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Abstract: Bovine ephemeral fever (BEF) is an arthropod-borne viral disease, which frequently causes
significant epizootics in susceptible water buffalo and cattle in Africa, Australia, Asia and the Middle
East. In the current study, a two-stage protocol for BEFV viral isolation was developed. Data on the
clinical signs, geographic distribution and phylogenetic analysis of BEFV strains isolated in Israel in
2015, 2018, 2021 and 2023 were summarized. It was found that during 2015-2021, all BEF outbreaks
were caused by local BEFV strains, whereas the epizootic of BEFV in 2023 was caused by a new
“Mayotte-like” BEFV strain. A comparison of bluetongue (BT) and BEF outbreaks during 2023 in
Israel demonstrated that the incidence of BEFV was 2.21 times higher and its pathogenicity was
more serious for the cattle population compared to that caused by BTVs. A phylogenetic analysis
of Israeli and global BEFV revealed the emergence of non-local strains in new areas. This finding
suggests that BEFV can no longer be classified based only upon geographic distribution. Considering
a phylogenetic, genetic and proteomic analysis of all available BEFV strains, we suggest classifying
them as a single serotype, which includes four lineages.

Keywords: cattle; epizootic; outbreak; phylogenetic analysis

1. Introduction

Bovine ephemeral fever (BEF) is an arthropod-borne viral disease that is suspected to
be transmitted by mosquitoes and Culicoides biting midges [1]. According to serological
studies, BEF viruses infect a large range of domestic and wild ungulates, while cattle
and water buffalo are considered the most clinically susceptible animals. Clinical disease
was also observed in yak in India and China [2-5]. BEFV was successfully isolated from
insects that were not recently blood-engorged. These insects included both midges and
mosquitos consisting of several different Culicoides species (Diptera: Ceratopogonidae),
some species of mosquitos (Diptera: Culicidae), such as Anopheles bancroftii, and a mixed
pool of mosquitoes that included species from the genera Culex, Uranotaenia and Aedes [2].

BEFV (species Ephemerovirus febris) belongs to the Rhabdoviridae family and Ephemerovirus
genus. The virion contains a ~14.9 kb long, non-segmented, negative-sense single-stranded
RNA genome that encodes five structural proteins—nucleoprotein (N), phosphoprotein (P),
matrix protein (M), glycoprotein (G) and RNA-dependent RNA polymerase (L)—and five
non-structural proteins (NSs) (Gns, «-1, x-2(3), 3, v) [6,7]. Among the structural proteins,
G plays a crucial role in the attachment, entry and release of viruses. It contains highly
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conserved immunodominant epitopes, stimulates the production of host-neutralizing
antibodies and is regarded as one of the major antigenic determinants [8,9].

The morbidity rate in susceptible cattle populations is usually high (might reach
80-100%), whilst the mortality rate, in most cases, remains low (1-2%) [10]. The duration
of clinical signs is usually short, characterized by bi-phasic acute hyperthermia, lameness
and ocular and nasal discharge before recovery [2]. In Mayotte, BEF in cattle (locally
named “cattle flu”) has been associated with anorexia, nasal discharge, hyperthermia
and lameness [11]. In more seriously affected cattle, recumbency, synovitis, lethargy,
muscle stiffness, lameness, reluctance to move, inappetence, muscle stiffness, anorexia,
ataxia, paralysis and death may be reported. Moreover, neurotropism was confirmed by
a histopathological examination of the brain, spinal cord and peripheral nerves and may
causally contribute to paresis or paralysis caused by BEF [12,13].

However, during the last two decades, there have been reports indicating the increas-
ing frequency of reappearing and severity of the disease with alarmingly high case fatality
rates, sometimes exceeding 20% in China and Turkey [14-16]. In Israel, according to previ-
ous publications, case fatality rates were higher in milking cows as compared to heifers.
Thus, the highest case fatality rate was registered in 1999, ranging from 8.8% in heifers
aged from 1 year to calving and up to 11.5% in cows [17]. Regarding the last described
outbreak, dated 2021, the culling range in clinically diagnosed cows in different farms was
between 0 and 15.9%, with an average fatality rate of 4.83% [18]. Notably, experimental
infection also causes clinical illness, characterized by hyperthermia, nasal mucus discharge
and lacrimation, and some “serious” clinical signs of BEF [19].

BEF has a major economic impact, especially on dairy herds. Economical losses are
linked with the reduced milk production, death and culling of seriously affected animals in
the dairy industry, while it is linked to a loss of production in the feedlot cattle industry, to
temporary infertility in males and to the temporary disablement of draught animals [1,18].

There are documented cases of BEF dated 1906 in Zimbabwe, when an epizootic of the
disease was first observed. Since then, the disease has been commonly reported in many
other sub-Saharan African countries, including South Africa, Sudan, Kenya, Uganda and
Tanzania [1,20]. However, historical reports suggest that the regional distribution of BEF in
Africa is probably larger, including Madagascar, Mayotte and the Indian Ocean region [11].
Outside of Africa, the disease occurs over a vast global area; the Middle East, South and
South East Asia throughout most of China, extending into Taiwan, the Korean Peninsula
and southern Japan, into northern and eastern Australia, and becoming endemic in these
regions [1,11,21].

In the Mediterranean region, BEF was first described in Egypt in 1924 [22,23] and in
the Jordan Valley of Palestine in 1931 [24]. The disease has also been reported in Jordan,
Syria, Iraq, Iran and Saudi Arabia [25,26]. In recent years, BEFV was registered in Turkey
(2008, 2012, 2020), [16,27,28], Iran (2013, 2018, 2020) [29,30] and Egypt in 1991, 2000, 2001,
2004 [31] and 2017 (source—GenBank, accession number (acc. no) MH939257).

