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The genus Phlebovirus of the family Bunyaviridae consists of approximately 70 named viruses, currently
assigned to nine serocomplexes (species) based on antigenic similarities. Sixteen other named viruses that
show little serologic relationship to the nine recognized groups are also classified as tentative species in the
genus. In an effort to develop a more precise classification system for phleboviruses, we are attempting to
sequence most of the named viruses in the genus with the goal of clarifying their phylogenetic relationships.
In this report, we describe the serologic and phylogenetic relationships of 13 viruses that were found to be
members of the Candiru serocomplex; 6 of them cause disease in humans. Analysis of full genome sequences
revealed branching inconsistencies that suggest five reassortment events, all involving the M segment, and thus
appear to be natural reassortants. This high rate of reassortment illustrates the inaccuracy of a classification

system based solely on antigenic relationships.

The family Bunyaviridae currently includes more than 350
RNA viruses that are distributed among five genera: Orthobu-
nyavirus, Nairovirus, Hantavirus, Phlebovirus, and Tospovirus
(41). Bunyavirus genomes are comprised of three unique mol-
ecules of negative or ambisense single-stranded RNA, desig-
nated L (large), M (medium), and S (small), that total 11 to 19
kb. Within each genus, viruses share similar segment and struc-
tural protein sizes, as well as characteristic terminal sequences
at the 3’ and 5’ ends of each of the three segments. Genetic
reassortment among bunyaviruses has been demonstrated both
in vitro and in vivo.

Most of the bunyaviruses are transmitted by arthropod vec-
tors (mosquitoes, culicoid midges, phlebotomine sandflies, or
ticks to vertebrates and thrips to plants). Hantaviruses are the
exception, where transmission occurs directly from their ro-
dent or insectivore hosts by inhalation of aerosols from in-
fected excreta or bite. Both transovarial and venereal trans-
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mission has been demonstrated with some of the bunyaviruses
in their arthropod hosts.

At present, the genus Phlebovirus is comprised of approxi-
mately 70 named viruses that are classified, based on their
serological relationships, into two antigenic groups: the phle-
botomus or sandfly fever group and the Uukuniemi group (41).
Phleboviruses are antigenically unrelated to members of the
other genera but show various degrees of antigenic cross-re-
action among themselves. The lack of biochemical and genetic
data for most of the phleboviruses has dictated that antigenic
relationships define their taxonomy. Accordingly, the phlebo-
viruses are currently assigned to nine complexes or species,
based on their antigenic similarity in complement fixation (CF)
tests (41, 59). Each species or complex currently consists of two
or more named viruses that are most closely related to each
other by CF and distinct by plaque reduction neutralization
(PRN) tests, but their exact taxonomic status is undefined. The
current recommendation of the International Committee on
Taxonomy of Viruses (ICTV) is that species in the genus
Phlebovirus are defined by serological relationships and are
distinguishable by 4-fold differences in two-way neutralization
tests (41). These criteria are no longer feasible for several
reasons: (i) the growing number of new phleboviruses being
discovered by molecular detection methods (12, 15, 52); (ii)
some phleboviruses do not produce readable plaques under
agar, making PRN tests challenging (57); (iii) while most phle-
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TABLE 1. Names, abbreviations, strain numbers, sources, dates and localities of isolation, and accession numbers of
the 13 Candiru complex viruses used in this study

