Journal of General Virology (2016), 97, 1010-1031 DOI 10.1099/jgv.0.000409

Correspondence
Adly M. M. Abd-Alla
am.m.abd-alla@iaea.org

Received 21 November 2015
Accepted 20 January 2016

Comprehensive annotation of Glossina pallidipes
salivary gland hypertrophy virus from Ethiopian
tsetse flies: a proteogenomics approach

Adly M. M. Abd-Alla,’ Henry M. Kariithi,1'2'3 Francois Cousserans,”
Nicolas J. Parker,® ikbal Agah ince,® Erin D. ScuIIy,7 Sjef Boeren,®

Scott M. Geib,? Solomon Mekonnen,'® Just M. Viak,® Andrew G. Parker,’
Marc J. B. Vreysen' and Max Bergoin®

'Insect Pest Control Laboratories, Joint FAO/IAEA Division of Nuclear Techniques in Food and
Agriculture, International Atomic Energy Agency, Vienna, Austria

“Biotechnology Research Institute, Kenya Agricultural and Livestock Research Organization,
PO Box 57811, Loresho, Nairobi, Kenya

SLaboratory of Virology, Wageningen University, 6708 PB Wageningen, The Netherlands

*Laboratoire de Pathologie Comparée, Faculté des Sciences, Université de Montpellier,
34095 Montpellier, France

510 Lockhart Close, Kenilworth, Warwickshire CV8 1RB, UK

®Department of Medical Microbiology, School of Medicine, Acibadem University, 34752 Atasehir,
Istanbul, Turkey

Grain, Forage and Bioenergy Research Unit, USDA-ARS, University of Nebraska East Campus,
Lincoln, NE 68583, USA

8Laboratory of Biochemistry, Wageningen University, 6703 HA Wageningen, The Netherlands

*Tropical Crop and Commodity Protection Research Unit, USDA-ARS Daniel K. Inouye US Pacific
Basin Agricultural Research Centre, Hilo, HI 96720, USA

"ONational Institute for Control and Eradication of Tsetse and Trypanosomosis (NICETT),
Addis Ababa, Ethiopia

Glossina pallidipes salivary gland hypertrophy virus (GpSGHYV; family Hytrosaviridae) can establish
asymptomatic and symptomatic infection in its tsetse fly host. Here, we present a comprehensive annotation of
the genome of an Ethiopian GpSGHV isolate (GpSGHV-Eth) compared with the reference Ugandan GpSGHV
isolate (GpSGHV-Uga; GenBank accession number EF568108). GpSGHV-Eth has higher salivary gland
hypertrophy syndrome prevalence than GpSGHV-Uga. We show that the GpSGHV-Eth genome has

190 291 nt, alow G + C content (27.9 %) and encodes 174 putative ORFs. Using proteogenomic and
transcriptome mapping, 141 and 86 ORFs were mapped by transcripts and peptides, respectively. Furthermore,
of the 174 ORFs, 132 had putative transcriptional signals [TATA-like box and poly(A) signals]. Sixty ORFs had
both TATA-like box promoter and poly(A) signals, and mapped by both transcripts and peptides, implying that
these ORFs encode functional proteins. Of the 60 ORFs, 10 ORFs are homologues to baculovirus and nudivirus
core genes, including three per os infectivity factors and four RNA polymerase subunits (LEF4, 5, 8 and 9).
Whereas GpSGHV-Eth and GpSGHV-Uga are 98.1 % similar at the nucleotide level, 37 ORFs in the
GpSGHV-Eth genome had nucleotide insertions (n=17) and deletions (n=20) compared with their homologues
in GpSGHV-Uga. Furthermore, compared with the GpSGHV-Uga genome, 11 and 24 GpSGHV ORFs were
deleted and novel, respectively. Further, 13 GpSGHV-Eth ORFs were non-canonical; they had either CTG or
TTG start codons instead of ATG. Taken together, these data suggest that GpSGHV-Eth and GpSGHV-Uga
represent two different lineages of the same virus. Genetic differences combined with host and environmental
factors possibly explain the differential GpSGHV pathogenesis observed in different G. pallidipes colonies.

The GenBank/EMBL/DDBJ accession number for the GpSGHV-Eth genome sequence is KUO50077.

Four supplementary tables are available with the online Supplementary Material.
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INTRODUCTION

Tsetse flies (Diptera; Glossinidae) transmit African trypano-
somoses, a set of neglected tropical zoonotic diseases with
devastating socio-economic impacts in sub-Saharan Africa
(Jordan, 1986; Steelman, 1976). Due to alack of effective vac-
cines and increasing drug resistance and counterfeits (i.e.
substandard drugs that mimic authentic drugs) (Barrett
et al., 2011), vector (tsetse fly) control is of critical import-
ance and represents a sustainable trypanosomoses control
method (Schofield & Kabayo, 2008). An effective vector con-
trol strategy is the application of the sterile insect technique
(SIT) as a component of an area-wide integrated pest man-
agement approach (Vreysen et al., 2013).

A prerequisite for the application of SIT programmes is
mass production of healthy and productive colonies of
the target tsetse species. A SIT programme was initiated
to eradicate Glossina pallidipes from the Rift Valley of
Ethiopia (Feldmann et al., 2005). For this programme, a
G. pallidipes colony was established at the UN Food and
Agriculture Organization/International Atomic Energy
Agency’s Insect Pest Control Laboratory (IPCL), Seibers-
dorf, Austria, using pupae collected from the target area.
However, this colony completely collapsed within 2 years
of its establishment (Abd-Alla et al., 2010) due to infection
by Glossina pallidipes salivary gland hypertrophy virus
(GpSGHYV; family Hytrosaviridae) (Abd-Alla et al., 2007).
Up to 85 % of the flies in this colony had salivary gland
hypertrophy (SGH) syndrome — a phenomenon that was
first described in wild G. pallidipes populations (Whitnall,
1934) and later observed in other Glossina species (Kariithi
et al., 2013c¢).

GpSGHYV can establish a chronic non-debilitating asymp-
tomatic infection and an acute symptomatic infection in
the adult insect host (Boucias et al., 2013). Whereas asymp-
tomatic virus infection has no apparent host fitness cost,
symptomatic infection, which is characterized by severe
and extensive SGH symptoms, causes reproductive
dysfunction and colony collapse (Abd-Alla et al, 2007;
Jaenson, 1978a, b). Overt SGH occurs in G. pallidipes,
although GpSGHV infection is largely asymptomatic in
other Glossina species (Kariithi et al., 2013a). Expression
of overt SGH in G. pallidipes can be successfully suppressed
by oral administration of antiviral drugs (Abd-Alla et al.,
2014), and by modification of fly feeding and colony hand-
ling protocols (Abd-Alla et al, 2013). Asymptomatic
GpSGHYV infection potentially represents viral latency
(Kariithi et al., 2013c) and the occurrence of SGH symp-
toms is an exception rather than a rule.

GpSGHV pathogenesis and SGH prevalence differ from
one G. pallidipes colony to another. For instance, despite
a high prevalence of asymptomatic infection in the IPCL
G. pallidipes colony (originating from Uganda), SGH
prevalence averages at <10 % and the colony has been
stable for almost three decades (Abd-Alla et al, 2010).
This prevalence markedly differs from the 85 % SGH
prevalence in another IPCL G. pallidipes colony

(originating from Ethiopia in 2001), despite the two colo-
nies being maintained under the same insectary conditions
(Abd-Alla et al., 2010, 2011), suggesting that the different
pathogenesis could be the result of two different strains
of the same virus.

Here, we hypothesize that (viral and host) genetic factors
contribute to the expression of overt SGH symptoms.
We tested this hypothesis by complete genome sequence
annotation of GpSGHV isolated from an Ethiopian
G. pallidipes colony and compared it with the reference
GpSGHYV genome (GenBank accession number EF568108),
which originated from Uganda (Abd-Alla et al, 2008).
We enhanced the GpSGHV genome annotations by
mapping onto the virus genomic sequence transcripts
and peptides obtained from RNA sequencing (RNA-Seq)
and MS data, respectively, which were analysed from
hypertrophied salivary gland (HSG) extracts.

RESULTS AND DISCUSSION

The current study was conceived from the observed differ-
ential pathogenesis of GpSGHV in different G. pallidipes
colonies. We used a combination of proteogenomic and
transcriptomic mapping approaches (Nesvizhskii, 2014)
to complement the annotation of ORFs in the GpSGHV-
Eth genome. In addition to using peptides identified
from flies infected by GpSGHV-Eth, we also included
data obtained from previous proteomics of the GpSGHV-
Uga (Kariithi et al., 2010, 2011, 2013b, 2016). Moreover,
we compared the GpSGHV-Eth genome to the GpSGHV-
Uga genome, which was annotated in silico (Abd-Alla
et al., 2008).

General features of the GpSGHV-Eth genome

The sequencing results revealed that the GpSGHV-Eth
genome had a size of 190 291 nt and a low (27.9 %) G+C
content (the GpSGHV-Uga genome has a size of 190 032 nt;
28.0 % G+ C content). From this genomic sequence, a total
of 319 ORFs (methionine-initiated ORFs; > 50 aa) were pre-
dicted, of which 174 ORFs had minimal overlaps and were
therefore considered to encode putative viral proteins
(Table 1). The 174 putative ORFs were evenly distributed on
both strands (51.15 % forward; 48.85 % reverse), mostly
arranged in unidirectional clusters (Fig. 1). The BLAST analyses
revealed that the majority of the putative GpSGHV-Eth ORFs
were nearly identical to the homologous GpSGHV-Uga ORFs
with only minor differences at the amino acid level (Table S1,
available in the online Supplementary Material). Overall, the
GpSGHV-Eth and GpSGHV-Uga genomes were 98.1 % iden-
tical at the nucleotide level (Fig. 2). Analysis of the nucleotide
sequences upstream of the first methionine residues revealed
that 89.7 % (n=156) of the GpSGHV-Eth ORFs contained a
putative TATA-like box promoter element. Furthermore,
83.9% (n=146) contained the canonical polyadeny-
lation [poly(A)] signal, whilst 35.8 % (n=62) had putative

http://jgv.microbiologyresearch.org

1011



A. M. M. Abd-Alla and others

(¥1z61) (€2681—£8061)
1184 Vid 98T ON ON punoj JoN punoj 10N LVLVL XIPY AL Y ON ST0PI-AHOS
(TsvLr) (s6.81) PI0j X0q-N L£10¥80 snaa “ds ruviploq (P1SL1—10£81)
99¢€TT PI¥81 S'69s1 ON SoX punoj JoN VVVLVV VVVLVL /ONIY t128uy durz ¥69 00 1696989100 dX  6€°68 -AHOS asesI| P10WPa-AHOS
SIUILUNL 014
(8£891) (v0sL1) (09£91) €8 910e30 aseuaBorpAysap (T0SLT<S€69T)
8969 8€LT L'L8Y ON $oX OVVLVOVVLVOV VVVLVV VVLVLVL WL €57 —900F 1796989100 dA  00°00T -AHOS 9-as0on[3-4aN €10PI-AHOS
(PSS9T—>09L91)
ON ON punoj 10N punoj 10N punoy 10N XIPY AL SIY ON T10WI-AHOS
(S18¥1) (¥86S1) z1ov3n (8T8VT—9/85T)
w61 4l g€l oN $3K punoj JoN VVIVLVY LLVLVL 169 00 1°096989100 dA  S1'66 -AHDS 110P4-AHOS
(dASDI) snaaxodowojua
(€¥0P1) (c18%1) 671 110e8n 1240011 DIVSULY (P8IPI—6SLP1)
L6TT L16 8091 $9X saK punoj 10N VVLVV VVVLVL PLE 00T  1'656989100 dA  ¥¥'86 -AHDS 6LTAINY TMO 010~ AHDS
(upjejdowsap)
(urroad EwE:woc
ursud)-asedq snaaxodouwroyud
(taz4ad] (6£801) (6s2¥1) SIN-dd YoM 010880 saduumBuvs smdouvpy (¥6801—>¥81¥1)
98 y9z61 T16S saX X DVVLVIOLLVVV VVVLVV LLVLVL -aurjoxd $s[105 pafio) 6661 00 1856989100 dA ¥0'¥6 -~AH9S 9STASI 190 600PI-AHOS
unewoIyd jo 1oyemsar
Emw:mmuv‘zcuu (dASDI) Lag
(08801) (€858) pajerdosse-xtjew 600v30 winipdiojof wnipouisvid (89801<¥£98)
9.201 9T6ST €61L S3X $oX punoj 10N VVVLVV LVVLVL PAA1EPI-INS/IMS L¥El 00 1256989100 dA  €£T6 -AHOS TETTALTVIN 800WI-AHOS
(8698) (862L) (z1£8) 800830 (608.—1298)
¥0S ¥8T €6E 9K LN DVVLVOLOOLLO VVVLVV LLVLVL 6CS 00 1956989100 dA  6LL6 ~AHDS (ur2r01d voLITA) L00WPI-AHOS
(urjo1d Juswn3ay)
asuaUNIN WNIPLISO|D)
(6599) (0082) (9%99) L0030 aseua80IpAyap (6£LL<81L9)
€69 o1 <8y saX saK HVVLIOLVVVILV VVVLVV VVVIVL 169 00 156989100 dA  L8'86 -AHDS aperaafBoydsoyd-¢-a 900y~ AHDS
MwNHMmm:N\ETAuw
[01248[£>erp (dASOI) “ds
(0659) (0s¥S) : prdioydsoyd 90030 SvLOUIOpNIS] dSeIdISUEN[AOE (56¥5—>0859)
SOTT 43 vLL saxk sk DVVLVVVOVOVL VVLVV punoj 10N /IOINSAOYD UMD 61L 00 1756989100 dA  06'86 -AHDS [012189[0YD- U] S00Y¥-AHDS
ased] ajeurde snataospaydjodoapnu
(8¥¥5) (6¥<h) (€5¥5) /OV unorpuoyd S00e30 vsiadsuoropnasd syooidng (Z8€7—>0¥¥S)
99¢L 90¥S 961 ON saK HDVVILVVLVIOLY LLVLLVV LVVILVL INS-ANT XIPY NI, 2L 00 1€S6989100 dA  TL'66 -AHDS urjoxd 999-AdO 700PI-AHOS
(1€8¢) (8¢€7¢) (6£8¢€) 0€1 €00E3N (LETe—58L€)
€081 989 91 ON ON DVVLLVVVVIV.L VVVIVV VVVIVL SLE —200T T'1S6989100 dA 00001  -AHDS €00PI-AHDS
(9%02) (oor€) 20030 (1607—1£0€)
8444 610¢ 801¢ Sk SK punoy 10N VVVIVV LVVLVL 129 00 1056989100 dA 00001  -AHDS (ur2101d Juswn3a) 200Pd-AHDS
(ur01d adoppaus)
(982061) (9012) (50z061) jhowr uoheAnse 100e80 snuaopayjodospnu (8807<1)
€6091 L8T€T V9T saX sax DVVIVVVLIVVOL LVVLVY LLVLV.L YOL-2UDNIIOST (S L THI 00 T'676989100 dA 166 -AHDS vanyiy vi21dopods (vLd) 0-d1d 100Wd-AHDS
I unod 23e12A00 d L (OVVL (uonisod) (uonisod) xoq uonejouue 100G anjeA ‘OU UOISSIIOE (%) Yojewr (uonezifesoy) (uonejusLio pue
pear mey  uedpy Jo 1, :uonisod)  yeudis (y)A[od  MI-VIVL TeanydnIs q Nuequan Amuapy  1sag surjoxd uonisod) YO
Jnour aje[ J0/pue Ie[N[[2d J0/pue
OVVLV/L/D [euonduny [ea1a 03 A3ojowoy
S[Ad[ Surddew sreudis (sar3o[ouroy
uorssaxdxa jduosuer], (d) apndad pue uondrsuer], Jo uondrsap)
(1) yduosuery, Yojeur LSVId 1sag