In Israel, the disease was first reported in 1951, reappearing irregularly with long
intervals (1990, 1999, 2004) [17]. Serological testing of subclinical calf (sentinel) sera collected
during the inter-epizootic period 20062007 revealed no positive serum samples, which
suggests no exposure to the virus after 2004 and until its probable re-invasion from Turkey
in 2008 [32]. Following this, several outbreaks emerged and were registered in 2010-2011,
2014-2015, 2017-2018 and 2021 [18]. From June until December 2023, an epizootic of BEF
occurred again, affecting most geographical areas in Israel. This epizootic was associated
with the Mayotte-like BEFV strains, which had never been detected in Israel previously.

Bluetongue (BT), similar to BEF, is an arthropod-borne viral disease of domestic and
wild ruminants with a world-wide distribution. The transmission of most BTV serotypes
between mammalian hosts relies on competent blood-feeding midges of the Culicoides
species [33]. In contrast to BEF, BT is a disease reportable to the WOAH [34]. The long-term
infection of cattle was thought of as subclinical, with the exception of BTV-8 infection.
Cattle are particularly significant in the epidemiology of the disease due to the prolonged
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viremia that occurs following infection. When apparent, the clinical signs of BT are mainly
attributable to an increase in vascular permeability and include fever, hyperemia and
congestion, facial edema and hemorrhages, erosion of the mucous membranes, coronitis,
laminitis and pleural and pericardial hemorrhages [33]. The impact of the current outbreaks
in Europe caused by serotype 3 in 2024 in cattle is currently being investigated by GEZOND-
HEIDSDIENST VOOR DIEREN BV(GD), Netherlands [35]. For several years, the influence
of different BTV serotypes on the health of cattle in Israel has been investigated. It was
demonstrated that BTV-1, -3, -5, -6, -8, -9, -12, -15 and -24 caused clinical manifestations of
BT in Israeli cattle. For example, BTV-9-infected milking cows manifested hypersalivation,
fever, dyspnea, recumbency, milk reduction and diarrhea [36,37].

BTV belongs to the genus Orbivirus within the family Sedoreoviridae. Unlike the lin-
ear BEFV genome with a single serotype, the genome of BTV is composed of 10 linear
double-stranded segments (Seg-1 to Seg-10) encoding seven structural (VP1 to VP7) and
five nonstructural (NS1 to NS5) proteins [38]. Based on Seg-2 gene sequences and virus neu-
tralization tests, 36 distinct BTV serotypes have currently been officially recognized [39,40].

In this article, we describe the clinical manifestation, spread dynamics and duration
of the BEFV 2023 outbreak in specific farms and across the entire Israeli territory. We
analyzed the data collected from affected cattle and tested in parallel for BTV and BEFV,
which enabled us to compare and evaluate both of the pathogens’ veterinary importance in
context of the 2023 outbreaks. In addition, we molecularly characterize the Israeli BEFV
strains collected during the outbreaks in 2015, 2018, 2021 and 2023 and show that this
outbreak was caused by viruses which are similar to strains isolated previously in Mayotte.
Our findings suggest the emergence of a virulent BEFV strain in the Middle East.

2. Materials and Methods
2.1. Field Samples

A total of 1176 samples from 1174 cattle were collected and submitted to the Kimron
Veterinary Institute’s Department of Virology, Israel, between May and December 2023
for routine examination of arboviral infection in Israel. Clinical specimens comprised
whole blood from clinical animals, and brain, lung or/and spleen from dead or severely
ill slaughtered cattle. The field samples which were tested in parallel for BEFV, BTV and
epizootic hemorrhagic disease virus (EHDV) from cattle are shown in Table 1. Since EHDV
did not cause an outbreak in 2023 and was previously published, this information was not
considered in this study [41].

Table 1. Information about field samples tested by RT-PCR for BEFV and BTV collected from clinical
cattle in 2023 and the viral isolation in cell culture.

Type of Samples
Blood Int. Organs Brain Total VI
Ne of tested samples for BEFV 1128 39 (37) 9 1176 (1174) 17
Ne of BEFV-positive samples 401 8 1 410 8
Ne of tested samples for BTV 1070 39 (37) 9 1109 (1107) 25
Ne of BTV-positive samples 118 6 1 125 11
Ne of mixed positive " s
BTV/BEFV samples o 4 ! % 2
Total BTV positive samples 209 10 2 221 12
Total BEFV positive samples 492 12 2 506 9

Ne—number; blood—whole blood and serum samples; serum and whole blood were tested for BEFV; whole blood
samples were tested for BTV; int. organs—internal organs which included spleen, lung or mixed samples (spleen
and lung); VI—viral isolation; number in brackets—number of tested animals; *—the brain sample from a cow
which manifested neural signs before death was also positive for the Shuni virus; **—one BTV and one BEFV,
which were isolated from the same sample.
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2.2. Viral Isolation (VI)

Most BTVs were isolated in embryonated chicken embryos (ECEs) according to Ko-
marov et al. [42] followed by adaptation on cell cultures (Table 2). For VI, red blood cells
were washed three times with PBS and disrupted with sterile double-distilled water in a
proportion of 1:10, and the supernatant from homogenized spleen filtered with a 0.22 um
filter was used for BTV VI. The information on VI from field cattle is presented in Table 1.
Additionally, samples from sheep, six whole blood samples and one spleen sample were
used for BTV VI (data are not presented in Table 1).

Table 2. Schematic procedure of the BTV and BEFV viral isolation (VI).

