/dS, >1) are indicated by arrowheads. Residues with a posterior probability for positive selection of

>0.95 or >0.99 are marked with one or two asterisks, respectively. Positively selected sites were predicted by the REL method.

only marginally. The lower susceptibility of mountain quail and Gambel's quail to
prototypic RCASBP(J)GFP was recapitulated only in part and not for all strains (Table 2).

Molecular evolution of NHE1 in galliform birds. Since the ECL1 region of the
NHET gene determines the host susceptibility to ALV-J, we further analyzed its evolu-
tion in galliform birds examined previously (20, 21) and in this study. We looked at the
signature of positive selection acting on this region. Maximum likelihood (ML) phylo-
genetic analysis of partial NHET coding sequences produced the expected tree (Fig. 6A),
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supporting the orthologous character of amplified sequences. Some branches of the
tree are not fully resolved or display low statistical support because of the short region
of NHET sequence available and the small number of orthologous sequences examined.
The topology corroborates previously published data that place guinea fowl and New
World quails, belonging to the families Numididae and Odontophoridae, respectively,
outside of the monophyletic Phasianidae. Within the family Phasianidae, the branching
pattern is mostly in accordance with those of phylogenetic trees based on mitochon-
drial sequences, nuclear sequences, or CR1 insertions (29-31). Our topology does not
support the monophyly of the subfamily Phasianinae, because Reeves’s pheasant
groups with chicken, and ring-necked pheasant groups with turkey. Also, the close
relationship between peafowl and peacock-pheasant (29) is not recovered by our
analysis.

The presence of positively selected residues in the ECL1 region of avian NHE1 (Fig.
6B) was examined using the random effect likelihood (REL) method. The ratio of
nonsynonymous to synonymous substitution rates (dN/dS)— usually used to describe
the presence of natural selection in coding sequences—was estimated for each posi-
tion in an ECL1 alignment (Fig. 6C). Residues A30, W38, E39, P45, H66, P75, and P77,
numbered according to the chicken NHE1 coding sequence, show dN/dS ratios of >1,
indicating the presence of positive selection. For three of these residues, H66, P75, and
W38, the occurrence of positive selection is statistically significant. Interestingly, the
highest posterior probability of positive selection (>99%) was detected for W38. In
contrast to the clear functional importance of W38, the polymorphisms at positively
selected sites 66 and 75 are less probably linked to receptor functions, because they do
not correlate with the host’s resistance/susceptibility status. Particularly, either P75 or
S75 can occur in ALV-J-susceptible chicken and turkey. The rest of the ECL1 region
displays low dN/dS values, suggesting a strong purifying selection. Further analysis of
additional avian NHE1 orthologs would be needed to identify specific lineages where
positive selection occurred.

DISCUSSION

Avian sarcoma/leukosis viruses and galliform birds are a useful example of the
host-virus arms race. We have focused on the host side, i.e., the receptors for virus entry,
and described the sequence variation in the ALV-J-specific receptor, NHE1, of New
World quails. Our finding that W38 is present in ECL1 of the NHET receptor suggested
that New World quails are susceptible to ALV-J, and this was directly confirmed by
infecting New World quail embryo fibroblasts with a recombinant retroviral vector of
subgroup J specificity. Our results not only identified New World quails susceptible to
ALV-J but also validated our bioprospective approach based on the detection of W38
in galliform species (20, 21). Future surveys of galliform species might reveal new NHET
alleles with the ability to serve as functional receptors for ALV-J. So far, all species
carrying W38 in the ECL1 of NHE1 turned out to be susceptible to ALV-J. However, we
cannot exclude the possibility of imperfect correlation between W38 positivity and
susceptibility to ALV-J due to another disabling mutation. Actually, the most frequent
link between genetic and phenotypic variation is RNA splicing, and splicing defects of
the tva receptor gene have already been found in in an ASLV subgroup A-resistant
chicken line (32). The perfect analogy of receptor-disabling mutations and deletions in
the critical ECL regions of XPR1 (7) and NHE1 (20; also this work) suggests that this is
a common mechanism leading to host resistance to a virus.