‘uoneoynuenb bas-yNR ur pasn aseqeiep oy 4q pauyep SUOXa dA1}dSII A UM PAUTEIU0D (94001 ) A[39[dwod a1om syustuife pear -1 ‘sydrosuer) oruoxs Aq paddewr
asot) a1om Surddewr (1) 1duosuen uo sax, payrews ST "98LIoA0D UBIW SB UMOTS ST 20Uanbas pajonIisuodal ) ur 9proaonu usArd e Sunuasaidar speal Jo Isquinu ueaur oY T, (M) spea1 paddewr uorrur
Iod uoxa Jo aseqony 1od syustdel] YIIm PIZI[EULIOU dToM S[PAS] UOTSSIdXs aUad oY T, *(¥S S[qE ], UT S[Te}oP PUE. 1Xa) UTEW UT UOTSSNISTP 995) P[Oq UT PAJed1pul o1e 91nssard wonoss aanisod opun s "pajestpur
OS[e a1e STY Y} JO S[2AI] uoissardxa ay pue QwousS [exia o) uo Jurddewr ydiosuern 1o/pue apndad a1 speudis feuonduosuen aaneind jo aoussard ) ‘STYO Y} JO $2INILIY [EINJONIS ) JO UONBJOUUE
YT, "(SJASDI) sumio01d [e1ra oy1ads-[[90 Pajdajur pajeusisap a1am uonezi[eso] oynads noyim suiajoid 98 o) Jo ¢z Sururewal ay, (qe 10 “7v 12 I ) SIN/SIN-D'1 4q suotiia 830 - AHDHSdD payrnd A[ydry
ur son3ojowoy 1123 JO WOT)I)ap A} U0 paseq ‘A[pandadsar surejord uotna pue juswuna) ‘prsdesosppnu 9dofoaus se payIsse a1om g1 pue (g ‘T ‘0T ‘surejoxd 98 a3 Jo IO "SIN/SIN-D'T 4q Pa1221ap 21om STIO
9830 spnpoid uoid SO 2aneINd $£1 APJO */—7 SUWN[0D UT UMOYS a1k B3N - AHHDHSAD urs O Surpuodsaiiod a1 03 pue sousS Ie[n{[20 I0/pUe SILIA UMOWY IT10 03 STYO PI- AHOSID 213 Jo sa1Sojowro]

awouab y13-AHHSdD ay1 ul passaidxs Ajlenusiod s4yO ¥/ | JO uoleloUUY "L d|qel

Journal of General Virology 97

1012



Comprehensive annotation of the GpSGHV-Eth genome

(dASDD) (asexpuss
ayepprudy) snamxodowojua

(8506€) (¥8¥6¢) i S€0e8n sadwumBuvs snjdouvjopy (8T16£—>8L£6€)
10S€1 (4424 86 Sk $3K punoj JoN VVVLVY VVVLVL dS XIPY WL SZT —300°T  1'€86989100 A 00001  -AHOS 8ETASIN 14O 9€0PI-AHDS
(urajoxd uoriiA)
(¥Tr6€) (9%08¢) (zL16€) yeoesn snuaxodowojud (9508€—5016€)
€658 €679 S'109 $9K $9K OVV.LVVVVOLVL VVVLVV VLVLVL 659 00 1786989100 dX  LS'86 -AHDS 12400 ppvSULY 09TAWV JH0 SE0PI-AHOS
(0£89€) (6208¢) geovsn (dASOI) snatarpnu (0969¢—>£008¢)
€888 LTH9 L1279 $9X $9K punoy 1oN VVVLVV VVVLVL S0L 00 1186989100 dX  1L'66 -AHDS  smwnovuiq snjjdid ¥TI40 6-49T PEOPI-AHOS
(P¥8s€) (£6L£9€) Te0esn (dASOI) snuarpnu (S885€—1999¢)
el 699 L8 $9X SR punoj JoN VVVIVY VLVLVL S[102 PA[IOD 97§ 00 1086989100 dA 1966 “AHDS  smwnovuig snjjdid ¥T140 6-491 €E0PI-AHDS
(8€67€) (8¥85€) urewop HVAH 1e0e3n (0867€—>¥€85€)
920¢ €6L1 81T SIK $9K punoy 10N IVVLVY VVVLIVL SYIL-IUDNIOSI/AUDNIT 6L 00 T'6£6989100 dA 0000  -AHDS (ur01d prsdesoapuN) T€0PE-AHDS
(15¥¥€) (L¥6¥€) auwidzud €6 0030 (L6VPE—S687€)
8618 09927 1°9€LS $9X $9K punoy 30N VVVLIVV LVLVL Suruiofor-unfearq YNA  ££T =007 186989100 dA 00001  -AHOS (ur2r01d voLITA) 1€0P-AHOS
(16L£¢€) (98¥¥€) (59L€€) uwjo1d 18y 961 670830 9Se)oNpaIopIX0 (L8¥PE<—L08EE)
(434 (434 iad3 ON $IK DVVIOLLLOLOV VVVLVV VVVLVL [e20020[Aydeis  9pp  —200°T  1°££6989100 dA  89'86 -AHOS auoumbiqn HAVN 0€0PI-AHDS
uyoxd
urewop Afiwuey MI-sePNU HIX-XID
(9£8¢€€) (101€€) Appwepradns L€1 870¥3N T snaraopur (9£L£€<-981€€)
44! 86 66 ON $9K punoy 10N VVVLIVV VLVLVL OIA-AID [0 PA[IOD  €6€  —200°S  1'9L6989100° dA  6¥'66 -AHDS 1eIqIAAUT JT60 1TO 6201d-AHDS
(€€L2€) (901€¢€) Aquey 10a915/J1 (TLLTE—650€€)
8ST1 15T 88 ON ON punoy 3oN VVVLIVV VIVLVL “YOATLS uyry S ON 870PI-AHDS
(uyo1d woLIA) dseUnIYd
(9671¢€) (€0LT€) (v611€) LT0¥30 11 2d4y snaia sisonuess (889T¢<—81€1€)
LIETY LST6€ 7687 SO $3K DVVILVV.LLY.LVD VVVIVY VIVLVL 81 A[iuuey aseUnIYd {4S 006 00 1°SL6989100 dA  ££'66 -AHOS avdvs suatd 010240 LT0PI-AHDS
(o1€1€) (9610¢) 97030 (z6T186¥20€)
PILI ovel 0z1 ON $9K punoy 10N VVVLIVV VVVLVL 869 00  T'PL6989100° dX  1L'66 -AHDS (ur101d 22epans 2[qIssOd) 920P-AHDS
(58867) (55062) 91 szoesn snuaoxpayjodoapnu (€£867VT167)
(124 4l 891 ON $IX punoj JoN VVV.LVV LVVIVL L6V =007  1°€£6989100 dA  00'86 -AHDS v1vavdas vPINIT SSIO STOPI-AHDS
(sT¥hL2) (85062) vzoesn snuiaoxpayjodoapnu (64¥LT—TE06T)
[4V4Z SL0S 8'67¢ ON ON punoj JoN VVLLVY LVVIVL XIPY NL 066 00 1°7£6989100° dX  ¥1'96 -AHDS viv3nsiopnasd vIASiO 860190 Y0PH-AHDS
(ur01d doeans dqqissod)
sniaxodouwrojua
(685£2) (56297) S8L00INS urewop €703 104001 VIOVSULY (89¥LT<1¥€97)
€9 6% i ON $9K punoy 10N VVLVVV VLVLVL (ITIDNN) NOTAYVY  ThL 00 T'T£6989100° dA  €£'66 -AHDS €STANV IO €20Pd-AHDS
sniaxodourojua
(s€€97) (L¥152) 7708 1240011 VVSULY (¥8297<95757)
o€l €6 I'6 ON $9K punoy 1oN VVVLVV LLVLVL €69 00 1°0£6989100  dX  €8'86 -AHDS 9STAINY 440 T0PI-AHDS
(126€7) (68257) 120v3n (1L6€T—>8¥T75T)
1611 SS01 78 ON $3K punoy 1oN LVVIVY VVLVLVL 958 00 1696989100 dA 9066 -AHDS 120P4-AHDS
(0s1%2) (sL£€0) x4t 0z0¥3n (0L6€T—€¥¥€T)
9L €LT €T ON $9K punoy 10N VVVLIVV VVVLIVL LS€ —P00°T 1896989100 dA  €¥'66 -AHDS 070Pd-AHDS
(z€0€0) (£L9TT—¢€¥6TT)
ON ON punoy 3oN punoj 10N VVVLVL XY L S ON 610Pd-AHDS
(66902) (10122) PI0J X0q-n 610830 snuia ~ds priuvwipla] (12£07—>12022)
969¢ ceee L'8ST ON $IK punoj JoN VVVLVV VVVLVL /ONIY 128uy durz 08 00 1296989100 dX  L606 -AHDS ased1| unmbrqn aaneIng 810PI-AHDS
(898¢D00)
(90£02) (€0£02) upyo1d paatasuod (P1€0T—€19027)
L0L L¥1 S6¥ ON ON punoy 10N VVVLVV VVVIVL $IY ON pazuR)vRIEYOU() L10PE-AHDS
(€£102) urewop aseuafoIpiyap (L¥661—>80107)
081 012 80€T ON ON punoj JoN punoj JoN VIVLVL apewreIn(3 oyoads-qVN $IY ON 910w~ AHDS
AIdd junod a3e1940 d L (dOVVL (uonisod) (uonisod) xoq uonejouue 100§ anfea ‘Ou UOoISSIOE (%) Yorewr (uonezifesor) (uonyejusLIo pue
pear mey  UBdA Jo I, :uonisod)  peuss (v)Ajod MI[-VLV.L TempnIs q Nuegquan Amuapy 1s9g surdjoxd uonisod) 190
.«muOE vum~ hc\vﬂd HM?——OU Hc\mu-.-&
OVV.LV/L/D [euonounyg [e11A 0} 43ojowoy
S[9Ad] Surddewr speudis (sa13o10woy
uorssaxdxs jduosuer], (d) apndad pue uondusuer], Jo uondrdsap)