1st Step of VI 2nd Step of VI
BTV BEFV BTV BEFV
ECE + - C6/36 — BHK-21 NT -
C6/36 +/- + C6/36 — BSR + +
BHK-21 NT - C6/36 — Vero +/- -
+

BSR +/- +/- BSR — Vero +
Vero -

+ successful VI; +/-—successful, but rare VI; —unsuccessful VI; ——usage supernatant from successful VI (left
side from the arrow) for the infection of other cell culture types (right side from the arrow); NT—not tested.

Attempts to isolate BEFV that were performed in ECEs and directly in Vero (origin:
green monkey kidney) and BHK-21 (origin: hamster kidney) cell cultures failed. The
following protocol was developed for the isolation of BEFV: (i) primary infection of the 24 h
monolayer of C6/36 cells (origin: Aedes albopictus) with washed buffy coats for 2 passages
with confirmation of VI by RT-PCR [43,44]; (ii) infection of the 24 h monolayer of the BSR
cells (BHK-21 clone BSR) with BEFV-positive supernatant from C6/36 cells with continuous
re-passages; and (iii) infection/adaptation of the 24 h monolayer of Vero cells with the
RT-PCR BEFV-positive BSR cell supernatant with a prominent cytopathic effect. The final
schematic protocol for BEFV isolation is shown in Figure 1.

C6/36 cells: BSR cells:
2 passages 2 passages

Figure 1. Scheme of the final protocol of the developed method for the isolation of BEFV.

Vero cells:
2 passages

Washed buffy coats or buffy coats together with red blood cells (“infection substance”)
were used for VI. Thus, the infection substance collected in 2018 was stored at —70 °C,
whereas the freshly prepared infection substance collected during the 2021 and 2023 arbovi-
ral period (June-December) was stored +4 °C. C6/36 culture cells were incubated at 30 °C
for two hours with the infection substance. Thereafter, the infection substance was col-
lected and the cell culture was carefully washed twice with PBS. Infected C6/36 cells were
maintained in media containing Leibovitz’s L-15 tissue culture medium, containing 2% of
fetal calf serum (FBS), 1% L-glutamine and 1% penicillin-streptomycin (10,000 U/mL). The
infected C6/36 cells were incubated for four to six days depending on the cell culture condi-
tion. Between every passage, the infected cells were stored at —70 °C. After two passages in
C6/36 cells, BSR cells were exposed to the BEFV-positive supernatant from C6/36-infected
cells for two hours in the cell incubator at 37 °C. Infected BSR cells were incubated in
the cell incubator at 37 °C for between four and six days depending on the cell culture
condition. For adapting local BEFV strains to the BSR cells, demonstrating a prominent
cytopathic effect (CPE), usually two passages were needed. However, in the case of the
“Mayotte-like” BEFV strains, in most cases only a single passage was needed, as well as for
the adaptation from BSR to Vero culture cells. The infected Vero culture cells were incubated
in a cell incubator at 37 °C for between five and seven days. Infected BSR and Vero cells
were maintained in media containing Dulbecco’s Modified Eagle’s Medium (DMEM) and
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supplemented with 2% FBS, 1% tryptose phosphate broth and 1% penicillin—streptomycin
(10,000 U/mL). Table 2 shows a schematic description of the different procedures used for
BEFV and BTV isolation.

Because the infectious material was collected and the infected cells being washed,
almost no infectious material remaining on the surface of the cells and in the super-
natant/tissue culture medium, making subsequent sequencing unnecessary. In the majority
of cases, a positive result from successful VI was strongly positive in RT-PCR, which
confirmed VI. In cases of infected C6/36, where a prominent CPE was rarely seen, PCR
was performed for every infected case after two blind passages. Only RT-PCR-positive
C6/36 supernatants were used for the infection of the BSR cells.

2.3. Nucleic Acid Extraction and Polymerase Chain Reaction (RT-PCR)

Ribonucleic acid (RNA) from the cell culture supernatant and field samples (whole
blood, lung, brain, spleen) were extracted with the MagMAX™ CORE Nucleic Acid Purifi-
cation Kit (Thermo Fisher Scientific, Austin, TX, USA) or IndiMag Pathogen Kit (Indical
Bioscience, Leipzig, Germany), according to the recommendations of the manufacturers.
During the arboviral period (June-November 2023), all samples of cattle origin were tested
for BTV and EHDV according to Wernike et al. [45]. Brain samples from cattle which
manifested neural signs before death or euthanasia were also routinely tested for simbu-
viruses [46]. The laboratory diagnosis of BEFV during the outbreak of 2023 was performed
based on pan-ephemero conventional RT-PCR [44], followed by the Sanger sequencing of
selected samples.

2.4. Sequencing and Phylogenetic Analyses

BEFV-positive field samples (plasma or serum) collected in 2015 were partially se-
quenced by the Sanger method using overlapping genome fragments (the primer sequences
are presented in Table S1). The cDNA fragments were purified with the MEGAquick-spin
Total Fragment DNA Purification Kit (iNtRON Biotechnology, Gyeonggi-do, Republic
of Korea) and subsequently sequenced at Hylabs, Rehovot, Israel, by standard Sanger
methods in both directions using an ABI 3730x] DNA Analyzer (Thermo Fisher Scientific).