Our finding of W38 in NHE1 of New World quails is based on embryo fibroblasts
derived from several individuals. We did not observe any intraspecific polymorphisms
within the region of ECL1 examined, which suggests that all individuals were homozy-
gous. We cannot, however, exclude the presence of AW38 alleles in wild populations
and the eventual low frequency of ALV-J-resistant individuals. Such a population
structure was described for the CCR5 coreceptor of HIV/simian immunodeficiency virus
(SIV). In the Caucasian population, 1% of individuals are homozygous for the CCR5A32
allele, abrogating cell surface display, and hence are highly resistant to CCR5-using HIV
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isolates (33, 34). A similar in-frame deletion allele, CCR5A24, exists in a majority of
red-capped mangabeys (Cercocebus torquatus), and SIVgc,,, as an exception among SIV
strains, enters cells through CCR2b (35). The same allele rarely occurs in certain
populations of sooty mangabeys (Cercocebus atys), but no homozygous animals were
found (35, 36). Another example of this parallel evolution is the frameshift mutation
CCR5A2 in sooty mangabeys. Accordingly, SIVgym has extended coreceptor usage and
employs CXCR6, GPR15, and GPR1 molecules for cell entry (37).

The susceptibility of New World quails to ALV-J is profoundly lower than that of
chicken or turkey. This difference could be explained by several amino acid substitu-
tions found in ECL1; however, some of these substitutions were identical with the
sequence of turkey. Furthermore, the difference between chicken and New World
quails was neither reproduced in the experimental induction of susceptibility after
ectopic expression of NHET alleles (Fig. 3) nor correlated with different levels of NHE1
expression (Fig. 4). We can speculate that New World quails are protected by some host
factors that restrict retrovirus replication; however, there is no evidence of such factors
in birds so far. Experiments with other ASLV subgroups did not suggest any explana-
tion, as the resistance of New World quails to subgroups A and B and their low
susceptibility to subgroups C and D mostly correlated with restrictive receptors Tva,
Tvb, and Tvc (Table 1; Fig. 5).

It is a question whether New World quails could naturally acquire ALV-J from either
domestic poultry or wild birds. ALV-J has not been documented in the Americas since
the last outbreak in 2007 (16), and reintroduction of the new Chinese ALV-J variants
would require complicated transduction via migratory birds, most probably wild spe-
cies of ducks. North American and Asian duck populations share wintering grounds,
and at least two reports indicate the presence of ALV-J in ducks and partridges (17, 18).
Avian leukosis viruses of other subgroups can infect ducks and establish persistent
infections in these heterologous hosts (38, 39). On the other hand, we reported that
NHE1 receptors of duck species are restrictive, and in vitro infection of duck embryo
fibroblasts with ALV-J was inefficient (21). However, the evolution of the virus and its
gradual adaptation to new hosts are well documented; human immunodeficiency virus,
koala endogenous retrovirus, and X-MLV are good examples of naturally occurring
transspecies or even transclass transmission, which led to disease in a new host and
started further diversification of the virus. Among the four species of New World quails
examined, northern bobwhite is the best candidate to host a natural reservoir of
circulating infectious virus, because it lives in high-density populations and tolerates
agricultural disturbances.