(1) dudsuery,

yojewr LSVId 3s9g

"JUoo "I a|qeL

1013

//jgv.microbiologyresearch.org

http



A. M. M. Abd-Alla and others

(dASDI) 41 aserowkod YN

(29€99) (£05£9) ps0en aaneind snaaxodowoyud (19€99—76€L9)
081 621 9Tl X SOk punoj 10N VVVLVV VVVLVL S99 00 1°700£89100 dX €166 -AHOS 12400ul vVSUY FSOAINV 14O SSOPA-AHOS
(u01d adopaaus)
(£0059) (56799) csoe8n SNITA SnojusuIe[y (62159—>80799)
SEVLT P€50T €061 SoX SoX punoj 30N VVVLVV LVLVL ds I€L 00 T°T00/89100 dA  68'86 “AHOS vaafijjous stdy -41d YSOPI-AHOS
(ur01d prsdesoaponu)
(82159) (921%9) (0£159) zs0e8n umyoxd 2105 (96T79—>€1159)
799 1w (34 SoX LN OVVIVLVOVVOL VVVLVV VVLVL XIPY L €09 00 1°000£89100 dA 007001 -AHOS aanend ZGTASIN 1O €50PI-AHOS
(£6029) (801%9) 1508801 (dASDI) SNAIpNU snjvjnIviiLg (96029—690%9)
(491 80T Lol sax $2X punoj JoN VVVLVV VVVILVL XIPY WL - L€T 00 1666989100 dX ¥6'86 -AH9S snjIA1D 96190 V-Id1 7S0WPA-AHODS
0s0¥30
£8S 00 1866989100 dXA  L6'86 -AHOS
(€9£09) (¥1129) (55£09) 6% 6v0esn (08079<—€€809)
L¥6VL TT8H9 9¥Ts sox sk HDVVLVVLLVLVL LVLVVV LLVLVL 89T  —3009 1°£66989100 dX 06 -AH9S (ureyoxd yusum3a) 1S0WHE-AHDS
1SNIN snaaoxpaydjodoapnu
(9£009) (£8809) (25009) Jnow sase[oIpAY 081 8Y0ES(  vaaSiuiy vdioaodyap] 1¢ wnod (18809<-66009)
016 v6¥ L'€9 ON ON HVVLVVLLLLLY IVIVVV LVVILVL Anurepadns XIANN 805 —200C  1'966989100 dX  TLL6 -AHDS adoaaud snaia pappng 0S0PI-AHDS
uroxd ayi-6
101o0) SupIds
VNyw-21d $s[roo (urayoxd yuawmsay)
(L€88S) (1€109) (95£8¢) P3[10d I[-urewop Lp0esn 2vs3314q siIpquyI0u20) (09009<—€¥88S)
¥8sT 181¢C 8°081 sax $aX OVVILVVLVVLVV VVVLVV VLVLVL ase[oIpAy XIANN 8SL 00 1566989100 dX TS'86 -AHOS 79977O4) urtoxd remyp) 670PH-AHODS
(s1228) (6668S) (¥9125) (ssmreydsoydoaid 9v0e30 (u2301d yuaumsay) (¥T885<-97ZLS)
999 LST9 TS6e SoX $oX OVVLVVVLVLLO LVVLVV VVVLVL owedrour) asedd 8601 00 T766989100 dA  18'66 -AHOS dserdjsue}-g suolpeInH 8¥0WI-AHOS
XY
(orzLs) (9€695) (€1€L8) L sed,LO M[-sey 10} (100L5—S61LS)
ON ON DVVLVLLLVLLD VVVLVV VLVLVL ur2)o1d 101eATIIR-2584 1) Sy ON LYOPI-AHOS
(ury01d adopoaus)
(5£695) (9€£19) (200£S) Spoesn snaraorpay£jodospnu apdnmur (€£L16—>9569S)
L€0T 9TLE 9TL BN LN OVV.ILVOOOOVLL VIVLVV VVVLVL ursus)-asedd T16¢ 00 T°€66989100 dA  1€'66 -AHOS bpigia VNN TSIIO €-d9T 9F0WI-AHOS
(06905) (8¥816) 2seITRY €S STIVNS- ProeSn (T€L0S—€T8TS)
618¢ 998T €197 $3X $oX punoj 10N LVVLVV LVVLVL AL *S[10d pafIo) (74 00 1766989100 dA  ¥€'86 -AHOS (urr01d prsdesospnN) SYOPd-AHOS
(88005) (2£908) L6 €roesn (T€105—19505)
6€€LL 1615 9°€1Tl S9X S9K punoj 10N LLVLVV VLVLVL uoor u-aurwend (g 887 —200F  1'166989100 dA 1766 “AHODS (urr01d yuawngag) PrOWI-AHOS
(zo105) (9856¥) (92205) €8 Th0esN (22L6v—€6005)
L8TI¢ 9908 8'681C SoX RN OVVLVVLIOLVV VVVLVV VVVLVL XIPY L *S[10d Pa[oD 1ST =200  T1°066989100 dX 00001 -AHDS (dASOD) €POPI-AHOS
(ury01d adopoaus)
sniaxodourojua
sadunSuvs snjdouvjapy
(€1¥8%) (6£L6¥) PI0j aseapnu 1708801 PITASIW 8O P-1 (LEV8Y—EL96)
199 89S €9% S9X ON punoj 10N VVVLVV LVVLVL AX (@/A)-ad  1€8 00 1686989100 dXA 6,86 -AHOS ULIOJOST aseuDy Ulased) THOWI-AHOS
(z0¥8¥) (zLSS¥) 0v0830 (dASOI) snutorpaydjodospnu (28€87<0895¥)
6761 ¥19¢ S¢l SoX SoX punoj 30N VVVLVV LLVLV.L 6781 00 1886989100 dA  8L'66 -~AHOS vangy vioidopods §-g4'1 I70WPa-AHOS
(8L€S¥) (60€¥¥) (€8€S¥) 991 6£0e30 (ureyod adopeaua) (6SEPP—09€ST)
90080C WrrvT  S6SSHI 3K $aX OVVLVVLVLLID LVVLVV LVVILVL OH-3UIU031Y} {dS ‘AL 8LV  —300'F 1°,86989100 dX 09'68 -AHOS ISEJLV MI-06dSH 070PI-AHOS
($0E¥Y) (¥¥90%) Jnow oy 8€0e30 (ut2301d JuoumBay) (20L07—>T6THY)
0¥TLL STTT6T  S90%S SoX LN OVVLVVLVVLLL VVLVVV punoj 10N £dS s[10> pafro) Llig44 00 1986989100 dA 0L'L6 -AHOS ase1aJsUEN[AS0A[3 ULIX2POIEIN 6€0WPI-AHOS
(8€00%) (€9€0%) €4 L0880 (£5007—68207)
lrd<i°r4 Frdh4 6998L1 ON SoX punoj 10N VVVLVV LLLVLVL 106 —900'T 1586989100 dA  ¥T'88 “AHOS 8€0WPI-AHOS
(udy01d adofaaus) aseyyuds
Aedpruidy)-aseidnpar
(8796€) (8%00%) LL 9¢0e30 1[OJOIPAYIP STIIA (2996€—9000%)
0TI <86 7’88 s9X oK punoj 10N LVVILVV VVVIVL LS P€C  —200°S  T'P86989100 dA 00001  -AHDS aworpuss jods aym 290940 LEOWE-AHDS
DIdA Junod>  age1aA0d d L (OVVL (uonyisod) (uonisod) xoq uonejouue 2100§  oN[eA  ‘OU UOISSINE (%) yorewr (uoneziesoy) (uonejudLio pue
pear mey  UBIA jo [, :uonisod)  peudis (v)4Ajod MI-VLVL [en)onas q Nueguan Amuapy 159g suraoxd uonisod) 140
Jnow aye| Io/pue Ie[n[d I10/pue
DVVLV/L/D [euonoun,g [ea1s 03 ASofowoyy
S[AAJ] Surddew speusis (sa13ojowoy
uorssaxdxs jdrosuer], (d) apndad pue uondusuer], Jo uondrdsap)

(1) yduosuer],

ydojewr LSvVId 3s9g

09 °| 9|qeL

Journal of General Virology 97

1014



Comprehensive annotation of the GpSGHV-Eth genome

(005001) (¥%966) (185001) 690¥30) (u301d JuawINga)) urRI01d (£8966—>96¥001)
LV161 8¥L01 TOovEL SIK £ DVVLVVVLVLV.L VVVLVV LLVLVL we 00 1°£10£89100 dA 00001 -AHOS Suipuiq-  uz pue - D 9L0WI-AHOS
(udy01d adofaaus)
(2£966) (66766) (9%L66) 0L 890€501 (s2r10dsuen 40H) v ureyd (20€66—>57966)
¥81¢ S1L 87T sax sax DVVLVVVLVVLL IVVIVY IVVIVL dS XIPY NL LI —200°C 1910489100 dX 00001  -AHOS ‘urjoxd ayerdn uraegoqry SLOWA-AHDS
(06766) (0586) (50£66) 081 290880 (ura01d yuoumn3ay) (£0586—6L766)
120¥% S91T S'18T S9K X DVVIOVVLVVLY VVVLVV VIVLVL XIPY WL 80S  —200°CT 1'ST0/89100 dA  9¥'86 ~AHOS ASBIIPH $LOWHI-AHOS
(65¥86) (£6086) L9 990¥30) (£S¥86<—6£186)
€8811 65T 9'1¢8 ON Sax punoj JoN VVVIVV VIVLVL XI[PY-0—puens-g—XIpH-» 60T  —00C T'¥10£89100 dX  90°66 -AHOS €L0WPa-AHOS
uraoxd aseorpy
VNA/2sed LV
(86086) (¥0186) S90e80 snaxodowojus (1€8€6—>€6086)
LL1 vzs ¥Tl oN ON DVVIVLVIVLVV punoj JoN VIVIVL ST8T 00 T'€T0/89100 dA 1066 -AHDS 121001 VPVSUY GEOAINV 1O TL0PA-AHDS
(ur01d yuaunSay)
urewop 1a8uy upjoid 1a10dsuen
(978¢6) (16616) (V¥6¢£6) ourz tsyeadax $90e80 Dgy sniaxodowoyua (2€076—918€6)
19L1 8LIT €etl S9X £ DVVLVVVIOLOL VVVLVV LVVLVL NNd S[103 pa[IoD 611 00 1°TI0L89T00 dA  €8°66 ~AHOS 12100u vRYSUY OETAINV 240 120939-AHOS
(£0616) €90e8n (19706—>T5816)
18£ ssL 9%S oN sax punoj 10N punoj JoN LVVLVL XIPY NL 76 00 T'T10/89100 dA 00001  -AHDS 0£0Wd-AHDS
STYVNS-? syeadax
urndads syow (urayoxd
(v0LLL) (¥0506) (099£2) €AOWNN *V122 790880 prsdedoapnu) oz-snumodse (€SP06<—€1LLL)
986 £0.8 69 saK sox DVVIVVLIVVIVL VVLVLVV VVVLVL EHA-AgO ‘SIN-dd ‘dS ~ 8TIL 00 1°010.89T100 dX 65’16 -AHOS w vismpdoyprs], F1390 690Wd-AHDS
(urayoxd
(9€192) 1908801 pisdesodponu) snapArurur (8979L—>TSLLL)
LTST 1Ls1 8901 X SoK punoj 10N VVVLVV punoy JoN XIPY WL £0OT 00 1°600/89100 dX 0966 -AHDS v8vydAjod vqaowvyuvIy 890Y3I-AHOS
(Lv¥sL) (8%29L) 8v1 090¥80) (98554—6079L)
96Ts €LTT 6'L9¢ 9K SoX punoj 10N LVVLVV VIVLVL Ty —00°S  1°800£89100 dA  00°00T -AHDS (dASOI) £90Pa-AHODS
(1657L) (£2952) 65030 (2097L—>9L85L)
sS LE 8¢ ON SoX punoj 10N VVVLVV LVVLVL 619 00 1°£00£89100 dX  SI'86 -AHOS wnavdopyf -q waoxd a-qody 990 -AHOS
(v15¥L) XIpy (12€VL—9LVVL)
ON ON punoj 10N punoj 10N VVVLVL N sredar YNQ d1ds SNY ON S90WI-AHOS
stypardoy (vuvanjig)
(855€2) (vveeL) L0 sndousy (E1LELTTFEL)
S6 0T 99 ON ON punoj JoN VVVLVV LVVLVL 6°¢S —200'6 1709178900 dX 00°LE Sy ON SNI-TMH upnw Surreusis Y90WI-AHOS
(88¥CL<912CL)
€T 44 €91 ON ON punoj 10N punoj 10N punoj 10N SHY ON €90PI-AHOS
(ov0zL) (6LL1L—>9¢€61L)
ON ON punoj 10N punoj 10N VVVLVL Y ON 90WI-AHOS
(¥0L1L) (89¢€12) (£ss€dn@) uondury (9£91L<C8¥%1L)
VL 01 €S X EN punoj JoN VVVLVV LVVLVL umowyun jo urewo(y SIY ON (dASOID) 190Pd-AHOS
(80¥12) (68112) (60¥1L<CTT1L)
6€VLT €6€T 8'0¢CI oK SoX punoj 10N VVVLVV LVVLVL 1au0dsuen ppe outury Sy ON (dASOID) 090Pa-AHODS
(2660L) (244 93) (£L60L) (€0TTL<L660L)
6V9L9 9L96 iy ON £ OVVIVVLLLVVL VVLVV LVVLVL NIIN/FIN SNY ON 6S0WI-AHOS
INXLI urens
(1€002) (65012) (£%669) £50e80) 1a104 wnipowisvld (8860L<6€00£)
0 61 |4 ON £ DVVLVVVVLLLY VVVLLVV VLVLVL L19 00 1°S00£89100 dX 6966 ~AHDS ut2rord Andoy 8S0WI-AHOS
(£600L) (26769) 0ST 950e8N (£6669<67€69)
0 S 80 ON SoX punoj 10N VVLVVV LVVLVL LTy —00°S 170089100 dX  L0'66 -AHDS LS0PI-AHOS
(uaro1d aoepns apqissod)
(69€L9) (££€69) ccoedn snaxodowojua (88€£9—€8769)
0 L€ 4 oN saX punoy 10N VVILVVV VVVLVL LsT1 00 1°€00/89100 dX  LE£'66 -AHDS 1240011 VPVSUWY ESTAINY 190 950WA-AHDS
WIdd junod a3e1aA0d d L (dOVVL (uonisod) (uonisod) xoq uonejouue 100§ onfeAa ‘Ou UOISSIdEL (%) Porewr (uonezifesor) (uonejudrio pue
peal mey  UBI Jo 1, :uonisod) Teudis (v)4jod MI-VLV.L Teanjonas q Nueguan Anuapy 159g. surdjoxd uonisod) 190
Jnour aye[ .-C\VE.N Ie[nad hO\.—v——d
OVVLV/L/D [euondung [e11a 03 430jowoy
S[2Ad] Surddewr speudis (sa13ojowoy
uorssaxdxos jduosuer], (d) apndad pue uonduosuer], Jo uondisap)