Virus Abbreviation Strain . Yr (.)f Source of isolate Geographical location Accession nos.
isolation
Candiru CDUV BeH 22511 1960 Human Km 94, Belem-Brasilia HM119407-HM 119409
Highway, Para, Brazil
Alenquer ALEV BeH 301101 1976 Human Alenquer, Para, Brazil HM119401-HM119403
Itaituba ITAV BeAn 213452 1971 Didelphis marsupialis Itaituba, Para, Brazil HM119416-HM119418
Jacunda JCNV BeAn 428329 1984 Myoprocta acouchy Tucurui, Para, Brazil HM466934-HM466936
Nique NIQV Nique 96 1972 Lutzomyia panamensis Nique, Darien, Panama HM119425-HM 119427
Oriximina ORXV BeAr 385309 1980 Lutzomyia sp. Oriximina, Para, Brazil HM119434-HM 119436
Turuna TUAV BeAr 352492 1978 Lutzomyia sp. Oriximina, Para, Brazil HM119431-HM119433
Echarate ESCV OBS 6528 1998 Human Cusco, Peru HM119410-HM119412
Mucura MCRV BeAr 455230 1985 Anopheles (Nys) triannulatus ~ Tucurui, Para, Brazil HM119419-HM119421
Serra Norte ~ SRNV BeH505240 1991 Human Carajas, Para, Brazil HM119428-HM 119430
Morumbi MRMBV  BeH 475236 1988 Human Tucurui, Para, Brazil HM119422-HM 119424
Ariquemes ARQV BeAr 485678  1988/1989  Lutzomyia sp. Ariquemes, Rondonia, Brazil HM119404-HM 119406
Maldonado MLOV FMD 0077 2004 Human Puerto Maldonado, Madre HM119413-HM119415

de Dios, Peru

boviruses grow in mammalian cells, some do not cause disease
in laboratory animals or require multiple serial blind passages
before they do, thus making the preparation of “clean” anti-
sera difficult (2, 49, 57, 58); and (iv) because of the stringent
biosafety and biosecurity regulations now governing work with
live viruses, few laboratories have access to the more than 70
known phleboviruses for comparative studies with new isolates.
A more precise and more widely available classification system
for the phleboviruses is needed.

In an effort to develop a more precise taxonomic system for
phleboviruses, we have attempted to sequence all of the named
viruses in the genus to clarify their phylogenetic relationships.

This is the first planned publication describing this work. The
present communication describes the antigenic and phyloge-
netic relationships of 13 viruses found to be members of the
Candiru complex.

MATERIALS AND METHODS

Viruses. The viruses used in the present study were obtained from the World
Reference Center for Emerging Viruses and Arboviruses at the University of
Texas Medical Branch. All of these viruses have been described before, except
for Mucura and Maldonado. Table 1 gives the names, strain numbers, sources,
and dates and locality of isolation, as well as the GenBank accession numbers for
the 13 phleboviruses described here (see also Fig. 1).

0 Candiru virus
° Alenquer virus
° ltaituba virus
o Jacunda virus

@ Ariquemes virus
Maldonado virus

FIG. 1. Geographic distribution of Candiru viruses in Central America and North America. Each number indicates a virus in the Candiru

complex and the approximate geographic location of its isolation.
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FIG. 2. Phylogenetic analysis of the available sequences of phlebovirus L ORF. A set of 66 L phlebovirus sequences comprising all partial or
complete sequences from GenBank available on 1 October 2010 were aligned using the CLUSTAL algorithm (as implemented in the MEGA
package version 3) at the amino acid level with additional manual editing to ensure the highest possible quality of alignment. NJ analysis at the
amino acid level was performed due to the observed high variability of the underlying nucleotide sequences. The statistical significance of tree
topology was evaluated by bootstrap resampling of the sequences 1,000 times. Phylogenetic analyses were performed using MEGA software (33).

Sequences marked with black dots corresponded to partial sequences.

encoding the nucleocapsid protein (NP) and, in an ambisense
orientation, a nonstructural protein (NSs).

Phylogenetic analyses of the L, M, and S gene segment
sequences were consistent with earlier reports indicating that
viruses belonging to the same Phlebovirus complex cluster to-
gether (12, 16). As anticipated, based on their cross-reactivity
in CF tests (Table 2), members of the Candiru serocomplex
clustered together (Fig. 2, 3, and 4). Seven additional viruses
were identified as members of the Candiru species group:
(Ariquemes [ARQV], Echarate [ESCV], Jacunda [JCNV],
Morumbi [MRMBV], Mucura [MCRV], and Serra Norte
[SRNV]). However, the topology of the phylogenetic trees
within the Candiru complex node revealed branching inconsis-
tencies suggesting five reassortment events involving the M-
segment of prototype Candiru virus (CDUV), MRMBYV,
MCRYV, JCNV, and ARQV (Fig. 5). Analysis of reassortment
using RDP, Bootscan, MaxChi, LARD, and Phylip Plot also
confirmed the findings (data not shown). For purposes of
analysis, we divided the Candiru complex node into three
clades labeled A, B, and C (Fig. 5). Based on L- and S-seg-
ment sequences, MRMBYV, JCNV, MCRYV, and CDUYV are
closely related viruses in the clade B. Their similarities in
the L, N, and NS open reading frames (ORFs) are so similar
that they meet criteria for representing a single virus (Fig.