Considering the arms race between ASLVs and galliform hosts, it was important that
we documented positive selection at several amino acid residues, particularly W38,
within the otherwise negatively selected ECLT of NHE1. This finding further corrobo-
rated the importance of W38 for receptor competence and suggested the possible
virus-driven selection of this amino acid. Again, there is a similarity to XPR1, where two
amino acid residues within the critical ECL3 are under positive selection in mice and
birds (7). What virus left behind the remarkable variation of resistant receptor alleles
remains open to speculation. This question seems to be answered in the case of S3/S’
alleles of the tvb gene, where the occurrence of the S' allele has been attributed to the
selection imposed by RAV-0 endogenous retrovirus (26). There is, however, little
information on the diversity of ASLVs and their distribution in nonchicken galliform
birds. Dimcheff et al. (40) detected gag sequences similar to exogenous ASLVs in all
species of galliforms examined, including northern bobwhite. Phylogenetic analysis
based on these gag sequences placed ASLVs of bobwhite closer to the ASLVs of grouses
and pheasants than to Gallus ASLVs, including the exogenous ALV-J HPRS103 (40). The
gag sequences of bobwhite displayed only limited similarity (42%) to the gag of ev/J,
the endogenous predecessor of ALV-J, and contain a stop codon (40). Therefore, the
ASLVs in bobwhite are probably replication defective even though they are actively
transcribed (41). The ASLV env sequences of bobwhite have not been studied yet, and
the relative endogenous ASLVs in grouses and ptarmigans are heavily deleted (41). In
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conclusion, the New World quails contain ASLVs that could have triggered the evolu-
tion of retrovirus restriction factors and restrictive receptor alleles. The subgroup
identity of New World quail ASLVs is, however, unclear, and ev/J probably did not exist
here, which left New World quails susceptible to the recent ALV-J.

In the present study, we concentrated on the receptor part of host-pathogen
coevolution. We suggest that W38 of NHE1 is a residue under positive selection
imposed by a virus pathogen, probably a retrovirus of J specificity. It can be assumed
that positive selection also works on env sequences of ALV-J. Further studies on the
molecular evolution of ALV-J isolates and changes in the infection efficiency are
therefore warranted.

MATERIALS AND METHODS

Preparation of embryo fibroblasts and cell culture. Embryonated eggs of chicken and four New
World quail species—northern bobwhite (Colinus virginianus), California quail (Callipepla californica),
Gambel’s quail (Callipepla gambellii), and mountain quail (Oreortyx pictus)—were obtained from fancy
fowl breeders in the Czech Republic, and embryo fibroblasts were prepared in the middle of incubation,
i.e, on day 11 (California and Gambel's quails) or 12 (northern bobwhite and mountain quail). The
procedure for the preparation of chicken embryo fibroblasts has been described previously (42). All
embryo fibroblasts, as well as the permanent chicken cell line DF-1 (43) and the Japanese quail tumor
cell line QT6 (44), were grown in a mixture of 2 parts Dulbecco’s modified Eagle’s medium and 1 part F-12
medium supplemented with 8% fetal calf serum, 2% chicken serum, and 1X antibiotic-antimycotic
solution (Sigma) under a 5% CO, atmosphere at 37°C.

Analysis of the NHET1, tva, tvb, and tvc sequences from New World quail species. Total RNAs from
cultured embryo fibroblasts of four New World quail species were prepared using the TRI reagent
(Sigma). cDNA was reverse transcribed from 1 g total RNA with ProtoScript Il reverse transcriptase (New
England BioLabs) and oligo(dT),s primers (Promega). Then we amplified the NHET coding sequence,
comprising all predicted transmembrane domains and extra- and intracellular loops (13), using forward
primer NWQTVJ1L (5'-CTACGAGCCGTCCCCTGG-3'; complementary to the sequence encoding 2 amino
acids of the N-terminal intracytoplasmic tail and part of transmembrane region 1) and reverse primer
chTVJR6 (5'-CAGGAACTGCGTGTGGATCTC-3'; complementary to nucleotides 1537 to 1557 of chNHET).
PCR conditions were as follows: 98°C for 180 s; 39 cycles of 98°C for 10 s, 67.6°C for 30 s, and 72°C for
100 s; and terminal extension at 72°C for 7 min with recombinant Taq (rTaq) polymerase (TaKaRa). The
resulting PCR products of 1,533 bp were treated with ExoSAP-IT reagent (USB) and were then directly
sequenced from primer chTVJ5'RACET (5'-TCATCAGGCAGGCCAGCAGGAT-3'; complementary to nucle-
otides 301 to 322 of chNHET) and from primer chTVJ6R using a BigDye Terminator cycle sequencing kit
(version 3.1; Perkin-Elmer Applied Biosystems).