(L) yduosuery,

yojewr LSVTd ISdg

U0 | 3|qeL

1015

//jgv.microbiologyresearch.org

http



A. M. M. Abd-Alla and others

(ury01d yuawngay)
um)oid jeadax

(z6T121) (820¢21) (9¢zrzn) 980%30 unAyue sIsuaIIyd (6L0€TT<HOETTT)
€eLv1 PEIST  €71€01 $IK $aK DVVLVLIVLVOVL YVVLVV LVVIVL XI[Y-%—puens-g—x1pH- 1071 00 T'P€0L89100 dA 007001  -AHOS snuAeSaw g6€RIO F60PH-AHOS
(812121) 580eSn (uro1d juawnSay) (TTTITI<LFF0TT)
6616 LL8Y 759 Sk S9K punoj 10N VVVLVV punoj JoN XIPY-X0—PUBnS-(—XIPH-0 60§ 00 T'€€0/89100° dX  LF'96 -AHDS uteyord Surfeusdis €60PE-AHDS
(955611) (9¥zozt) (Lgs611) 6¥1 $80€30 (LTToTT<1L8611)
861 06 6€l Sk S9K OVVIOLVVVLIV.L VVVLVV LIVIVL 9Ty —200°¢  1'TE0/89100 dX  60°66 -AHDS (urr01d wowp) T60WE-AHDS
(uryo1d prsdesoaponu)
snuaxodowojud
(68€L11) (€Ts611) €80e8n 12.100U VIVSULY (86€LTT—6LF61T)
$991 10¥C G911 $IK SIK punoj JoN YVVLVV LVVIVL SIN-dd  TO¥l 00 T'T€0/89100 dX  TH'66 -AHDS PITAINV 240 1604d-AHOS
(L6€L11) (9££911) (S¥vLIT) ort 780880 (916911—T6EL1T)
7191 €€s 6711 Sk S9K DVVIVVVOOVLY VVVLVV LVVIVL WL TZ€  —200°¢  T°0€0/89100 dA 00700  -AHODS (urr01d wowp) 0609 H-AHDS
(606911) (58¢€911) (T10£11) L11 180880 (L8EITT—66891T)
114 44! ¥'8C ON S9K OVVIVIOVVLLY VVVLIVV VVVIVL XIPY L 0F€  —200°S  ['670/89100 dA  TH'66 -AHDS 680WHE-AHDS
(zeLstn) (T0¥911) 521 08030 (9£LSTT—8LE9TT)
0107 078 L0FT $9K SIK punoj JoN YVVLVV VVVLVL S0P —200'T  1'8T0L89100 dA 0566 -AHDS (dASOI) 880~ AHDS
aserowdjod YN
(€9£511) (ozsein) (surewopnnuw ¢/») 6L0¥30 N 2d4y g snaiasadioy (PSLSTT<=968T11)
6897 LT€S 881 ON saK punoj 10N VVVLVVY VVVLVL soseowidod VNM/VNA  SS61 00 1°£T0/89100 dA 8566 -AHDS uewny 6140 L80YH-AHDS
(dASOI) um01d
(958211) (ge1erin) (z10€T1) 991 8/0¥30 MI[-182Y snIAIpNU (8€TTIT—>SH8TIT)
€59 3144 L'sT¢E SaK SIK DVVIVVVLIVVLY VVVIVV LLVIVL WL 1ZF 00T 1°920£89100 dA  1£'86 -AHDS sosa0utft 212410 $00IIO 980WE-AHDS
(1¥eerrn) XIPY L ‘(feuorsiaod) (TPOZIT<988111)
ON ON punoj 10N VVVLVV punoj JoN ur01d MI-gFPX SHY ON S80UM-AHDS
(dASOI)
surewop umyoxd 110dsuen DGy
(169801) (6L611T) (£€9801) MI[-H/2sea[PNU0Xd £L0¥30) snaaxodowojud  ([£8111<-$69801)
6 80T 99 Sk SaK DVVIVYVOVVVD VVVLVV VIVLVL {(q) aserowdjod yNA  LI1T 00 1°ST0L89100° dX  TL'66 -AHDS 12100u vPVSUY OETAINY 14O $R0WHE-AHODS
(ury01d uota)
snaao1pay4jodoapnu
(s9801) 8¥1 90880 a[dus vssadsuosopnasd (ST9801<—€66L01)
€789 200€ 6'8LY $IK B8 punoj 1oN VVVLVV punoy 1oN XIPY NL €78 —200°€  ['FT0/89100 dA 00001  -AHOS suoosdng ¢-d1d €80U-AHDS
(120801) SL0e8N (£S1L01—>696£01)
L£6 8¢S 9'69 ON $3K punoj 10N punoj 1oN VVVLVL 978 00 1'€70/89100 dA 9766 -AHOS 780PA-AHDS
STUITA mmmC—:ﬁ:ﬂw
(oz1£01) (1£L¥01) (synowr g/v 1[em) $L0¥30 vpiadisnif visidopods (0TTLOT<SL6VOT)
icid £89 STE ON 3K punoj 10N VVVIVV VVVLVL ploj ased [N doo[-d  6¢¥1 00 1'720/89100° dX  9T°66 -AHDS ur2101d N[ I5BAPH 180Y-AHOS
(S96¥01) 9% €L0e8n (269¥01—826¥01)
faJal 0¥ 9°€201 ON S9K punoj JoN punoy JoN VVVLVL FSI —200°T  'TZ0L89100 dA  €L'86 -AHDS 080WE-AHDS
(urn01d adofaaus)
(TerrpuoydojIur) 1/0T TIT MB[RIN SNIIA
(1£8¢01) (09£701) urewop 3seprxo 70880 oA} QUIMS UBILLY ISEPIXO (0£8€0T—929%0T)
65STT $T0L 1'6L8 SaK SOK punoj 10N VVVLVV VVVIVL o1 YTV/A¥A SNL  0FS 00 1°070/89100° dX €966 -AHDS [ory yuspuadap-qvd 6L09d-AHDS
(urd01d JuaumSay)
SOUITATWITUL
(0%020T) (LT6£01) (100201) I[-urewop 120e80 v3vyddjod vaowvyiuvoy (T88€01<-85020T)
954 [543 1'6C $IK EIS DVVLVLLVLIOY VVVLVV VLVIVL ase[OIPAY XIANN  STTI 00 1'610/89100 dX  ¥€66 -AHDS ¢ uoxd pisdes ajqeqoig 8L0Wd-AHDS
(udy01d prsdesoapnu)
(0zozon) 0£0¥30 snaaxodowoyus  (£89001—>¥66101)
0ST 9¢1 S01 Sk S9K punoj 10N punoj JoN VIVLVL 858 00 1'810/89100 dA  6£'86 -AHDS 1a100u vPVSUY ISTAINY 1IO LLOPH-AHDS
WIdd unod a3er1aa00 d L (OVVL (uonisod) (uonisod) xoq uonejouur EXCEINEETT T *Ou UOISSadE (%) Pojewr (uonyezifedoy) (uonejusLIO pue
pea1 mey eI Jo [, :uonisod) Teusis (v)4Ajod MI-VILVL [empnLs q Nuegquon Amuapy 1599 surdjoxd uonisod) 140
Jnouwr aje[ Io/pue Ie[ny[ad Io/pue
OVVLV/L/D [euonouny [ea1A 03 43ojowoy
S[Ad] Surddew speudis (sa130[0woy
uorssaxdxs jdrsuer], (d) apndad pue uondusuer], Jo uondrosap)

(1) yduosuey,

[drewr LSVTd 1s9g

‘Juod L d|qeL

Journal of General Virology 97

1016



Comprehensive annotation of the GpSGHV-Eth genome

(€960¥1) (5966¢€1) (1€01¥1) soresn (TLOOYT—LF60¥T)
€LST §56 o1 $9X $3K DVVLLVLVLVVL YVV.LVV LLVLVL S[I0d PA[I0D 79§ 00 1°€S0/89100 dX L6786 -AHDS (urj01d voHIA) STIPI-AHDS
(9686€1) (6$8L€T) voresn (9886€1<-L06LE1)
154 §79 6'1¢ $IX SR punoj JoN YVVLVV VVVLVL UOIBaX 105 PI[IOd NI SEET 00 1°7S0/89100° dA  6€°66 -AHODS (ur01d prsdesoapnN) PITPE-AHDS
snaiaorpayLjodoapnu
sua1qv uoidipoaN
(zeL9eT) (Se6L£T) €0TedN $501 uror01d (T€L9€1—>888LET)
€T £33 967 ON $9K punoj 10N VVVIVV VVVLIVL 52 00 T'TS0/89T00 A  L8'L6 -AHDS pajerdosse-pisdes [earp €ITPH-AHDS
(urar01d adojaaun)
(159%€1) (00£9¢1) (FFo¥ET) urewop zo1e8n snuiaoxpayAjodospnu (9€99€1<-189%€1)
£898 9LLIT 1809 $IX $3K OVVIVVLVLVLL VVVLVV VIVLIVL MI-ADF dS XIPY WL TE€T 00 1°0S0/89100 dA  ¥S'66 -AHDS suarqp uondipoaN 1-d1d TITPE-AHDS
(eL9v€T) (s9z¥et) L9 1o1e8n (ST9vET<80¢cHET)
SLL9 c6v1 a4 $9X SR punoj 1oN VVVLVY LVVLIVL XIPY NL 60T —200°€  ['6¥0/89100 dA  00°001  -AHOS (u01d prsdesospnN) 1T1PI-AHDS
(9s¢vet) X1y AL £X1§ 10)dada1owayd (LTTre1<0L6EET)
S8¥6T Tues 8'€90C S9K $9K punoj JoN VVVLIVV punoy JoN MOdD WL 2d4 sunuadiag SIY ON (dASOI1) 0TTPI-AHDS
(dASOI) 9719034 d urr01d (958€€T<-995¢¢€T)
S1088 0.1 80919 sax SO punoj 10N punoj JoN punoj JoN Y ON Ppan1asuod [eanay10dAy 60TPI-AHOS
(sssegt) (0go€€T) (8€9¢€T) PI°oJ 601 660e30 (S90€€T—PFseET)
TILS 0061 8'66€ oN $9K DVVILVIOVVLVL LVVLVV VLVLVL aseapnu YX (A/A)-Ad  0T€  —200°€  ['L¥0/89100 dA  SL'86 -AH9S 80IPE-AHOS
(FL8TET) €L 860¥311 (6¥87€1<-505Z€T)
60S¥1 69%€ L'ST0T $9X $3K punoj JoN VVVLIVV punoj JoN INL €22 —200'6  1'9%0/89100 dX  TS'96 -AHDS (u01d prsdesospnN) LOTYE-AHDS
(ur01d Jusun$ay)
(08Sz€T) (z9zrer) aserowik[od L6030 ujoxd sueIqudw (T8PTETTOETIET)
€€€9T 181 TEP8I saX $9K punoj JoN VVVIVV LLVIVL VNY XIPY NL - 008 00 T'SP0L89T00" dA  86'86 -AHDS P3IB0SSE-IPISIA 90TPE-AHDS
(9ST0€T) (Teerern) (9600€T) 960%30 (urar01d JuawmBay) (TTETET<6910€1)
LLETT 7106 €961 $IX 3K OVVIVOVLLVOL VVVLVV VVVLVL XIPY NL - LPL 00 I'¥P0L89100 dA 9186 -AHDS ut2j01d Surpuiq-[eR SOTPI-AHDS
(065621) (zeto€t) (6s5621) €01 560301 (6T10€1<-659671)
uy ¥S1 ree $9X $aK DVVIOVVOVVVL VVVLVY VIVLIVL S0€  —200T  '€H0/89100 dA  60'86 -AHOS (ur01d uowIA) POIPI-AHDS
(1€L621) Xipy 760¥301 (S¥9671<LT88T1)
786¢ 092T L'8LT S9K $9K punoj 30N LVV.LVV punoj JoN “O-puensS-f—XIpyY-» NL  T¥S 00 T'Th0L89100° dX  06'86 -AHDS (urr01d yuswnga ) €0TPH-AHDS
(L6£821) €6030) (ur301d Judwngay) (2088T1<-918LCT)
SL691 11911 1’8811 $9X 9K punoj 3oN YVVLVV punoj JoN NL S99 00 T'TF0L89T00 dA 00001  -AHDS (4 211) 2se[01pLH 201PI-AHDS
(961921) (zszLen) 0 760830 (S08£T1<-£85LT1)
€668 TSSET 69615 $9X $9K punoj JoN LVVIVY VIVLVL S91 =200l  '0F0/89100"dA 0000  -AHOS (dASOD) 10TPI-AHOS
(ur01d uoIA) [Md™AG SNIIA
(9s5921) (828£21) (9pscer) aserowidjod YNy 1608301 sisua312qua0L v1iaIafD (PeSLTI<1€L9T1)
vLY $9T ree $9X $9K OVVLLVLLYVOD VVVLIVV VVVLIVL yuopuadop-yNY fSd SNL  1¥S 00 T'6£0/89100° dX  ST'66 -AHDS ¢ uyod prsdes aaneing 00TPE-AHDS
(119221) (979921) 34 06030 (1€99T1<-86€921)
ON Sk punoj 10N VVVLVV VVVLIVL XIPY NL  9PT  —200T  1'8€0/89100° dA 007001  -AHDS 660WI-AHDS
(z96521) (162921) (920921—112921)
ON ON punoj 3oN YVVLVV LVVLIVL SHY ON 860 I-AHDS
urjoxd Afrurey
Juaf yeadar you-aupNI|
sniaxodowrojua
(050921) (1€¥521) L11 6808301 12.400u4 DIIVSULY (€209T1<¥8¥STIT)
90T LL ! ON 9K punoj JoN VVVIVV VIVLVL S[I02 PAIIOD  ZHE 00T T'LE0L89T00 AR 8L'L6 -AHOS PEIANV 24O L60Wd-AHDS
(u01d adopaaus)
ummuuo\_mo:muoE 15
BIUDIRA w?_;xOQOEoucm
(cosgzr) (vevezt) 88030 124001 DIVSULY (99¥STI<FI5€TT)
085¢C [543 9081 SIK SIK OVVLVLLOLIOL punoj JoN LVVLVL XIPY WL - 92Tl 00 T'9€0/89100° dA  91°86 -AHOS 8STAINY 14O 960 I-AHDS
0£0dY yunqgns snaaoxpayjodoapnu
(vL0€TT) (9svecT) aserowidjod YNy 9 808801 sndppdiisiu xapnD) (S0T€TT—>T65€TT)
8T€1 S9T 1'¢6 ON $9K punoj JoN VVVIVV LVVLVL ao8uy ourz 2dA-GITAL  ¥6T  —200°L 1'S€0/89100 dA  88'96 -AHDS 66140 S-d9T S60WA-AHDS
AIdd unod 33e1aA0d d L (dOVVL (uonisod) (uonisod) xoq uonejouue 9I00§  anjeA ‘ou UOoIsSIIOE (%) Yorewr (uoneziyesor) (uonejudLIO puUE
pear mey  UBIN jo [, :uonisod)  peudis (v)Ajod MI-VILV.L TenydnIs q Nueguan Amuapy 159g suraoxd uonisod) 140
.«muOE Qu-& hc\m:—m Hmﬁﬂ——wu Ho\mvﬂd
OVVLV/L/D [euondung [ea1A 03 ASojowoy
S[Ad] Surddewr speudis (sa13oj0woy
uorssaxdxs jduosuer], (d) apndad pue uondusuer], Jo uondrdsap)