5). However, MRMBV and CDUYV contain a clade-A M
segment and JCNV and MCRV contain a clade-C M seg-
ment. A similar situation was observed with the pair ARQV
and Maldonado virus (MLOV). Although they are very
close in the L, N, and NS ORFs, the ARQYV virus contains
a clade-A M segment.

Genetic distance distribution analysis. The sequences of the
Candiru complex viruses were compared to all published phle-
boviral sequences in pairwise sequence alignments to assess
the potential for establishing a simple cutoff for classification
of serotypes similar to those used in the classification system
created for mumps (44) and adenoviruses (11). However, given
the scarcity of sequence available for phleboviruses, our con-
clusions can only be considered preliminary. In general, the M,
N, and NS OREF similarity values cluster by species and group;
however, the L-ORF similarity values are inconsistent with the
two grouping levels (Fig. 6).

Relation between serological reactivity and genetic distance.
Serological comparisons among all members of the Candiru
complex were done by CF test (Table 2). Selected viruses of
the antigenic complex that produce consistent plaques were
also evaluated by PRNT test (Table 3). To compare the sero-
logical data with the genetic distance, CF and neutralization
values were transformed to rAHM, as previously described
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FIG. 3. Phylogenetic analysis of the available sequences of phlebovirus M ORF. A set of 118 M phlebovirus sequences comprising all partial
or complete sequences from GenBank available on 1 October 2010 were analyzed under conditions identical to those for Fig. 2. Sequences marked

with black dots correspond to partial sequences.

for influenza virus (40, 54). CF data correlation with amino
acid p-distance data was weak: the L, M, N, and NS ORF R?
were only 0.32, 0.28, 0.34, and 0.22). The slightly higher cor-
relation between the N ORF and the CF test is expected, since
the N protein is the main determinant of the CF antigen (41).
Interestingly, although the correlation was weak at the level of
virus, it was stronger at the level of clades. The rAHM index
among members of the same clade was significantly smaller
than the values obtained between members of different clades
(Fig. 7).

Neutralization data were not available for all members of

the Candiru complex. However, from the data available, we
concluded that neutralization titers do not correlate with aa
distance in the M gene (which is the main antigen respon-
sible for eliciting neutralizing antibodies). For instance, Itai-
tuba (ITAV) and Oriximina (ORXYV) elicit reciprocal neu-
tralizing antibody titers and yet have a genetic distance that
is similar to those of other members of the group; con-
versely, ITAV and CDUV or ORXV and CDUYV belong to
different clades (and therefore show large genetic distance)
and yet show the highest reciprocal titers among the mem-
bers of the group.

TABLE 3. Results of plaque reduction neutralization tests with selected Candiru complex phleboviruses

Antiserum dilution”

Clade A

Virus Clade on segment M
¢ . . Clade B, Ttaituba gj&‘f;ﬁa
Candiru Alenquer Nique Turuna
Candiru A 1,280 <10 <10 10 <10 <10
Alenquer A <10 80 <10 <10 <10 <10
Nique A 40 <10 80 20 <10 <10
Turuna A 320 <10 40 1,280 <10 40
Itaituba B 640 <10 640 <10 5,120 160
Oriximina C 320 20 160 20 160 160

“ Reciprocal of highest antiserum dilution producing 90% plaque inhibition.
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FIG. 4. Phylogenetic analysis of the available sequences of phlebovirus S ORF. (Left panel) N ORF. A set of 127 N phlebovirus sequences
comprising all partial or complete sequences from GenBank available on October 1, 2010 were analyzed under identical conditions to Fig. 2. (Right
panel) NS ORF. A set of 94 NS phlebovirus sequences comprising all partial or complete sequences from GenBank available on 1 October 2010

were analyzed under conditions identical to those for Fig. 2.