cDNAs for the tva sequence, encompassing the low-density lipoprotein receptor-related motif, were
amplified by rTaq polymerase (TaKaRa) using primers NWQTVA4 (5'-CATGGCGCGGCTGCTGGC-3') and
NWQTVAT10 (5'-GATTCCTGGATGGCAGAGAG-3') with the following PCR conditions: 98°C for 180 s; 40
cycles of 98°C for 10 s, 65°C for 30 s, and 72°C for 30 s; and terminal extension at 72°C for 5 min. The
resulting 306-bp product was analyzed. cDNAs for the tvb sequence, encompassing the critical C62
residue defining the s1 allele, were amplified by Ex Tag HS polymerase (TaKaRa) using primers NWQTVB3
(5'-CGGACAAGTCAGATCTC-3") and TVB4 (5'-CCCAGGCACTTGGGAAA-3') with the following PCR condi-
tions: 98°C for 180 s; 35 cycles of 98°C for 10 s, 58°C for 30 s, and 72°C for 20 s; and terminal extension
at 72°C for 5 min. The resulting 136-bp product was analyzed. cDNAs for the tvc sequence, encompassing
the IgV domain, were amplified by Ex Taq HS polymerase (TaKaRa) using forward primer Btf6 (5'-ATCC
GAATTCCATGGAGACGATGTTTTTTGGCTG-3’) and reverse primer IG3R (5'-CCAGGAGAAGGAGTCCGCATT
C-3') with the following PCR conditions: 94°C for 60 s; 30 cycles of 94°C for 10 s, 58°C for 30 s, and 68°C
for 45 s; and terminal extension at 68°C for 5 min.

Virus propagation and susceptibility assay for New World quail embryo fibroblasts. Infectious
virus was produced in DF-1 cells transfected with RCASBP(A)GFP, RCASBP(B)GFP, RCASBP(C)GFP,
RCASBP(D)GFP (42), RCASBP(J)GFP, RCASBP(Japo)GFP, RCASBP(Jpprc)GFP, RCASBP(J,5)GFP, or
RCASBP(J,,5)GFP (21) plasmid DNA. Virus stocks were harvested on day 9 or 10 posttransfection. The cell
supernatants were cleared of debris by centrifugation at 2,000 X g for 10 min at 10°C, and aliquoted viral
stocks were stored at —80°C. The virus titer was determined by terminal dilution and subsequent
infection of DF-1 cells; it reached 106 infection units (IU) per ml. Susceptibility to ALV-J was assessed by
RCAS(J)GFP virus spread as described by ReiniSova et al. (45). Briefly, New World quail embryo fibroblasts,
DF-1 cells, or QT6 cells were seeded at a density of 5 X 104 per well in a 24-well plate and were infected
with RCASBP(J)GFP virus at a multiplicity of infection of 10 the day after seeding. The percentage of
GFP-positive cells was quantitated by fluorescence-activated cell sorting (FACS) using an LSR Il analyzer
(Becton, Dickinson) on days 1, 2, 3, and 4 postinfection (p.i.). The cells were trypsinized, washed in phosphate-
buffered saline (PBS), and resuspended in Hoechst solution (Sigma) before analysis.