The whole-genome coding regions of BEFV genomes were sequenced as previously
described [44]. For the sequencing of the strains collected in 2018 and 2021, the buffy coats
of cattle from field samples were used, while for the strains from 2023, the sequencing was
performed for viral strains isolated in BSR cells. The extracted RNA was submitted to the
Technion Genomic Center (Technion Israeli Institute of Technology, Haifa, Israel) and was
sequenced using an Illumina NextSeq2000 together with a P1 flow cell run in 2 x 150 bp
mode (Illumina, San Diego, CA, USA). The sequences were mapped to the most closely
related strains (local Israeli strain, acc. no MN078236, and a strain from 2023 from Mayotte,
acc. no MN148803). The resulting nt sequences were assembled, aligned and pairwise
compared using Geneious version 9.0.5 (Biomatters, Auckland, New Zealand) and/or
BioEdit programs (https:/ /bioedit.software.informer.com/7.2/, accessed on 10 July 2024).
Phylogenetic trees were constructed using the Mega X software [47]. For all phylogenetic
trees, the maximum likelihood method (ML) and the Tamura—Nei models were applied.

2.5. Analysis of BEFV Proteins and Noncoding Regions of the Viral Genome

We analyzed all viral proteins and intergenic noncoding regions (ncr) except for
3’ UTR and 5 UTR, because some publicly available BEFV genomes and BEFV strains
sequenced during this study are incomplete at the genomes” ends. In this analysis, we
included all completely sequenced Israeli strains (coding regions; isolates from 2018, 2021
and 2023), two partially sequenced strains from the field samples collected in 2015 and
selected publicly available genome sequences of BEFV strains representing every lineage.
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3. Results
3.1. Clinical Disease Manifestations of Affected Animals and Geographic Distribution of BEFV
during 2023 Outbreak

In June 2023, a disease clinically resembling BEFV emerged in about twenty milking
farms situated in the southern areas of the country (the Arava and Negev desert areas). In
most cases, milk reduction for a couple of days preceded the appearance of other clinical
manifestations. Thereafter, affected cattle manifested signs which included fever, lameness
or stiff gait, recumbency, weakness, hypersalivation and mucosal hyperemia, inappetence,
dyspnea or tachypnea. In rare cases, weight reduction, constipation or diarrhea were
also seen. According to the reports of clinicians, the case mortality rate was lower than
in cases of BEFV-infected cows from previous outbreaks, when the BEF was caused by
local BEFV strains. After recovering from BEF, an unusually high proportion of dairy
cows were unable to produce milk at the same level as before the disease. Notably, a
massive spread of the BEFV to the central and northern areas of the country was mostly
seen from August to October 2023. Another exceptional characteristic of the 2023 BEFV
epizootic was the recurrent waves of infection or prolonged infections, which were seen
in previously affected farms, probably in other previously non-infected animals. Thus, in
several farms/geographic settlements, laboratory-confirmed new cases were registered
during several months or at long intervals (Table 3).

Table 3. Information about geographic locations with registered recurrent BEFV infection.

Month of BEFV Detection

Place Distinct Jun Jul Aug Sep Oct Nov Dec
BE’ER TOVIYYA South + + - + + + +
AZRIQAM South - + - + + - -
BENAYA South - + + + + - -
BET EL'AZARI Center - - - + + - -
GALED (EVEN YIZHAQ) North - - - + - + -
HAMADYA North - - - + + + .
KEFAR MENAHEM South - + - + - - -
KEFAR WARBURG South - + - + - + -
LAVI North - - - - + + -
MASH’EN South - + - + - - -
MASSU’OT YIZHAQ South - + - + + - -
NIR YISRA’EL South - + - + - - -
NOV North - - - - + + +
QEVUZAT YAVNE South - - - + + + -
REGBA North - - - + - + -
SEDE YA’AQOV North - - + + + - -

+ laboratory-confirmed positive cases; - no laboratory-confirmed cases.

In November-December, the number of BEFV cases constantly decreased. Considering
the whole BEF outbreak in 2023, disease was observed across almost all of Israel from the
Arava Desert to the Golan Heights and lasted from June to November/December 2023.
Eventually, BEFV infection was laboratory-confirmed in 151 geographic settlements.

3.2. Comparison of Collected Data about BTV and BEFV Infection in Cattle in 2023
Arbovirus Season

We compared the number of registered BEFV and BTV cases in Israeli cattle in 2023
(the registered BTV serotypes during the 2023 arboviral season were BTV-3, -4, -5, -6 and
8). Thus, 221 BT V-positive field samples were detected, versus 489 BEF from 1109 tested
samples of cattle origin, which were tested for both pathogens (an additional 17 BEFV-
positive samples were found among 67 serum samples submitted for BEFV laboratory
diagnosis) (Table 1). Considering only the samples which were tested in parallel for BTV
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and BEFV, the number of BEFV detections during 2023 was 2.21-fold higher than the
number of BTV detections.

3.3. Viral Isolation

Data regarding BTV VI from cattle origin only are presented in Table 1. In general (both
from cattle and sheep field samples), sixteen BTVs were isolated: three strains of BTV-3,
four strains of BTV-4, five strains of BTV-5, three strains of BTV-6 and one strain of BTV-8.
Thirteen BTVs were isolated in ECEs. Two BTV-3 strains were isolated in cell cultures from
whole blood samples from sheep: one in C6/36 cells, and one in BSR. One BTV-4 from
cattle whole blood sample was isolated directly in cell cultures.

Data on successful VI for BEFV are also presented in Table 1. Notably, VI of the BEFV
from selected samples collected in November and December 2023 was successful from
the earliest collected whole blood sample (mid-November 2023), which could point to the
last “active” cases dating to mid-November. From the same BEFV /BT V-positive whole
blood sample, a Mayotte-like BEFV was isolated directly in C6/36 and BSR cell cultures,
while BTV-4 was isolated only in ECE. This result shows the different susceptibility of
different VI systems to BTV and BEFV and that a simultaneous infection of a sick female
calf with BTV/BEFV could be confirmed. Information on BTV VI from sheep samples is
not provided in Table 1.