(1) yduosuery,

yojewr LSvVId 3s9g

"Juod ' a|qeL

1017

//jgv.microbiologyresearch.org

http



A. M. M. Abd-Alla and others

(019951) (1¥5L81) (8659S1) eresn (€LVLST<S1L9ST)
(522 16¢ TS ON S9K OVVLLLLLVLLY VVLVVV LVVIVL INL €28 00 1'690/89T00 dA 00001  -AHDS €€TPA-AHDS
(162785T) (68%95T) (8€TssST) oziedn (9TP9ST<FLESST)
€91 0611 T ON 3K OVV.LLLIOLVVL VVLIVVV LVIVL 969 00 1'890/89100 dX  TL'L6 -AHDS TETPA-AHDS
491 61130 (S697S1—>SPESST)
yLTT 9701 €681 ON SR punoj JoN punoj JoN punoj JoN Ionquyui seNy  T€F 2009 1°£90/89100° A  00°00T  -AHODS 1€1PI-AHDS
dIVL 2se81]
($9THST) (ThLst) umjord-unmbiqn-¢g 43 g11e3n SNIIA 95BISIP (SOPPST—>0S9¥ST)
SP6TI L0TT €906 ON $9K punoj jJoN VYVVLVV VVVLIVL S[I03 PA[IOD 89T —200°S  1°990£89100 dA  8L'86 -AHDS doxp 3[e2s TE0TIAO 0€TPE-AHDS
dIVYL SNIIA 150q0]8 s115£20201
(90%¥ST) ased| ujoxd 851 JARL sl upjoxd 13Uy HNIY (299¢€S1—>8LEHST)
1928 <SoT¥ €'8LS ON SIK punoy 10N punoy JoN VVVLVL -unmbiqn-¢y ISP —200'T 1'690/89100 dA  16°L6 -AHDS 1660 2AO ANMST 6CIPI-AHDS
umyoxd A[rurey susd
Jeadar you-aunna|
(zzLest) (s¥¥est) 911E8N 1a400ut DPVSUWY (S59€5T1<-78STST)
S0¢ LTT jatd ON $IK punoj 10N VVVIVV VIVLVL ToNqyur 3SeNy 969 00 T'P90/89100° dX  88'86 -AHOS PEIAINY 240 8TIPA-AHODS
(€59z81) (18z181) srresn (195zSTTEETST)
8L11 $001 4] ON ON punoj 10N VVVLVV VIVLIVL Anuregzadns [NY/X0q-F  0€8 00 1°€90/89100° dX  LT'66 -AHDS LTIPE-AHDS
upyoxd
Aqurey ouag jeadax
pu-aunNI| snuaxodowojus
(Lg66¥1) (90€15T) (€086¥1) upyoxd [-urr01d pIIESN sadpunBuvs snjdouvjoy (SLTIST<-956671)
L2l 911 68 ON SIK OVVLVLLOLLIOL VVVLIVV LLVLVL jeadar You-ouLNT 898 00 1'790/89100° dA  LL'66 -AHDS 9TOASIN 14O 9TIPI-AHDS
(:9996¥1) (29€00ST) (89967 1—>5T66¥1)
ON ON punoj JoN LVVIVV LVLVVL Aqurey zoeg/zgsdp SIY ON STIPA-AHOS
(udo01d prsdesospnu) TNXLT
(88L6¥1) (9086¥1) cIresn urens 4204 wnipouisvlq (0Z8871—>7996¥1)
20991 6696 911 $IX 3K OVVIOVIVVLLL punoj JoN LVLVL €8S 00 1'T90/89100 dX €686 -AHDS €6500&d uter0ad TRy YTIPI-AHDS
orI Tiesn (ura301d yuowm3ay) (Z0€8¥1—>9788%1)
TT6hE 11744 S & 44 74 saK oN punoj joN punoj JoN punoy JoN dS XIPY WL €Z€  —200°T 1°090/89100 dX 98'¥6 -AHDS ujoxd Arojem3ay €21PI-AHOS
(v618¥1) (08z8¥1) €S1 rresn (€€SLVT—6818¥1)
$9156 ogeer 11999 $9X $3K DVVIVVLLLOLO punoy JoN LLVLVL aseajord Utz (4§ NI SEF <00,  1'650/89100 dA  €9°86 “AHDS  (dASOI) w101d MI-GSYN-dIN TIPI-AHDS
(urr01d yuawnSay)
(ur01d MI-ASYN-dIN)
urewop wm.owmﬁ_uﬂo(—&o_—muvﬁﬁ
(€97L¥1) (10£9%1) (06¥L¥1) XIPY—UIMI-XI[2Y Syl oresn XLeW SNIIA siso[nuess (1€89¥1—>€€PLYT)
TIeee 12661 8'1€€T SK $9K OVVLLLLVIOLL VVVLIVV LVVLVL (S XIPY WL €1F —200'6 185089100 dA  0S'66 -AHDS vingy viadopods 1Z1PI-AHDS
(€s8s¥1) 60130 (LE6SPTI—>T6L971)
5658 €605 9109 S9K $9K punoj JoN VVVLIVV punoj JoN urewop §gO XIPY WL - £9S 00 T'£S0/89100° AKX  0€'66 -AHDS (ur101d woLA) 0ZTPE-AHDS
(0065¥1) (1£5S¥1) XIPY L (PO8SYT<8T9S¥T)
ON ON punoj JoN YVVLVV VVVLVL g ur101d 3poys 28eyq SHY ON 611PI-AHDS
(uyo01d prsdesoapnu)
(arejost euryD)
(vLSSHT) NVd @sed LV 801e8  snaia aseasip snsl>oydwiA] gy (916€71—>0SSSH1)
(44 98% 0€¢ SIK SaK punoj 3oN punoj JoN VOVLV.L -, Vvv/dool-d {dS 9601 00 1'950/89100° dA  80°66 -AHDS ut2)01d UOISIAIP [[2D STTPE-AHDS
(urr01d prsdesoaponu)
(are[ost euIyD)
STUIIA ISBISIP
(PecTrt) (096¢€%1) Lo1e3n snskooyduid] gy (€LETHTI—>SE6ETT)
STSII P8HTI  £'908 $9X S9K punoj JoN YVIVVV VVVLVL NVd 9SedLV-,VVV S 901 00 1'SS0/89100 dA  68°L6 -AHDS urj01d UOISIAIP [[2D LITPI-AHOS
el R (uray0xd prsdesoaponu)
you-surure)nyd sniaxodowojua
(6£80%1) (99vTH1) /ouruoa1y) 9oresn sadrunBups snjdouvppyy (£560¥T—0THTHT)
69FL LY'SL 8T sax $9K punoj joN VVVIVV LVVLVL /2ULI3S {STI0D PA[IOD 616 00 T'$S0L89100 dX 6786 -AHDS 9STASIN 490 9ITYP-AHDS
ADIdA unod> a8e1aa0> d L (OVVL (uonisod) (uonisod) xoq uonejouue 9100§  anpeA ‘OUu UO0ISsIIIL (%) Yojewr (uonezifesor) (uonejusLio pue
pear mey  UBIA jo [, :uonisod)  peudis (v)4Ajod MI-VLVL [en)onas q Nueguan Amuapy 159g suraoxd uonisod) 140
Jnour aje[ JIo/pue Ie[n[> Io/pue
OVVLV/L/D [euonduny [ea1A 03 4Sojowrofy
S[AAJ] Surddew speusis (sa13ojowoy
uorssaxdxs jdrosuer], (d) apndad pue uondusuer], Jo uondrdsap)

(1) yduosuer],

ydojewr LSvVId 3s9g

09 °| 9|qeL

Journal of General Virology 97

1018



Comprehensive annotation of the GpSGHV-Eth genome

(18€¥L1) (Se9vLT) (€1€PLT) LE 6£1e30 (9€9VLT—THVFLT)
£689 €6 aa'ig SOX ON OVVIOOLOVIOV VVVLVV VVVLVL S[IOd PAI0D 06T —200°'T  1°£80/89100 dA 007001 -AHOS (dASOI) SSTWH-AHODS
(60T¥L1) (LyLeLT) 08 gc1en (6STPLT<008€LT)
10€ SL 1 RN S9X punoj 10N VVVLVV VLVLVL S[I0d PAIOD TP —200°9  1°980£89100 A 00°00T ~AHOS (dASOI) PSTIPA-AHOS
(€9v€LT) (€8L€LT) (LS¥eELT) €S Le1edn (P8LELT<SISELT)
8% 06 8'€ce 9K ON OVVLVVVLVLVO VVVLVV VVVLVL S[r02 pafro) TLT  —900°€ 1°S80/89100 dX  €€°€6 -AHODS (dASOD) €STPI-AHOS
(eszeLn) (L¥¥eL) (LyzeLn) 6T gcredn (8¥FELT<—L8TELT)
8807 65 T98¢C $oX ON OVVLVVVILVLVD VVVLVVY VVVILVL S[103 paio) 60T —00'T  T'%80.89100 dX  00°001 -~AHOS (dASOD) TSTPI-AHOS
(ozeeLt) (vooeLT) (6¥€€LT) (010€LT—01TELT)
61761 S0LT T6SEL ON S9X OVVLLLOOLLLL VVVLVV LIVLVL SIY ON 1STPI-AHOS
(ozLeLr) (0667L1) (81£2L1) uiq 24 sereSn (696TL1<THLTLT)
fad'id 9L 9°LEE S9K ON OVVLVLLLLOVL VVVLVV OVVLVL urdirey Xippy S[I0d Pa[Io) ST =200 1°€80£89100dA 007001 -AHOS (dASOD) 0STWH-AHOS

(dASOI) so861yd aSeyd

snas0soua) urajord
(s6€2L1) 19 peredn amseaw-ade) (61LTLT<€THTLY)
9865 (4341 6817 S9X saX punoj 10N punoy 10N VVVIVL S[OD PaI0D  F6I 2007 1'780/L89100 dA  86°L6 -AHOS WBuay e, 6V IWE-AHDS
(9960L1) 1 armjeusdis ceredn (6£TTLT<€TOTLT)
€68 989 5SS oN saxX punoy 10N punoy 10N LVVLVL urewop M40 98 00 T°180/89100 dA 8766 -AHOS 8YTP-AHDS
(6580L1) (£850LT) 6¢ zeTe8n (T€80LT<=5€90LT)
SLE0E 891¥ 6'ST1T oN ON punoj JoN VVVLVV VIVLVL SET —00'T 108089100 dX 00001  -AHDS L¥TPI-AHDS

snaiaxodowojua
(9€0891) 1€1e8n saduumBuvs sndouvopy (01S0LT<¥80891)
el §S0T S'e8 ON SoX punoj joN punoj JoN VVVLVL S[t03 pafro) 841 00 1'6£0/89100 dA 9998 -“AHOS 9STASIN 24O IFTPI-AHOS
(8%€£91) (070891) (00€£91) 111 ogresn (696£9T<S¥¥£91)
€€voT1 96L€ €0€L ON SoX OVVLOLLOVOOD VVVLVV VIVLVL 97€  —200°CT 1'8£0/89100 dX  1L€6 -~AHOS SPTPE-AHODS
(920£91) (£00£91) 34 671v3n (2T6TL9T<=T€0L9T)
19 11 |84 S9X £ DVV.LVVOVVLLD punoj joN VVVLVL S[I0d PIOD  SPT —200°L  1°£L0£89100° dA 007001 ~AHOS (dASOID) PPIWE-AHOS
(€16991) (2€5991) w gzIedn ($8£991<-209991)
690LT 3349 9V681 ON ON punoj joN VVVLVV LLVLVL urewop (gHeD) 18uy durz  £'16 —200'C  1'9£0£89100 dA  0€'L8 -~AHOS CHPIPI-AHDS
(29¥991) (659991)  urewop uro1d 2dA1-1IVE (197991—>919991)
601C 87T 6'LV1 ON SOX punoy Jo0N VVVLVV LVVLVL Jo DNIY 18uy durz SIY ON THTWHI-AHDS
(¢5L591) (650991) (sTLS9T) o Lzresn (970991 —€8£59T)
€6LE 69 L769T ON saX OVVLLOVLVLLO VVVLVV VVVLVL TSI 9008 1°SL0/89100 dX  68°88 -AHOS P1Pd-AHDS

ur01d MI-8€3d

snaiaoxpay£jodospnu

(€95%91) (618¥91) (915%91) 34 9z1esn syppmma3  (€18¥91<1LEHIT)
796 (418 L9 ON sax OVVLVLLVVLVV VVVLVV OLVILVL S[103 pafro) LvI  —200°CT T1'%L0/89100 dX TL'86 -~AHOS visivIyuy 6v 1440 oY IYd-AHOS

udoxd o¢8D
(899791) (8L¥¥91) (5€9291) <8 sz1e8n  snaraorpaykjodospnu prbyqo (TLYYIT<—6L9791)
61¢ 96¢ €T ON saX OVVLILOLVVLLY VVVLVV OVVLVL S[I03 pafro) €47 2009 T1°€£0/89100 dX T8'€8 -AHOS s1d013097 £901YO 6€1YPI-AHOS
(652291) (8€9791) (€££T91—>6¥5T91)
ON ON punoj JoN VVVLVV VVVLVL TVOd Suppyjen uploid Y ON 8€1PI-AHOS

snaiao[noeqeyde
(L€¥T91) (569091) 98 yeresn vuvutinu (98€791<-998091)
0 6 90 ON SoX punoj 10N VVVLVV LVVLVL S[t03 pafro) 68T  —00% 1'TL0L89100 dA  S6'F€ -AHODS DANauojstioy) gyrnuyd LETPI-AHOS

snaaooeqeydre
($6£8ST) urewop (ZHZD) 201 czresn puvunw (LOE6ST<0788ST)
£6¥ 091 e oN sox punoy joN punoy 10N VLVLVL 108Uy ouIZ S[d PAIO) €0 —200°'L  ['[L089100 dA  L8'F6 -AHOS panauojstioy) gyInuYd 9cTPI-AHDS

€qsD uoid
Aqrueyradns
(9¢T8ST) (8508ST) JINVY pareposse (STTST<9L08ST)
91 L1 ST1 oN $aX punoj 10N VVVIVY IVVLVL -w)sAs SeD/IdSTIO Iy ON SETP-AHDS
(€618ST) (509281) 6L zeiesn (9108ST<=699L5)
07T 98¢ 1oL oN saX punoj 10N VVVIVV VVVLVL XIPY NL 66 =008 ['0£0£89100 dA  00°00I  -AHOS FEIPE-AHDS
WIdd Juno>  a3e1aA0d d 1L (OVVL (uonisod) (uonisod) xoq uonejouue 2105 anpeA ‘OU UOISSIIIE (%) jew (uonezipesoy) (uonejudLIo pue
pear mey  uedN jo I, :uonisod)  peudis (v)4Ajod MI-VILVL [ennns q Nuequan Amuapy 159g surajoxd uonisod) 190
Jnow ae| I1o/pue Ie[n[Ed Io/pue
DVV.LV/L/D [euonoung [e11a 03 ASojowoyy
S[A3[ Surddewr seusis (sa13ojouroy
uorssaxdxa jdrosuery, (d) apndad pue uondusuer], Jo uondrdsap)