Construction of NHE1 expression vectors and transfection experiments. We constructed New
World quail-specific NHET expression vectors based on the pVitrotdT-tvj vector with chNHET constructed
previously (20). The ECL1 cassettes of all four New World quail species and that of domestic duck,
corresponding to the Apal-BamHI fragment of chNHE1, were synthesized (Integrated DNA Technologies)
and cloned into Apal-BamHI (New England BioLabs)-linearized pVitrotdT-tvj. The expression constructs
with chicken and New World quail NHE1 were transfected into QT6 cells. A total of 5 X 10* cells were
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seeded onto a 24-well plate in the cultivation medium without antibiotics. Transfection was performed
12 h later by a mixture of 1 ul of X-tremeGENE HP DNA transfection reagent (Roche) and 0.5 ng plasmid
in Opti-MEM (Gibco BRL) per well. The cells were used for RCAS(J)GFP infection and a virus spread assay
24 h after transfection. The tdTomato fluorescent protein was used as a marker of successfully transfected
cells, and infection efficiency was expressed as the percentage of GFP-positive cells among the
tdTomato-positive cells as measured by FACS analysis (see above).
Quantitative RT-PCR. Total RNA was isolated from 2 X 106 cultured embryo fibroblasts using RNAzol
RT (Molecular Research Center, Inc.). cDNA was reverse transcribed from 1 ug total RNA with ProtoScript
Il reverse transcriptase (New England BioLabs) and oligo(dT),s primers (Promega). Gene expression was
then evaluated by relative quantitative reverse transcription-PCR (qRT-PCR) using the Mesa Green gPCR
MasterMix Plus for SYBR assay (Eurogentec) in a C1000 Touch thermal cycler (Bio-Rad). Signals were
normalized to the corresponding glyceraldehyde-3-phosphate dehydrogenase (GAPDH) housekeeping
gene controls. The relative quantification of the target genes was carried out using the AAC; method. All
reactions were run in triplicate, and the average threshold cycles (C;s) were used for quantitation. The
following primers were used: chNHE1-FW (5'-GCATCGACTACTCGCACGTC-3’), chNHE1-RV (5'-GCTCTCG
GGAACCACTTTGG-3'), chGAPDH-FW (5'-CATCGTGCACCACCAACTG-3’), and chGAPDH-RV (5'-CGCTGGG
ATGATGTTCTGG-3'). Cycling conditions were as follows: 40 cycles of 95°C for 15 s, 55°C for 20 s, and 72°C
for 30 s. The negative controls contained water instead of a template. Data analysis was conducted with
the aid of CFX Manager software, version 3.1 (Bio-Rad).
Phylogenetic inference and positive selection analysis. NHE1 nucleotide coding sequences of the
following bird species, obtained in previous studies (20, 21) or this study, were used: chicken (NCBI
Nucleotide database accession number DQ256198.1), turkey (DQ883630.1), mountain quail (KX823320),
northern bobwhite (KX823321), California quail (KX823322), Gambel’s quail (KX823323), helmeted guin-
eafowl (KX823324), Reeves’s pheasant (KX823325), ring-necked pheasant (KX823326), gray peacock-
pheasant (KX823327), Malayan peacock-pheasant (KX823328), green peafow! (KX823329), Japanese quail
(KX823330), gray partridge (KX823331), chukar partridge (KX823332), and common mallard (KX823333).
The sequences were aligned using a codon-based MUSCLE algorithm implemented in MEGA 6 software
(46) and were checked manually. The maximum likelihood phylogeny of NHE1 was constructed using
PhyML software, version 3.1 (47). A Kimura 2-parameter (K80) model with gamma distribution (4
categories) of rates among sites was used as a substitution model. The starting tree was generated by
the BioNJ method. Nonparametric bootstrap analysis was performed with 1,000 replicates.

The random effect likelihood (REL) method implemented in the Datamonkey Web server (48) was
used to detect positively selected sites in the ECL1 region of avian NHE1. Bayes empirical Bayes (BEB)
positive-selection analysis (49), implemented in PAML, version 4.7 (50), was performed under an M2a site
model and was used as a validation of the REL method. Trimmed alignment of a 318-nucleotide coding
sequence containing the ECL1 region was used for the analyses.
Accession number(s). The NHET sequences determined in this study were deposited in GenBank
under accession numbers KX823320 (mountain quail), KX823321 (northern bobwhite), KX823322 (Cali-
fornia quail), and KX823323 (Gambel’s quail).
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