Table 2 shows that attempts to isolate BEFV directly in ECE, BHK-21 and Vero cells
have failed, in contrast to successful direct isolation/adaptation in C6/36 and/or BSR. The
proportion of successful VI of the BTV in ECEs was significantly higher than in the cell
cultures used for viral isolation in the current work.

3.4. Sequencing and Phylogenetic Analysis

The coding regions of the two BEFV strains from 2018 (ISR-2055/18 acc. no OQ171225,
ISR-2261/1/18 ac. no OQ171226), three strains from 2021 (strains ISR-2096/1/21, ISR-
3119/2/21,1SR-3180/1/21; acc. no PP239349, 0Q171227, OQ171228, respectively) and three
strains from 2023 (ISR-1451/23, ISR-Negev /23, ISR-1520/23, acc. no OR982678, OR982677,
OR982679, respectively) were sequenced. Since the number of completely sequenced
global BEFVs is scarce and did not allow us to evaluate epidemiological aspects based
on these data, we used the G protein-coding region for phylogenetic analysis (Figure 1).
In addition, we provide a phylogenetic analysis based on the publicly available data of
the full genome in Figure S1. Before the detection of BEFV strains in Mayotte in 2017
(date of publication 2019), BEFVs were categorized into three or four clusters according
to their geographical distribution [2,14,30,48]. In addition, non-local newly introduced
BEFV strains are frequently identified in BEFV endemic areas, and so a geography-based
classification is already less relevant. For this reason, we divided BEFVs into four lineages
(I-IV) based on the phylogenetic relationship between strains, the structure of the proteins
and the intergenic regions (Figure 2).

Since no recombination was observed among the BEFV strains and the phylogenetic
comparison of the G-protein gene sequences with the complete BEFV genomes demon-
strated the same results (Figures 2 and S1), we used the sequences of the G-protein-coding
regions for further analyses, as their number was significantly higher than that of the
complete genome sequences. In general, according to this classification, lineage I consisted
of the Mayotte and Mayotte-like Israeli BEFVs from 2023. Lineage II consisted of South
African strains only. Lineage Illa consisted of local Israeli BEFV strains from 2000 to 2021
together with other Middle Eastern strains, including the Turkish and Iranian Khuzestan
strains identified in 2018 and 2020, the Indian IDR strain isolated in 2019, and the Japanese
YHL strain isolated in 1966. Lineage IlIb includes the Far-East Asian strains (originat-
ing in China, Japan, Taiwan and Thailand) and the Iranian and Turkish strains from the
2012-2013 year of isolation, while lineage IV includes the Australian strains only. It can be
seen that in the African, Middle Eastern, Indian and Indian Ocean regions, strains from
one geographical area are often introduced into another. For example, in 2012-2013, in the
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Middle East region where the local strains belong to lineage Illa, strains of the Far Eastern
lineage I1Ib were introduced (Turkish strains Adana 6255-7/Turkey2012, CP13 and Iranian
BA/AZ/IR and IR-2013, Figure 1).

74, NC 002526/BEFV/AUS
AF234533/BEFVIAUS/BBT721/1968
9| KF679412/BEFV/AUS/CS1867/1970
KF679407/BEFVIAUSICS1179/1982 | lineage IV
KF870410/BEFV/AUS/CS1820/11976
KF679458/BEFV/AUS/D853/2010
77 | KF679440/BEFV/AUS/CS1911/1989
OP887034/BEFVICHN/CQ1/2022
MH105235/BEFV/THA/EastAsial TH/NPO060/2017
MW147484/BEFVICHN/dali2019
KP403939/BEFV/TWN/2014-TN1-Taiwan/2014
LC155958/BEFVIJAP/KS BEF-2/2015
a4 [— MN873573/BEFV/CHN/2015GX
MGT28501/BEFVICHN/2013ZH/2013
MGT29593/BEFV/CHN/11082-2016/2016
KM276084/BEFV/CHN/Bovine/China/Henan1/2012
KCB19106/BEFV/TUR/AdanaB255-7/Turkey2012/2012
KC470311/BEFV/TUR/2012/TRICP13/2012
| MZ687779/BEFVIRNBARZIR/2013
70 MF491476/BEFVIRN/R-2013/2013
KJB05432/BEFVTWN/2000-PT1-Taiwan/2009
AY935240/BEFV/TWN/ 996/ TW/TN1/1996
KP403933/BEFVITWN/2012-TN3- Taiwan/2012
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Figure 2. Phylogenetic tree of Israeli and global bovine ephemeral fever viruses (BEFVs) analyzed by
glycoprotein-coding nucleotide sequences. The Berimah virus was used as an outgroup. All Israeli
BEFV strains are shown in bold, while the strains sequenced during the current study are shown in
bold and underlined. The phylogeny was inferred using the maximum likelihood method and the
Tamura—Nei model method. The percentages of replicate trees in which the associated taxa clustered
together in the bootstrap test (1000 replicates) are shown next to the branches. Viruses were identified
by accession number /virus species/location/isolate/year.
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The percentage of the nt identity between strains which belong to the same lin-
eage/sublineage, and between strains which belong to different lineages, calculated by the
pairwise analysis is presented in Table 4. Two BEFV strains were not used for pairwise anal-
ysis due to the boundary results: the Japanese strain YHL isolated in Japan in 1966, acc. no
AB462028, and the Egyptian strain EGY12 isolated in 2012 with the acc. no KJ729108, which
contradicted the results in the pairwise and phylogenetic analyses and were classified as
strains belonging to linage III (Figure 1). In general, the identity between lineages I and II, I
and III, [ and IV, Il and III, and II and IV is between 86.34 and 88.01%. The identity between
lineages IIl and 1V is slightly higher at 89.30-91.89%. Inside the same lineage (including
sublineage Illa), the identity between strains is higher than 96%, except for sublineage IIIb,
wherein the lowest identity is 94.93%. The identity between strains which belong to the
entirety of lineage Il ranges between 91.13 and 99.73%.