(L) ydrosuery,

yojewr LSVTd 3s9g

U0 °| 9|qeL

1019

//jgv.microbiologyresearch.org

http



A. M. M. Abd-Alla and others

"N/4 suro1d uonexy aseusd
-0IIU [RUONOUNYIQ ‘NFIN/AJIN STHO JUBLIEA DIWO[IQNS 10A2)G ‘Aqruuey pastadsiojut aannadar ‘uyry ‘ujoxd afewep YN pue 1sa11e [ImoId ‘qvo 2uadoouo-0jo1d (jgp-5) PIWLEYNS] SULINW UOS[PQY [EWIOSOWOIYD YIM U8 (40q) I2)sn]d JutodyeaIq 2y} Jo UOISDy dY) WOy
Surstre auafoouo ue qy—1og s[[ 10308y uondunsuen ur punoj ynow safuy durz 4aSuy durz adA)-GII L, ‘Urewop (UoneIAUASAI I2AT[ JO IUBWSNE) YTV Pue (1 YamoIs 2aneIadaa pue A1ojerrdsar 10§ [enuassa) [AIY ‘UrewWop YTy/ANA urewop ASojowoy orrund ‘N ¢ urewop
IB[MPOW P3JBIOSSE-asBANU ‘c(JOINNN ‘103e[nSar uoneurioy Sutr zs) uoneydas ‘yizg 101wy yimorsd [eursaprds 17 103dasax pajdnoo-urord-5 YgHdo ©nassed JUIpUIq-d LY OV WSIOqeIdaW Pk dId[NU Jo spadse snotea ur pasjoaur A[iureradns aseapnu jo urewop
PaAIdSUOd YX (F/()-Ad ‘Proe dnredse-[A43-[Auidre ‘qoy 9sel19oeap auoisty OVAH (13y) uro1d A101e[n3a1 ausg £10ss939e a1 Jo (J1v) apndad Sumnpur-oine oy jo 10sindaxd spndad-oxd ‘qi8y ‘urewop ¢ uryoxd yoir-arerredse pue surderedse ‘¢ vy 9ousnbas/feusdis
uonezi[eso] Jeapnu anediq ‘SIN-dg Sdemiped [(INS) SUNUSULIAY-UOU 2$0IONS]| UOHBIUIULIYY 3S010NS pue (]MS) Surydims adA1-Sunew spajze jeyy A[iuey 2us8 INS/IMS JUOW SUNIOS JUBIQUIDW JEIONU JUUL SNS-]AN] opndad [eusis ‘g Urewop sueIquIDWSUEL], ‘NI,

(urao1d aoepms apqissod)

snaaxodowojud
(082061) (¥€0681) urewop 091e80 1as00us vpVSULY (182061<-£60681)
[ L6€ 6'¢E ON oK punoj 10N VVVLVV VLVLVL -, urord x0q-4 68 00 1'801/89100 dA  6¥'66 -AHOS ESTANY 24O PLIPE-AHDS
(990881) (£¥6881) ¥S1 8sTEdN (877881—916881)
454 L1 L ON oK punoj 10N VVVIVV VIVLVL 667 2009  T'901/89100 dA  00°001  -AHDS €L1Pd-AHDS
(T6LL8T) 9¥ L6130 (268£81—>611881)
651 44 86 ON S9K punoj 30N VVVIVV pumoy 30N ST 2006 T'S0IZ89T00 dA 00001  -AHOS TLTPH-AHDS
(€€PL81) (96£L81) 9T 9sredn (0L5L8T1—LELLBT)
LEOY oLy €78 oN $aX punoy 10N VVVLVY VVVLVL 00l  —200°S ['P01/89100 dX 6F'96 -AHDS ILIPE-AHDS
(80¥£81) (151£81) s¢ ssredn (60%L81<-T1TL81)
L8L 801 TS ON Sk punoj JoN VVVLVY VVVIVL ST =200l ['€01Z89100 dA  8¥'86 -AHDS 0L1PHE-AHDS

(ury01d prsdesoapnu)
(860981) ps1esn STITA JURISIPLIL (LF1L8T<FE1981)
T€s pLE TLE SaK $9K punoj 10N punoj 10N VVVIVL uoIBar YPU-dUIEIND 899 00 1'T0I/89100 dA  11'66 -AHDS vuvISI 9Z0IIO 69TWE-AHDS
(080981) (€78581) 6% cstedn (£L098T<L¥8S8T)
€681 €0¢ STEl ON S9K punoj JoN VVVIVV VIVLVL 19T —200T 110189100 dA 007001  -AHOS 89TYHE-AHDS
(T¥6581) (19%<81) (¢/1-0) 4] zs1e8n (PF8S81<-9L¥S81)
8951 0% 8601 ON $aK punoj 1oN VVVIVV VVVLVL [qV—1g $S[105 Pa[loD 6k —200°T  1°001£89100° dA 00001  -AHDS urjord NI-[qV—1og LOTPE-AHDS
(F1¥S81) (180581) (534 1s1e8n (£££S8T<8TTS8T)
079% 6L 67TE ON ON punoj 10N VVVIVV VVVLVL 191 —200€  1'660/89100 dA  8.'86 -AHOS 991WPHE-AHDS
(120%81) (8508T) oste3n (€270¥81—900581)
€81S shse 879¢ $9K $aX punoj joN VVVLVV LLVLVL €59 00 186089100 dA  LS'L6 -AH9S (dASOD SOTPF-AHOS

STUITA
69 spIeSn swoipuds jods amym (16V€81<—TT6T81)
€8 9¢ 6'S oN oN punoj JoN punoj JoN punoy JoN T —200°L 1960/89100 dX  8S'F9 -AH9S duys 621390 $91NE-AHDS
(sTsz81) (10£181) 06 8y1esn snia dwoIpuss jods ayrgm (96¥781<-878181)
8 6¢ 6'¢ ON ON punoj 10N VVLIVVV VOVIVL 6.7 —200'T  1'960/89100 dA  €TOL -AHOS dwiiys 621390 €9TPH-AHOS
(€€£081) (92€181) (069081) aserpwikod 6€1 9p1esn (LLET8T<=SFLO8T)
68 6¢ 9 Sk ON OVVLVVLVVLVL VVVIVV LVV.LVL VNY Juopuadop-yNY  00F  —200°C 76089100 dA 8586 -AHDS (ur2301d woOLIIA) T9TPE-AHDS
(952081) (620081) 96 sp1esn sniiA awoIpu4s jods anym (97£081<0¥0081)
8 or 66 ON SoK punoj JoN VVVIVV VVVIVL 16 —2009  1°€60/89100° dX  ¥L0L -AHDS dwiys 6214990 1919E-AHOS

mj\:>x0&0r:ouﬂu

1210014 VIIVSULY
(L8€6L1) (€586L1) (a/vst 08 yriesn 1 asepeydsoyd uroxd (6L£6L1—05L6LT)
01€S 69¢1 L1LE ON $9K punoj 10N VVVLVV VVVLVL siunqns A10emBax) 1dd  €¥7  —200°S  ['T60£89100 dA 00001  -AHOS €61AINV THO 091PI-AHDS
(TzesLn) €p1esn (5598L1<99¢LLT)
[Sial 0€T (401 ON 3K punoj 30N punoj JoN VVVLVL S[102 PA[I0D 998 00 T'T60,89100 dX 0986 -AHDS 6STPE-AHDS
(0€z9L1) (LegLen) (0029L1) Tr1esn (TTeLL1<TSTILT)
65L €95 res ON B8 OVVLLLVVIVLL VVVIVV VVVIVL 0€L 00 1°060/89T00 dX  TL'66 -AHDS 8STPHE-AHDS
(0T9sL1) (061921) s wiesn (68£5L1—>TS09L1)
1LL1 yTe vl ON LIS punoj 10N VVVLVY LLVIVL INL 91 —200°€ 168089100 dA 6596 SAHDS  SMIAIPNU Uopouous snaviad §-A4'1 LSTPE-AHDS

(udr01d woriia)
(T79¥L1) (8065L1) (0TsvLD) orresn snitaonoaeqeydye (0L8SLT<—LV9VLT)
LL8Y LETY vIvE SaK SaK DVVIVVVLVVVD VVVLIVV VVVIVL S[102 PA[IOD)  0F8 00 1'880/89100 dA 1566 SAHDS  buvunmnus pinauoisiioy) 8y1IH0 9STPE-AHDS
NWIdd Junod> a8e1aA0> d L (OVVL (uonisod) (uonisod) xoq uonejouue 3100§  anpea ‘OU UOISSIIIL (%) yojyewr (uonyezifedsoy) (uonejusLio pue
pear mey  UBdN jo I, :uonisod)  peudis (v)4Ajod MI-VILVL [enonns q Nuegquan Amuapy 159g suraoxd uonisod) 190
Jnowr e[ JIo/pue Ie[n[Rd Io/pue
OVVLV/L/D [euonduny [ea1A 03 4Sojowrofy
S[PA3[ Surddew speusis (sar3ojouroy
uorssaxdxs jdrsuer], (d) apndad pue uondusuer], Jo uondrdsap)
(L) yduosuery, yojewr LSVd 3sdg

U0 °| 9|qeL

Journal of General Virology 97

1020



Comprehensive annotation of the GpSGHV-Eth genome

p74

> > ) D D D
5000 10000 0 20000 25000 30000
Ao d K] o Y 1a<am I] <] <]
odv-e66 desmoplakin? ' paxp-1
LoD DD L > L ORS
chitinase 35000 40000 lef-8 50000 55000 60000
g a0 S < JIASX i
lef-9 lef-9 ts ts csnk1d lef-3
' N p53 transcription factor
) )] D I
ADPRase 65000 70000 75000 80000 85000 90000
e
O KKK ] | I] A
lef-4 pif-2 RpoD
helicase 2 pif-3 ABC transporter DNA polymerase
)] I I (I I L
950.00 1000.00 1050.00 1100.00 1150.00 1200.00
| | K< K - KJ Ak
ABC transporter ATPase ac81
pif-1
DI:> D DD OO0 DD I
1 25000 1 30000 1 35000 1 400.00 1 450.00 1 500.00
{ { g a ] X1 aa&daa
lef-5 cd-48 cd-48 mp-nase
chmu148 cg30 pe38 gadd-34
Lo > (>0 D D XD @DDBDI:>DI:>DD oI > o> D
155000 160000 1 65000 1 75000 180000
'] '] - I
A i i {
lef-8
' ' bcr-abl i
D @ D DDDDD ' D - Repetitive regions ORFs with insertions (n=17)
H # H 185000 190000
W L 1 - Deleted ORFs (n=11) |:| ORFs with deletions (n=20)
a aga

|:| Novel ORFs (n=24) |:| ORFs without changes (n=112)

Fig. 1. Linear representation of the GpSGHV-Eth genome: The linearization is presented starting with the ATG initiating
codon of p74 (SGHV-Eth001). The arrows indicate the positions and orientations of the transcription potential of each ORF.
In total, 112 ORFs in the GpSGHV-Eth genome were identical in length (amino acid residues) to the homologous ORFs in
the GpSGHV-Uga genome; 37 ORFs had insertions and/or deletions, 11 ORFs were deleted and 24 ORFs were novel in
the GpSGHV-Eth genome compared with the GpSGHV-Uga genome. The ORFs are colour-coded to show their homology
to the corresponding ORFs in the GpSGHV-Uga genome. The abbreviations used are explained in the footnote to Table 1.

The figure is drawn to scale.

baculovirus upstream late (T/G/A)TAAG transcription
initiation motifs (Table 1).

Proteogenomic mapping of the GpSGHV-Eth
genome

We authenticated the assignment of the GpSGHV-Eth
ORFs by mapping transcripts and peptides onto the virus
genomic sequence. After quality filtering of the transcrip-
tome data, ~40 million paired reads remained, of which
~12.3 million mapped to the host (tsetse fly) and were
therefore discarded from further analysis. The remaining
reads mapped onto the viral genome and were used to con-
struct 545 putative transcripts (represented by transcript

isoforms). Of these, 431 transcripts were predicted to con-
tain protein-coding regions and were used in the functional
gene mapping; they mapped onto 141 of the 174 predicted
GpSGHV-Eth ORFs (Table 1).

Similarly, filtering out reverse hits, contaminants and host-
specific peptides from the liquid chromatography (LC)-
MS/MS data resulted in 1314 unique viral peptides.
These peptides mapped to 86 of the 174 predicted
GpSGHV-Eth ORFs (Table 1). Of the 86 ORFs, 68 ORFs
had ATG as the start codon, whilst 13 ORFs had either
CTG or TTG as the start codon (see Table S2). Addition-
ally, some of these ORFs contained mapped peptides on
sequences upstream of the first methionine residues
(Table S2). Non-AUG codons are mostly exhibited by

http://jgv.microbiologyresearch.org
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Fig. 2. Genome synteny visualization of the relationship between GpSGHV-Eth and GpSGHV-Uga. The positions of the gen-
omes are shown between the thick black lines, which represent the dsDNA viral genomes. (a) The dot-plot was generated
from the whole-genome DNA homology alignments between GpSGHV-Eth and GpSGHV-Uga genomic sequences. The red
and blue colours indicate the sequence direction (reverse and forward). (b, ¢) Syntenic maps show the overall collinearity of
GpSGHV-Eth and GpSGHV-Uga compared with Musca domestica salivary gland hypertrophy virus (MdSGHV). The red
lines (b, c) indicate identity levels between the viruses, whilst the blue lines (c) indicate instances of inversions. The bands
represented in the thick black lines do not necessarily indicate the ORFs, but rather the conserved genomic regions.

viral mRNAs encoding regulatory proteins (Corcelette
et al., 2000). Non-canonical translation initiation is a rare
event that occurs in addition to initiation at a downstream
AUG (Gupta et al., 1994), possibly resulting in translation
of multiple related proteins from a single ORF. Five of the
13 GpSGHV-Eth ORFs with non-AUG start codons were
homologues to known regulatory proteins, i.e. SGHV-
Eth008 (MAL7P1.132), SGHV-Eth033 (lef-9), SGHV-
Eth036 (ts), SGHV-Eth117 (cd-48) and SGHV-Eth122
(mp-nase).