ORFs. (i) Large RNA-dependent RNA polymerase (L). Sev-
eral regions of the RNA-dependent RNA polymerase overlap
conserved regions found in all available phlebovirus sequences,
suggesting an association with function. Region I is located in
the amino terminus (aa 104 to 128) and is centered on the
amino acid P,,;D; region II (aa 649 to 707), also located in the
amino terminus, is centered around the amino acid Ry, Y.
Regions I and II are conserved in all bunyaviruses and arena-
viruses (39). Region III (aa 918 to 1195), located in the center
of the protein, contains the polymerase motifs (pre-A [aa 919
to 944], A [aa 982 to 1000], B [aa 1079 to 1099], C [aa 1124 to
1137], D [aa 1168 to 1181], and E [aa 1182 to 1196]) found in
all RNA-dependent polymerases from positive-, negative-, and
double-stranded RNA viruses (see Fig. S1 in the supplemental
material) (47, 62). Region IV (aa 1197 to 1296) identified by
Aquino et al. (1) and two additional regions of high conserva-
tion (regions V [aa 1388 to 1426] and VI [aa 1518 to 1613]) are
shown in Fig. S2 in the supplemental material.

(ii) Polyprotein. Among the viruses in the Candiru complex,
the length of the M polyprotein varies in length from 1,299 aa
in ESCV to 1,338 aa in Alenquer (ALEV). Nique (NIQV),

ALEV, and ESCV, which are phylogenetically divergent, have
lengths of 1,335, 1,338, and 1,299 aa, respectively. The remain-
ing viruses in the complex all have lengths between 1,317 and
1,320 aa. Polyproteins of Candiru complex viruses are similar
in length to the M protein of Punta Toro virus (PTV) strains
Adames and Balliet (1,319 aa for MLOV, 1,313 aa for PTV
Adames, and 1,319 aa for PTV 1319 Balliet).

The M polyprotein is cotranslationally cleaved into three
products: NSm, Gn, and Ge. The topology of the polyprotein
of CDUYV is similar to the predicted topologies for Toscana
virus (TOSV), PTV, and Rift Valley fever virus (RVFV) (20,
22, 25, 38, 61). Signal sequences, transmembrane domains,
cleavage sites for the cellular signal signalase protease and
Golgi retention signals for the Gn and Gc are conserved in the
majority of the viruses in the Candiru complex (see Fig. S3 in
the supplemental material). There is considerable variation in
the patterns of predicted glycosylation sites. Interestingly, the
patterns seem to correlate with their clade placement (see Fig.
S3 in the supplemental material).

(iii) Nucleocapsid protein. The bunyavirus nucleocapsid
protein (NP) is the most abundant protein in infected cells and
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FIG. 5. Phylogenetic analysis of the complete sequences of the Candiru complex. All Candiru sequences were aligned using the
CLUSTAL algorithm at the amino acid level with additional manual editing to ensure the highest possible quality of alignment. NJ analysis
at the nucleotide level was performed. The statistical significance of tree topology was evaluated by bootstrap resampling of the sequences
1,000 times. Phylogenetics analyses were performed using MEGA software (33). Three clades were identified: clade A (green shading), clade

B (blue), and clade C (red).

is posited to regulate the transition between primary transcrip-
tion and replication (34). The NP forms homodimers at their
amino termini. In RVFV, the interacting domain is located in
the N-terminal 71 residues; amino acids Tyr,, Phe,;, Asp,;,
and Trp,, are conserved in all phleboviruses except uukuvi-
ruses (UUKYV and its close relatives); the alpha-helices present
in that region are crucial for this interaction (20). Although
Tyr,, Asp,;, or Trp,, are also conserved among the Candiru
complex viruses, Phe,, is not. However, an Asp or a Glu at
position 10 might serve the same function (see Fig. S4 in the
supplemental material).