Table 4. Percentage identity of BEFV strains belonging to the same and different lineages.

Cluster I II III IIla IIIb v
I 98.78-98.83 86.7-87.69 87.51-87.94 87.51-87.88 87.57-87.94 86.34-86.74
II 86.70-87.69 96.53-98.66 86.94-88.01 87.03-87.29 86.94-88.01 86.92-87.64
11T 87.51-87.94 86.94-88.01 91.13-99.73 89.30-91.89
IIa 87.51-87.88 87.03-87.29 96.03-99.73 91.08-92.69 90.02-91.89
IIIb 87.57-87.94 86.94-88.01 91.08-92.69 94.93-98.18 89.30-91.34
v 86.34-86.74 86.92-87.64 89.30-91.89 90.02-91.89 89.30-91.34 96.46-98.43
According to phylogenetic analysis, non-local strains have been detected twice in the
territory of Israel since the 2000s: the Turkish strain in 2008 (lineage Illa) and the Mayotte
strain in 2023 (lineage I) (Figure 2).
3.5. Analysis of the BEFV Proteins and Noncoding Regions of the Viral Genome
All viral proteins from all lineages have the same length, except for the length of
some [B-proteins. Thus, the length of most BEFV p-proteins is 147 amino acids (aa). In
contrast, the length of the Chinese Henanl strain isolated in 2012 and the Australian
BB7721 strain isolated in 1968 is 107 aa, and the South African RSA /OBP strain is 148 aa
long. Interestingly, the length of the intergenic noncoding regions is variable between
different lineages, as well as inside the same viral lineage and differences in their length
are presented in almost every intergenic region (Table 5). Moreover, the length of all of
the noncoding intergenic regions of BEFV strains belonging to lineages III and IV is the
same, except for the region between the P and M proteins, where the lengths are 57 and
56 nt, respectively. Lineages I and II differ in the length of noncoding intergenic regions
and differ from lineages III and 1V, illustrating the diversity of strains of “African” origin.
Table 5. Comparison of coding and noncoding regions of Israeli and global BEFV strains.

Strain Origin Lineage N ner P ner M ner G ner Gns ner ol o2 B ner Y ner L
MN905763 /IDR /2019 India 1la 431 36 279 57 223 61 623 63 586 45 89 116 147 49 104 40 2144
MN078236/2006/2000 Israel 1Ila 431 36 279 57 223 61 623 63 586 45 89 116 147 49 104 40 2144

0Q171224/ISR-1538/15/2015 Israel 1lla 431 36 279 57 223 61 623 63 586 45 89 116 nd nd nd nd nd

0Q171223/1SR-1969/15/2015 Israel 1Ila 431 36 279 57 223 61 623 63 586 45 89 116 147 49 nd nd nd
0Q171226/1SR-2261/2/2018 Israel 1lIa 431 36 279 57 223 61 623 63 586 45 89 116 147 49 104 40 2144
0Q171225/1SR-2255/2018 Israel JUIE] 431 36 279 57 223 61 623 63 586 45 89 116 147 49 104 40 2144
PP239349 /ISR-3096/1/2021 Israel 1lla 431 36 279 57 223 61 623 63 586 45 89 116 147 49 104 40 2144
0Q171228/1SR-3180/1/2021 Israel Ila 431 36 279 57 223 61 623 63 586 45 89 116 147 49 104 40 2144
0Q171227/1SR-3119/2/2021 Israel 1lla 431 36 279 57 223 61 623 63 586 45 89 116 147 49 104 40 2144
KM276084/Henan1/2012 China 1IIb 431 36 279 56 223 61 623 65 586 45 89 116 107 49 104 40 2144
AF234533/BB7721/1968 Australia v 431 36 279 56 223 61 623 65 586 45 89 116 107 49 104 40 2144
MN148803/7641/2017 Mayotte 1 431 35 279 52 223 60 623 73 586 36 89 116 147 49 104 55 2144
OR982678 /ISR-1451/23 Israel 1 431 35 279 52 223 60 623 72 586 36 89 116 147 49 104 48 2144
OR982677 /ISR-Negev /23 Israel 1 431 35 279 52 223 60 623 73 586 36 89 116 147 49 104 48 2144
OR982679/ISR-1520/23 Israel 1 431 35 279 52 223 60 623 72 586 36 89 116 147 49 104 48 2144
MW463337/RSA/OBP /2008 S.Africa i 431 36 279 59 223 59 623 64 578 42 89 116 148 50 104 41 2144

ncr—noncoding region; S.Africa—South Africa; nd—no data (partial sequence). The coding regions of every
protein are represented by the abbreviation of the protein.
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MN905763/IND/IDR/2019/IIIa
MNOT78236/BEFV/ISR/2000/IIIa

0Q171224/ISR-1538/15/2015/ITTa
0Q171223/ISR-1969/15/2015/IIIa

0Q171226/ISR-2261/2 /2018/IIIa
0Q171225/I5R-2255/2018/I1TIa

PP239349/ISR-3096/1/2021/IIIa
0Q171228/15R-3180/1/2021/1I1ITa
0Q171227/I5R-3119/2/2021/I1IIa
KM276084,/CHN/Henanl /2012/IIIb