Overall, 45.4 % (n=79) of the 174 GpSGHV-Eth ORFs had
both peptides and transcripts mapped onto their
sequences, whilst only seven ORFs had peptide mapping
only. Taking into account the proteomic datasets from
GpSGHV-Uga (Kariithi et al., 2010, 2011, 2013b, 2016)
and the strong homologies between the two virus isolates
(Table S1), additional homologous ORFs could be
functionally annotated in the GpSGHV-Eth genome

(Table 1). Furthermore, of these 79 ORFs, 68 had appropri-
ately upstream positioned TATAA-like box and/or (G/T/A)
TAAG transcriptional signals of early and late baculovirus
genes, respectively (Chen et al, 2013), whilst 70 ORFs
had poly(A) signals. A total of 60 ORFs contained both
the TATA-like box and poly(A) signals, and had mapped
transcripts and peptides. Only one ORF (SGHV-Eth109)
remained without any transcriptional signals. It is worth
mentioning that all the ORFs harbouring the TAAG pro-
moter motif were of the (G/T/A)TAAG type characteristic
of baculovirus late promoters (Chen et al, 2013; Rohr-
mann, 2013). This motif was present upstream of 80 %
of the 45 ORFs encoding proteins identified in purified
virus particles and thus assumed to correspond to late
genes (see Table 1). The experimental validation by 5’3’
RACE sequencing of whether these motifs correspond to
functional transcription and polyadenylation signals is cur-
rently ongoing.
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Functional elements in the GpSGHV-Eth genome

The peptides from the experimentally derived proteomics
data helped us to identify potential functional ORFs in
the GpSGHV-Eth genome and to improve the genome
annotation. In particular, the GpSGHV-Eth genome con-
tained homologues to 12 out of the 31 so-called core
genes of baculoviruses and nudiviruses that are involved
in five main processes of baculovirus infection, i.e. (i) repli-
cation, (ii) transcription, (iii) packaging, assembly and
release, (iv) cell cycle arrest and/or interactions with host
proteins, and (v) oral infectivity (Miele et al, 2011).
Of the 12 GpSGHV-Eth ORFs homologous to the core
genes, nine contained both TATA-like box and poly(A) sig-
nals, and had both mapped transcripts and peptides,
implying that they were functional in GpSGHV. The
remaining three ORFs lacked peptide mapping only
(Table 1). The homologues to the core genes in
GpSGHV-Eth included one of the four baculovirus core
genes involved in DNA repair and recombination, i.e.
SGHV-Eth081, a homologue to helicase 2-like protein
(Spodoptera frugiperda granulosis virus) (Wang et al,
2007). Other homologues were five genes involved in tran-
scription, i.e. SGHV-Eth052, SGHV-Eth095, SGHV-Eth041
and SGHV-Eth033/34, which are homologues to the tran-
scription factors LEF-4, LEF-5, LEF-8 and LEF-9, respect-
ively. Homologues to desmoplakin (Ac66) and to Ac8l,
which are involved in egress of baculovirus virions and in
virus-host interactions at late infection stages (Miele
et al., 2011), respectively, were identified in GpSGHV
(SGHV-Eth009 and SGHV-Eth086, respectively). Finally,
five of the baculovirus per os infectivity factors (PIFs), i.e.
SGHV-Eth001, SGHV-Eth054, SGHV-Eth112, SGHV-
Eth083 and SGHV-Eth004, which are homologues to bacu-
lovirus P74 ( = PIF-0), PIF-1, PIF-2, PIF-3 and ODV-e66
(Slack & Arif, 2007), respectively, were detected (Table 1).
These homologies to the core genes suggest that hytrosa-
viruses share with baculoviruses and nudiviruses similar
modes of entry and transcription of their late genes,
which strongly supports the hypothesis that they are
derived from a common ancestor (Jehle et al, 2013).
We also detected homologues to other viral genes that
are potentially functional in GpSGHV, notably SGHV-
Eth087 (homologue to herpesvirus DNA polymerase),
SGHV-Eth095 (homologue to LEF-5 of Culex nigripalpus
nucleopolyhedrovirus) and SGHV-Eth053 (homologue to
a putative core protein encoded by ORF152 of Melanoplus
sanguinipes entomopoxvirus) (Tables 1 and S2).

The expressed proteins provide experimental evidence that
the viral genes are transcribed and translated to produce
functional proteins. Nevertheless, some of the putative
ORFs remained without peptide and/or transcript map-
ping. The lack of equivalence between the transcripts and
peptides could be due to several reasons. The most import-
ant reasons are that not all mRNAs are actively translated at
any particular time, and that the protein content is depend-
ent on both synthesis of new proteins and degradation of
existing proteins. Further, the intrinsic MS/MS peptide

properties (e.g. abundance, ionization efficiency, solubility,
etc.), incorrect assignment of peptides harbouring multiple
coding mutations (Dresang et al, 2011) and post-transla-
tional modifications may result in under-representation
of the full protein repertoires. It is, however, worth men-
tioning that most of the ORFs without peptide or tran-
script mapping are of small size (<100 aa residues) and
at least some of them could correspond to non-functional
ORFs.

Genetic heterogeneity of the GpSGHV-Eth
genome

Various insertions and deletion events were detected in the
genome of GpSGHV-Eth (Tables 2 and S3). A 111 nt
deletion was observed in the 89 508-89 648 nt region in
30 % of reads (Fig. 3a). This deletion was not detected in
GpSGHV-Uga. The nucleotide variation in this region
was within ORF SGHV-Eth069, which is homologous to
the structural protein ORF147 of Trichoplusia ni ascovirus
2¢ (Cui et al., 2007) (Table 1). Notably, compared with its
SGHV-Uga062 homologue, ORF SGHV-Eth069 contains
indels (Table S3); overall, the latter is 126 nt shorter than
the former.

Similarly, two repeat sequences, 27 nt each, occur two and
three times, in 65 and 35 %, respectively, of the reads in the
183 153-183 354 nt region (Fig. 3b). The nucleotide vari-
ations in this region occur in ORF SGHV-Eth164, which
was annotated as a trophozoite antigen-like protein and
homologous to shrimp white spot syndrome virus ORF94
(Table 1). Compared with its homologous ORF SGHV-
Ugal48, SGHV-Eth164 has two deletion events encompas-
sing a total of 57 nt (Table S3). However, this nucleotide
region has more repeat sequences in GpSGHV-Uga than
GpSGHV-Eth, making SGHV-Ugal48 longer than
SGHV-Eth164 by a total of 255 nt. It is, however, doubtful
whether this ORF is expressed as it contains no transcrip-
tional signals and remains without any peptide or tran-
script mapping (Table 1).

Likewise, 75 and 25 % of the reads in the 165 386 nt region
contained two and one C repeats, respectively. This
nucleotide region occurs between ORFs SGHV-Eth140 and
SGHV-Eth141. Whereas the 967 nt between these two
OREFs did not have any predicted ORF in the GpSGHV-Eth
genome, the corresponding region in the GpSGHV-Uga
genome (containing 1052 nt between ORFs SGHV-Ugal26
and SGHV-Ugal27) contained a predicted ORF (159 nt)
which was not annotated during the sequencing of the
GpSGHV-Uga genome (Abd-Alla et al., 2008).

Such nucleotide deletions potentially result in a change at
the ORF position or destroy the ORF if they are located
in non-coding regions or coding regions, respectively.
The apparent genetic heterogeneity observed within the
GpSGHV-Eth genome could be attributed to the fact that
the virus sample was isolated from HSGs collected from
many symptomatically infected G. pallidipes individuals.

http://jgv.microbiologyresearch.org

1023



A. M. M. Abd-Alla and others

Table 2. Sequence polymorphisms in the GpSGHV-Eth genome: the table shows the positions with nucleotide polymorphisms in
the genome detected from pyrosequencing reads

Genome position  A* (O G* ™ Nucleotide sequence Maximumt Second} Percentage$ Pl
22760 2 2 2735 91 ACTTGGAAATAAG/TTCGCAATAAGTT 2735 91 3.33 le-37
31111 5 2112 1 94 TTGTCGAATTTAC/TTTTTCTATTGCA 2112 94 4.45 2e-37
32379 51 1 2208 0 TCATTCAAAACAG/ACAATCGGCGCAA 2208 51 231 2e-24
62381 82 1 1533 1  AGCAAATCTTTCG/ACCACCACTAAAA 1533 82 5.35 4e-36
72054 72 3 1893 4 GGACAAACTTTCG/AGATAAGGCTACC 1893 72 3.80 4e-26
88953 11 3174 2 308 AGATGAATTATCC/TAAAGAGCAAGAA 3174 308 9.70 8e-128
101549 270 4 2228 1 GAAACTTCACTTG/ATAGCAATATTTA 2228 270 12.12 5e-120
101553 13 2219 2 106 CTTCACTTGTAGC/TAATATTTATTTG 2219 106 4.78 3e-36
130384 2 2140 0 100 AAAAAAATTACGC/TTGTGGACTAACA 2140 100 4.67 2e-46
137360 57 2701 0 1 CCTTTATATTATC/ATCCATTGAATAG 2701 57 2.11 2e-27
160377 0 182 2 2349 ACTGATCACACAT/CGTGTAGGGTGCC 2349 182 7.75 4e-85
163075 114 2 2400 3  GGATCATCCATTG/ACAACAAATTGGA 2400 114 4.75 5e—47
164395 11 3178 1 89 AAGCAAGAGATTC/TGTCATTTGAAAG 3178 89 2.80 2e-31
164892 2487 4 211 0 GCTGAGACATTCA/GTTCGCATTATTC 2487 211 8.48 4e-96
179546 2 1777 1 110 CAAAGTCCCAAGC/TAATTATTTTATG 1777 110 6.19 8e—48
183486 4 2981 4 220 ATAAAAAAGACGC/TAAATATGAATGA 2981 220 7.38 5e-92
185137 147 2603 1 4  GACATGGAAGAGC/AGATATGAATTAA 2603 147 5.65 le-62

*Number of reads of each of the four bases at the stated position. Only reads matching exactly the flanking sequences in the column ‘Nucleotide
sequence’ are included in the count.

TCount of the dominant residue.

$Count of the second most frequently observed base.

§Percentage of all reads with the second most frequent base.

[IProbability that the second most frequent base occurs at this frequency or greater due to random sequence reading error calculated by the
log-likelihood ratio test.

(€Y

89508 89537 81 nt 89618 89648

---------------------------------------------------------------------------------------------- 70%

TGACCAGGATGACGAGGGAAAAAAGACACGGGTAGGTGAAGAATTACAAGAATCGACAGAAGGTAAAGAAAAAACTAAAAAAGAAAGAAAGAAGCGTTCAAAGGACAGTGATGACCAGGATGACGAGGGAAAAAAGACACG
89538 89619

89508 30 nt 89537

30%
TGACCAGGATGACGAGGGAAAAAAGACACG

(b)

183153 <Rx> <Ry> <Rx> <Ry > 183300
65%
AGAAAAGACAGAAATAT GAATGATTCTGGTATATCAATTG

183153 < Rx> < Ry > < Rx > < Ry > < Rx > < Ry > 183354
35%
AGAAAAGACAGAAATAT GAATGATTCTGGTATATCAATTG

RX :GAATGATTCTGGTATATCAATTGACCC

= Ry :GGGTCATCAGAGAAAAGACAGAAATAT

Fig. 3. Repeat status and genetic heterogeneity in the GpSGHV-Eth genome. (a) Approximately 30 and 70 % of the
89 508-89 648 nt region were covered by short repeats of 30 and 26 nt, respectively. (b) Two repeat sequences, 27 nt
each, occur two and three times in 65 and 35 %, respectively, of the reads in the 183 153—-183 354 nt region.
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This notwithstanding, deletions and/or insertions are
known to result in several virus strains, e.g. for baculo-
viruses (Barrera et al, 2013; Lopez-Ferber et al, 2003;
Virto et al, 2014). Furthermore, such variation may play
important roles in virus pathogenesis (Bernal et al, 2013;
Clavijo et al., 2010; Simén et al., 2004, 2005). The high
error rate observed in high-throughput sequencing is well
known and the observed single nucleotide polymorphisms
(SNPs) could be due simply to read errors. To test this, the
probability of obtaining the number of reads observed,
assuming that read errors are random, was calculated by
the log-likelihood ratio test (Sokal & Rohlf, 2012) and is
presented in Table 2. All of the observed SNPs are highly
significant.

Repetitive regions in the GpSGHV-Eth genome

We detected several repetitive regions with head-to-tail
tandem repeat sequences (TRSs) and one inverted repeat
sequence in the GpSGHV-Eth genome (Fig. 4). These
repeat elements were found to be distributed throughout
the GpSGHV-Eth genome, representing ~ 3 % of the gen-
omic sequence. The lengths of the repetitive regions ranged
from 171 to 556 nt and consisted of 78 TRS minifragments.
Most of these TRS segments were highly homologous to
each other and clustered in two genomic regions
(86 000—88 000 and 179 000-183 000 nt). The sizes of the
TRS varied from 52 to 246 nt and the number of TRSs
per repetitive region varied from 2.7 to 14.5. Within the
same repetitive region, the identity of TRS was >80 %,
but the sequence identity amongst the different repetitive
region varied from 21.2 to 96.2 %. TRSY, 11 and 13, and
10, 12 and 14 shared >80 % sequence identities amongst
each other. Occurrence of repeat sequences at multiple
locations along the genomes has been reported in baculo-
viruses (Cochran & Faulkner, 1983), nudiviruses (Wang
et al., 2011) and whispovirus (Syed Musthaq et al., 2006).
Potentially, the repetitive elements may serve as regulators
of viral gene expression (Schnitzler et al., 1987).

Comparison between the GpSGHV-Eth and
GpSGHV-Uga genomes

We observed a strong collinearity between GpSGHV-Eth
and GpSGHV-Uga genomic sequences (Fig. 2), which
was corroborated by BLAST searches in that only 24 of the
174 GpSGHV-Eth ORFs remained without any hits to
GpSGHV-Uga ORFs (Table 1). The major differences
between the genomes of the two viruses are depicted in
Figs 1 and 5. Compared with the GpSGHV-Uga genome,
the GpSGHV-Eth genome had an insertion of ~500 nt
in the 20 000 nt region, which is immediately followed by
a deletion of ~600 nt. Similarly, a short insertion was
observed in the 72000 nt region and a long deletion
(~400 nt) was observed in the 87 000 nt region. Several
other insertions of a combined length of almost 1250 nt
were observed in the 150 000-161 000 nt region, followed
by several deletions in the 162 000-1 90 000 nt region

(see summary in Fig. 5). Combined, these insertions and
deletions make the GpSGHV-Eth genome 249 nt longer
and more ORF-dense than the GpSGHV-Uga genome.
Taken together, our analyses of the two virus genomes
led us to omit 10 small ORFs (four in the 16 000-
18 000 nt region and six dispersed along the sequence)
reported in the GpSGHV-Uga genome. On the same
note, we included 24 new small ORFs (five in the
16 000-22 000 nt region and 19 dispersed along the
sequence) in the GpSGHV-Eth genome (Fig. 1).