DISCUSSION

Segment reassortment in bunyaviruses has been reported
with increasing frequency, especially in the genus Orthobunya-
virus (7-10, 15, 26, 31, 42, 50, 64, 65). Nonetheless, the extent
of reassortment in the Candiru complex (5 of 13 named vi-
ruses) is unprecedented. Given that phylogenetic analyses of

other members of the genus are based on only single genomic
segments (18, 21, 35, 63), it is possible that as additional full
genomic sequences are reported, we will learn that this feature
is not unique to the Candiru complex.

Interestingly, all segment reassortants reported among bun-
yaviruses to date involve the interchange of the M segment
(7-9, 15, 42, 50, 64, 65). The M segment of phleboviruses
encodes two glycoproteins: Gn and Gc, and a nonstructural
protein, NSm (41). As with other bunyaviruses, the phlebovirus
envelope glycoproteins are important for viral infection, patho-
genesis and immunity; they serve as neutralizing and hemag-
glutinin-inhibiting antibody targets and are exposed to selec-
tive pressure (3, 6, 30, 46). Neutralizing epitopes typically
depend on the tertiary structure of proteins, and even a single
amino acid substitution may influence biological activity (24,
53). The ICTV currently distinguishes phlebovirus species
based on a 4-fold difference in neutralization tests. Although
neutralization assays are well-established methods for differ-
entiating phleboviruses for taxonomic analysis, the high rate of
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FIG. 6. Pairwise sequence analysis. To establish a potential cutoff for phlebovirus classification, we pursued pairwise sequence comparison
of all published phlebovirus sequences. Calculations were performed using MEGA software (33) to calculate the p-distance of each segment
at the nucleotide level. p-distance values were grouped in three groups representing: blue, distances among different strains of the same virus
(intraspecies); red, distances between members of different species (intergroup); and green, distances among members of the Candiru

complex.

genetic reassortment of the M segment illustrates the potential
risk associated with relying on neutralization or hemagglutina-
tion inhibition assays alone. Ngari virus (NRIV) is a case in
point. It has recently been associated with severe febrile illness
and hemorrhagic fever among humans in East Africa (7, 8).
Genetic characterization of NRIV has shown that it is a genetic
reassortant with S and L RNA segments from Bunyamwera
virus (BUNV) and an M RNA segment from Batai virus
(BATV) (8, 65). In PRNT tests or with partial sequencing of
just the M segment, NRIV virus would appear to be BATV;
but in CF tests, which detect the nucleocapsid (N) protein
(encoded by the S RNA segment), NRIV would appear to be
BUNV.

CF assays based on using the N protein as an antigen are
useful in identifying members of a given antigenic complex.
However, it is less clear that reciprocal titers of CF tests are
sufficient to measure distance between the members of a se-
rological group. Although we found no correlation between
genetic distance and CF titers at the level of species, we found
good correlation with clade membership. Neutralization, on
the other hand, does not seem to correlate with evolutionary
distance. Given the low correlation observed between com-
plement fixation titers and genetic distance, it may be pru-

dent to embrace a system of classification of Bunyaviridae
that also considers genetic data. The current system of tax-
onomy, which is based exclusively on antigenic classification,
can be misleading given the phenomenon of segment reas-
sortment.

It is also noteworthy that 6 of the 13 Candiru complex
viruses were isolated from febrile people. The clinical mani-
festations of illness (29, 60) in these people were similar; non-
specific, self-limited febrile illness, indistinguishable from phle-
botomus (sandfly) fever and other relatively benign arboviral
illnesses (56). Based on the frequency of their isolation (most
have only been isolated once), one would predict that the
Candiru complex viruses are not a common cause of human
illness in tropical America. However, the paucity of isolates
could also be a reflection of their distribution (tropical for-
ested regions) and their recognition (all were isolated and
identified in arbovirus diagnostic or research laboratories).
Because of the limited laboratory capability of most medical
facilities in this geographic region and the nonspecific na-
ture of the illness, sporadic human cases may be misdiag-
nosed or unrecognized. However, given their genetic diver-
sity, geographic range and ability to evolve through segment
reassortment, it seems probable that other unrecognized
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members of the Candiru complex now exist and that new
ones will continue to evolve.
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