We considered the aa alignment of the antigenic sites of the G protein presented by rep-
resentative BEFV strains from every lineage and compared them with the sequenced Israeli
strains. Thus, all local Israeli strains and the representative Indian strain of the lineage Illa
from 2019 have identical G1, G2 and G3a antigenic sites, while the last Israeli local strains
detected in 2018 and 2021 had a single substitution in the G3b site position N222D. The
representative Chinese strain Henan1 from 2012, which belongs to the sublineage Illb, has
two substitutions at positions D223E and T503K. The representative Australian strain from
lineage IV has two different substitutions from lineage Illa at positions T224K and S499N,
and an additional substitution, N222D, with the local Israeli BEFV strains from 2018 to 2021.
Regarding the differences between the sublineage IIIb and the lineage IV, there are three
substitutions between the strains: D223E, T224K and S498N. Notably, strains belonging
to the sublineage IIIb and the lineage IV have the same aa substitution at the position
503 (K—Lysine), separating them from all other strains belonging to linages I and II (N-
Asparagine) and Illa (T—Threonine). Considering all BEFV strains which belong to lineage
III, they are most closely related to the strains belonging to lineage IV (the difference is two
to three substitutions). The BEFV strains from Mayotte and Israeli “Mayotte-like” strains
(lineage I) have the same antigenic sites, which differ in six positions from the antigenic
sites of the BEFV strains from lineage III. The African representative strain (lineage II)
differs from the BEFV strains which belong to lineage I1I in seven/eight positions, while the
difference between strains belonging to lineages I and Il is five aa substitutions (Figure 3).

G3a G2 G3b G3c G1

49 63 led 189 215 231 262 271 4587 303
PITIT | (IR | e [ RS [ | I I PP - ) e, [T |

QAHHN LAKDEHYNKI FLTPCTINDSKTKGCPLKDIT KSFRSELNDTERLWEAP IENQTESDFQ YEEDEKFKEVNLS PHET
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AF234533/BEFV/AUS/BBTT21/1968/IV R o . A L T R R wonc i i o T T A e A R ATIV RIS,  (RORE, ¢

MN148803/MYT/7641/2017/1
OR982678/ISR-1451/23/1
OR982677/ISR-Negev/23/1
OR982679/ISR-1520/23/1
MW463337/ZAF/RSA/OBP/2008 /1T

aLie

< - ]

EEEE]
- SR

iR e aRE el
Figure 3. Alignment of the amino acid sequences corresponding to the antigenic sites G1, G2 and
G3 of the BEFV G protein of the Israeli and representative BEFV strains. The substitution residues
differing from the top sequence are denoted. The BEFV strains used for the analysis are denoted by
accession number/country/strain/year of isolation/lineage.

4. Discussion

Many linear viruses which possess an RNA non-segmented genome, such as, for
example, the Newcastle virus, West Nile virus, Rabies virus and Peste der Pestis ruminants,
are classified as a single serotype with several lineages/genotypes/clades or classes [49-52].
Based on genetic, phylogenetic and proteomic analyses, which showed consistent results,
we suggest applying a similar nomenclature to BEFV strains. This means classifying all
BEFV strains as belonging to a single serotype, which includes lineages I-IV.

A proteomic analysis of the antigenic sites of the G proteins of the Israeli and global
strains illustrates that all BEFV strains belonging to sublineage Illa have almost the same aa
sequences. In general, this analysis showed the high similarity of BEFV strains belonging to
lineage III (Asian strains) and lineage IV (Australian strains), demonstrating two or three aa
substitutions in the antigenic sites of G proteins only. Both phylogenetic and pairwise
analyses of the coding regions of G proteins showed similar results illustrating the closest
identity between strains belonging to lineages IIl and IV and far lower identity with strains
from lineages I and II (Figures 2 and 3, Table 4). However, multiple substitutions were
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found in BEFV strains of African and Mayotte origin, which could point to the existence
of non-identified additional strains/lineages/sublineages on the African continent and
probably to the common ancestor of all BEFVs originating from the African continent.

The introduction of non-local BEFV strains was observed in many geographical areas,
except Australia, probably due to the geographic isolation of the continent from other
parts of the world. Interestingly, the closest identity of the Australian strains with the Far
Eastern strains (sublineage IIIb) points to a probable common BEFV ancestor, while no
BEFV exchanges between these regions have been observed for a long period. In contrast,
the introduction of new strains to Israel was observed twice during the last 15-year period:
in 2008 and recently in 2023. Until 2023, all BEFV outbreaks in Israel were caused by
local or regional BEFV strains, which belonged to lineage Illa, while in 2023, BEFV strains
originated from Mayotte, and belonged to lineage I. This fact allows us to presume that
the emergence of non-local “Mayotte-like” BEFV strains in Israel can be linked to the
uncontrolled movement of infected animals or climate changes, which have influenced
wind patterns (affecting the transmission of the viral vector) or facilitated the dissemination
of vectors to new habitat areas. Consequently, BEF outbreaks can occur in previously
BEFV-free regions.

BEF is a non-reportable disease to the World Organization for Animal Health (WOAH).
Nevertheless, the disease’s impact on cattle health and economic losses from the disease can
be more serious than those caused by the reportable BT outbreaks. Thus, the reappearance
of the BT strains/serotypes, which are responsible for heavy outbreaks among susceptible
ruminants, usually happens after relatively long intervals and is probably linked with the
long-lived immune status of convalescent or vaccinated animals [33,36,53]. On the other
hand, epizootic local BTV strains, which are found annually, are probably less pathogenic
and do not cause massive illness, and consequently lead to smaller economic losses to the
livestock industry. In contrast, observing the cyclicality of the BEFV outbreaks in Israel,
caused by closely related, probable offspring strains of the local BEFV, showed that large
outbreaks of BEFV in Israeli as well as in Turkish cattle populations happened in short
intervals of 2—4 years (the last registered outbreaks: 2014-2015, 2018 and 2021) [28].

BEFV has been a well-known pathogen in Israel since at least the 1990s. Nevertheless,
since the 2000s, when a successful single viral isolation in 2000s was performed in Israel,
all efforts to achieve BEFV viral isolation failed. During the current study, an effective
two-stage protocol was developed, allowing the isolation of BEFV from field samples in
2018, 2021 and 2023. Effective methods for BEFV isolation can significantly contribute to
the production of autogenic live or inactivated vaccines. Autogenic vaccines against homo-
logical field strains could have better effectiveness compared with non-homological strains,
potentially minimizing the substantial economic impact on the dairy and meat industries.

It was long believed that natural BEF infection typically results in long-lasting immu-
nity [54]. Since the BEF vaccine in Israel is voluntary, and during the past decade several
outbreaks have been seen, the dairy herd industry has become increasingly interested in
the vaccine. This interest has led to studies evaluating both the short-term and long-term
effectiveness of the widely used vaccine based on the 919 strain (Australian strain). Recent
studies have demonstrated that the vaccine provides moderate protection, with relatively
low neutralizing antibody titers 10-12 months post-vaccination [55,56]. Due to partial
vaccination coverage of the susceptible bovine population and the moderate long-term
effectiveness of the vaccine, herd immunity in Israel has remained low. This situation
is exacerbated by the geographic and climatic conditions favorable to the spread of this
arbovirus, leading to frequent BEF outbreaks. Additionally, the annual high replacement
rate in local dairy herds, about 25-30%, significantly increases the proportion of susceptible
individuals within the herd. This difference between the emerging Mayotte-like BEFV
strains and the vaccine strains can probably affect the efficacy of the vaccines used in Israel
(the origin of the vaccine strains is lineages IIIb and IV). Short immune protection against
re-infection with BEFV can also be linked with a sharp decrease in the antibody level, which
dropped more than ten times during only four months from vaccination [57].
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Comparative analyses of affected cattle during the 2023 arboviral season showed that
in spite of the recognition of multiple BTV serotypes in cattle population, the number of
BEFV-affected cattle in 2023 was more than two times higher compared to the BT V-affected
cattle despite the fact that the period of RNA detection in the blood of infected animals after
BEFV infection is shorter than for BTV infection (the duration of BEFV viremia/RNAemia
is probably slightly longer than a week compared to several months of RNAemia for BTV
infection) [58]. Consequently, the likelihood of an incidental finding (exposure to the virus
without clinical manifestations indicative of disease) is higher in BTV. Therefore, the actual
incidence of BEF could be even higher compared to BT, as was determined in the current
study. These results illustrate that BEFV was a leading pathogen and the more probable
cause of illness in Israeli cattle during the arboviral season in 2023. Unfortunately, it is
impossible to evaluate the proportion of BTV- and BEFV-affected cattle from the previous
outbreaks because the majority of samples were tested for one pathogen only. Additionally,
one of the most important factors driving the epidemiology of BEFV and BTV is a difference
in arthropod vectors. According to previous studies, BEFV is transmitted both by midges
and mosquitoes [2], while BTV is transmitted by various species of Culicoides only [33].
However, vector surveillance in Australia revealed that different species of mosquitos are
probably responsible for the most BEFV transmissions [59]. Screening and surveillance
programs for studying the abundance of each of these vectors can be extremely important
in determining the epidemiology of the two diseases.

In the current study, we demonstrated the significance of BEF outbreaks in Israel
and showed that in some years, their economic losses far exceeded those caused by BTV
infection in the dairy and beef industries. However, the severity of BT in cattle probably
depends on the specific serotype or even strain. Forecasting the next Israeli BEF outbreak
is challenging, since BEFV outbreaks in Israel can be caused not only by the local strains,
but also by strains which could be introduced into Israel from other regions due to the
unique geographic position or replacement of the local strains by the newly emerging
“Mayotte-like” strains.

To evaluate cross-virus neutralization data, further serological studies are needed. The
absence of this information has complicated the selection of strains for vaccine production
and prophylactic strategy, necessitating the close monitoring of vaccine effectiveness and
assessing vaccine matches to new strains. The danger of the emergence of BEF in BEF-free
areas demands the development of quick and effective diagnostic and preventive tools and
an investigation of the pathogen.

5. Conclusions

BEFV in 2023 was a major arboviral pathogen in Israeli cattle in spite of the existence
of multiple BTV serotypes. BEFV incidence in diseased cattle was 2.21 times higher than
BTV despite the short viremia of BEFV.

An effective two-stage protocol was developed for BEFV viral isolation, when C6/36
cells were used in the first stage of VI, and the BSR cells were used as an irreplaceable cell
line for the adaptation of the BEFV to cell lines of mammalian origin.

During 2015-2021, all BEF outbreaks in Israel were caused by local BEFV strains,
whereas the epizootic of BEFV in 2023 was caused by a new “Mayotte-like” BEFV strain.

Phylogenetic analysis reveals the emergence of non-local BEFV strains not only in
Israel but also in several Asian countries.

We suggested classifying BEFV strains according to phylogenetic, pairwise and pro-
teomic analyses because previous classification based on the geographic origin of the
viruses has lost its relevance. All BEFV strains can be classified as a single serotype subdi-
vided into four lineages. Currently, each lineage varies from the others by more than 10%
in nt sequences (about 12-13%), and the difference between sublineages Illa and IIIb does
not exceed 9%.
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