We then determined which specific ORFs contained de-
letions and/or insertions. We found that, compared with
GpSGHV-Uga, a total of 37 ORFs in the GpSGHV-Eth
ORFs contained several nucleotide insertions and/or
deletions, of which 17 and 20 ORFs had insertions and de-
letions, respectively (Table S1; compare with Fig. 1). As can
be observed in Fig. 1, the ORFs with insertions and de-
letions appeared to occur in clusters. For instance, the
5000-25 000 nt region contains three ORFs with insertions
(SGHV-Eth005, SGHV-Eth013 and SGHV-Eth014) and
three ORFs with deletions (SGHV-Eth008, SGHV-Eth009
and SGHV-Eth018). Interestingly, this region also con-
tained four ORFs that lack homologues in GpSGHV-Eth
(SGHV-Uga013, SGHV-Ugal4, SGHV-Uga015 and
SGHV-Uga018) and five novel ORFs (SGHV-Eth012,
SGHV-Eth015, SGHV-Eth016 and SGHV-Eth019) (Fig. 1).
Another notable region is the 70 000-90 000 nt region,
which contains two ORFs with insertions (SGHV-Eth064
and SGHV-Eth068), a high-molecular-mass ORF with de-
letions (SGHV-Eth069) and seven novel ORFs (SGHV-
Eth059-SGHV-Eth065). Similarly, the 150 000-170 000 nt
region contains three ORFs with insertions, six ORFs
with deletions and three novel ORFs (Fig. 1). The
162 000-190 000 nt region contains six ORFs with inser-
tions, nine ORFs with deletions, three novel ORFs and
two missing ORFs (Fig. 1). Finally, except for ORF
SGHV-Eth073 (with deletion) and a small novel ORF
(SGHV-Eth085), the remaining 24 ORFs in the 90 000-
123 000 nt region did not have any variations when
comparing the two virus genomes.

Putative novel ORFs in the GpSGHV-Eth genome

A total of 24 ORFs in GpSGHV-Eth had no homologues to
any known gene, including to GpSGHV-Uga (Table 1),
implying that they are novel. However, notable motifs/
domains were detected in some of the novel ORFs. For
instance, ORF SGHV-Eth016 contained an NAD-specific
glutamate dehydrogenase (GluDH) motif, whilst ORF
SGHV-Eth028 contained the subtelomic variant ORF and
repetitive interspersed family (Rif/Stevor) domain. Stevor
and Rif family proteins are implicated in the regulation
of antigenic variations and gene duplication events in
some pathogens (Joannin et al., 2008; Niang et al., 2009),
but their role in viruses is not well studied. ORF SGHV-
Eth110 contained a viral small hydrophobic protein
(v-SHP) domain, which is a retention signal for

http://jgv.microbiologyresearch.org
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(@) Distribution Name Type Size (nt) Location on
(copy no.) the genome (nt)
— e R1 DR  101(2.3) 22621-22853
I R2 DR  63(5.2) 73360-73688
e R3 DR  99(2.7) 86030-86298
o R4 DR 147(2.6) 86362-86750
o R5 DR 147 (2.4) 87570-87926
——m)mm)mm) R6 DR  72(2.8) 87908-88263
— ) R7 DR  102(2.3) 89626-89864
=) - R8 IR 79 178998-179271
——  m)m)m)m)m)m)m)m)m)m)m)l——————— Rg DR  54(11.3) 180078-180688
R R10 DR  52(5.3) 181519-181793
—— ) mm)m)m)saEE)————— R11 DR  54(11.8) 181837-182472
— =)y R12 DR  52(3.5) 182704-182887
— o))l  R13 DR  54(11.5) 182937-183555
— m)e)m)m)) R14 DR  52(4.5) 183699-183934
(b)

R9 CATTATAGAAAAAGACAAAAATATAAATGATTTTAATATACCAAATGACCCGGGA
R10 | GAAGATAGATTTTTTGTAAGGTGATGTATAGAAGATAGGTTGGTGATGAGTG
R11 CATTTTAGAAAAGACAGAAATATGAATGGTTTCAATATATCAATTGTCCCGGGA
R12 TTGGTGATGGTTGGAAGATAGAATTTTTGCAATATGAATTATAGTAGATAGG
R13 | AGAAAAGACAGAAATATGAATGATTCTGGTATAACAAAACACCCGGGTCATCAG
R14 | TTGGTGATGATTGGAAGATAGAATTTTTGCAATATGAATTATAGTAGATAGG

Fig. 4. Loci of the GpSGHV-Eth genome with repeating elements. (a) The arrows represent the repeat core elements in the
indicated directions. The name, type, size, copy number and genomic location of the repeat are indicated on the right.
DR, direct repeat; IR, indirect repeat. Parameters: length >50 nt, n>2. (b) Alignment of the consensus nucleotide sequences

of the direct repeats R9, R10, R11, R12, R13 and R14.

intracellular microvesicles (McCarthy & Theilmann, 2008)
potentially involved in virus docking. ORF SGHV-Eth155
contained a repeat-associated mysterious proteins (RAMPs)
domain — a protospacer sequence targeted by Cas nucleases
to cleave viral genomes (Heler et al., 2015). Other notable
domains detected in the putative novel ORFs are shown in
Table 1. Out of the 24 novel ORFs, 14 contained both puta-
tive transcriptional signals [TATA-like box and poly(A)
signals]. Four of these ORFs (SGHV-Eth060, SGHV-
Eth061, SGHV-Eth109 and SGHV-Eth110) showed both
transcripts and peptides mapping onto their sequences,
implying that these ORFs are functional.

Selection pressures acting on GpSGHV ORFs

We estimated numbers and rates of synonymous and
non-synonymous substitutions in the ORF sequences of
GpSGHV-Eth in comparison with the homologous ORFs
in GpSGHV-Uga (Table S4). Mutation and selection have

different effects on silent (ds) and amino acid replacement
(dn) substitutions. The ds/dy ratios amongst sites provide
insights into the functional constraints at different amino
acid sites and are useful in detection of sites under positive
selection (Nielsen & Yang, 1998). A ds/dy<1.0 or
dn/ds>1.0 is considered to be a convincing indicator of
genes that are under purifying or positive selection pres-
sure, respectively (Kreitman & Akashi, 1995). Based on
this criterion, a total of 21 ORFs were considered to be
under positive selection pressure. Of the 21 ORFs under
positive selection, 11 ORFs had significant homologies to
known viral genes. These include three homologues to
baculovirus genes (SGHV-Eth136, SGHV-Eth139 and
SGHV-Eth140), four homologues to entomopoxvirus
genes (SGHV-Eth009, SGHV-Eth035, SGHV-Eth096
and SGHV-Eth116), and homologues to nudivirus
(SGHV-Eth052), ascovirus (SGHV-Eth069), mimivirus
(SGHV-Eth68) and nimavirus (SGHV-Eth164) genes
(Table 1). Two ORFs (SGHV-Eth049 and SGHV-Eth064)
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Fig. 5. Inserted and deleted nucleotides in the GpSGHV-Eth
genome compared with the GpSGHV-Uga genome. Positive and
negative numbers indicate insertions and deletions, respectively,
in the two virus genomes.

were homologous to known cellular genes, whilst the
GpSGHYV envelope and tegument proteins encoded by
ORFs SGHV-Eth040 and SGHV-Eth123 were annotated
to be HSP90-like ATPase and regulatory proteins, respect-
ively (Table 1). The remaining six ORFs (i.e. SGHV-
Eth051, SGHV-Eth108, SGHV-Eth141, SGHV-Eth153,
SGHV-Eth165 and SGHV-Ethl171) remained without
homologies to known genes. It is thought that genes encod-
ing virulence factors undergo intensified episodes of posi-
tive selection to maintain or improve the advantage of
pathogens over their hosts (adaptive evolution) (van der
Ende et al., 1998; Wolf et al., 2006). In this case, some of
the notable GpSGHYV genes under positive selection pres-
sure include SGHV-Eth139 and SGHV-Eth140 (homo-
logues to baculovirus ¢g30 and pe38 involved in
maximum production of occlusion bodies and apoptosis,
respectively), SGHV-Eth052 (homologue to the nudivirus
very late gene transcription factor lef-4), and SGHV-
Eth069 (homologue to the ascovirus 2c ORF147)
(Table 1). Negative selection occurs in conservative viral
genes that are maintained under structural and/or func-
tional constraints to avoid reproductive and other fitness
disadvantages (Doi, 1991; Wilson et al., 1977). Knowledge
of viral genes under positive selection pressure is critical in
the identification of genes involved in virulence/pathogen-
esis without prior knowledge of the exact mechanism(s)
that govern virulence and pathogenesis. Our analysis may
clarify the driving force of Hytrosaviridae evolution.

Differential pathogenesis of GpSGHV-Eth and
GpSGHV-Uga

The differential pathogenesis of GpSGHYV in different tsetse
colonies could be attributed to the nucleotide variations
described above or to the susceptibility of the host itself
to virus infection. It has been demonstrated that insect
host-encoded factors have an impact on virus pathogenesis,
e.g. in the baculoviruses (Asser-Kaiser et al., 2010, 2011).
It should be noted that whereas the Ugandan

G. pallidipes fly population has been maintained at the
IPCL for many generations (>30 years), the Ethiopian
G. pallidipes population is quite recently colonized.
Consequently, the prolonged exposure of the Ugandan
G. pallidipes population to GpSGHV infections could
have resulted in establishment of a virus—host equilibrium
and co-existence. Alternatively, colony handling and feed-
ing regimes practised in different mass production facilities
could influence expression of SGH, as recently reported by
Abd-Alla et al. (2013).

CONCLUSIONS

Based on our data, we draw the following conclusions.
(i) With a size of 190 291 nt and encoding 174 putative
ORFs, the GpSGHV-Eth genome is 98.1 % identical to
the reference genome of GpSGHV-Uga. (ii) The combined
proteogenomic and transcriptomic mapping significantly
improved the annotation of the GpSGHV-Eth genome,
allowing the detection of 141 transcripts and 86 proteins.
Of the 86 ORFs that were proteogenomically mapped on
the virus genome, 13 ORFs appear to contain non-canon-
ical start codons; four of the 13 ORFs had peptides map-
ping upstream of the first methionine residues. (iii) Of
the 132 ORFs that contained transcriptional signals
[TATA-like box promoter elements and poly(A) signals],
60 ORFs had both mapped transcripts and peptides, imply-
ing that these ORFs are translated into functional viral pro-
teins. Compared with the GpSGHV-Uga genome, where
only 47 ORFs could be annotated, 114 ORFs could be
annotated in the GpSGHV-Eth genome, including 61
structural proteins. (iv) Amongst the potentially functional
elements in the GpSGHV-Eth genome were homologues to
the core proteins of the baculoviruses, nudiviruses and her-
pesvirus that are important in various virus replication
cycles. (v) Over 10 % (n=21) of the GpSGHV genes are
potentially under positive selection pressure, implying
that these genes may have evolved new functions in
GpSGHV-Eth compared with the reference GpSGHV-
Uga. (vi) As the characteristics of virulence are often due
to the synergistic effects of various genomic loci, the cohe-
sive activities of the genetic heterogeneity presented here
potentially result in the differential pathogenesis of the
two GpSGHYV isolates. In addition, it is possible that
G. pallidipes colonies maintained under different insectary
conditions may vary in their susceptibility to GpSGHV
infections and may therefore influence the occurrence of
overt SGH symptoms. Our data provide a foundation for
future investigations of the Hytrosaviridae family of insect
viruses.

METHODS

Isolation, purification, extraction and sequencing of viral
genomic DNA. G. pallidipes flies were obtained from a tsetse pro-
duction facility at the National Institute for Control and Eradication
of Tsetse Fly and Trypanosomosis (NICETT), Addis Ababa, Ethiopia.

http://jgv.microbiologyresearch.org
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The virus sample was purified from HSGs (dissected from naturally
infected 4-week-old males) and the viral DNA sequenced as described
by Abd-Alla et al. (2008), with slight modifications. Briefly, after
extraction from purified virus suspension, viral DNA was released by
Sarkosyl/proteinase K treatment (Qiagen), followed by phenol/
chloroform extraction. Based on the genomic sequence of the refer-
ence GpSGHV genome, 136 primer pairs were designed and used to
amplify 1500 bp amplicons covering the entire virus genomic sequence
(Abd-Alla et al., 2007). Each of the PCR products was then purified
using a High Pure PCR Purification kit (Roche Biochemicals). The
respective PCR primers were used to sequence the PCR products from
both ends by the Sanger method (MWG-Biotech). In certain cases,
PCR products were cloned into pGEM-T/pGEM T-Easy vector sys-
tems (Promega), and then sequenced using T7 and SP6 universal
primers according to standard protocols. To cover the sequence of the
AT-rich regions of the virus genomic sequence, 10 g intact DNA was
subjected to pyrophosphate-based sequencing (pyrosequencing) (454
Life Sciences) according to Margulies et al. (2005). Repeat regions were
resolved by DNA sequencing at Macrogen using the HiSeq 2000
platform (Illumina). Sequencing reads were trimmed by Trimmomatic
tools version 0.36 (Bolger et al., 2014), and assembled by SeqMan
(Lasergene version 7.0; Dnastar) and Vector NTI version 9.0 (Invi-
trogen) packages. Sequence assembly was validated using a set of
routines as described by Parker & Parker (2008).

Protein extraction, fractionation and MS/MS data acquisition.
Preparation of G. pallidipes salivary gland proteins and MS analyses
were performed as described by Kariithi et al. (2013b). Briefly, pro-
teins were extracted from HSG extracts, fractionated using 12 % SDS-
PAGE and subjected to in-gel trypsin digestion. The resultant tryptic
peptides were analysed by LC coupled to electrospray ionization and
high-accuracy LTQ-Orbitrap XL tandem MS (LC-MS/MS). The MS/
MS spectra were searched against Glossina hytrosavirus and tsetse fly
protein databases downloaded from UniProt (version May 2014), a
database containing sequences of common contaminants and a decoy
database created by reversing the database sequences. The MS
searches were performed using MaxQuant version 1.3.0.5 (Cox &
Mann, 2008) with the Andromeda search engine (Cox et al., 2011).
The default false discovery rate of <0.01 was used at protein and
peptide levels during the searches. Any peptide hits to the decoy
sequences and hits with modified peptides only were excluded from
further analyses.

Deep sequencing of RNAs, assembly and annotation of viral
transcriptome. Total RNA was extracted from HSGs (obtained from
4-week-old males as described above) using TRIzol reagent
(Invitrogen) and treated with DNase I to remove residual DNA
contaminants. RNA samples were purified using a RNeasy Plus Mini
kit (Qiagen). Then, RNA libraries were constructed using a TruSeq
RNA Sample Prep kit version 2 (Illumina), and the pooled libraries
sequenced using the Illumina HiSeq2000 platform in high-through-
put mode. To map the RNA-Seq reads onto the GpSGHV genomic
sequence, residual Illumina sequencing adapters, low-quality read
pairs with average Phred +33 quality scores <30 and low-quality
bases (<30) on the ends of the reads were removed using EA-Utils
software (Aronesty, 2013). To ascertain from which part of the
GpSGHYV genome the sequencing reads occurred, the paired reads
were aligned to the virus genome sequence using Bowtie 2 (Langmead
et al., 2009). Estimation of the virus gene expression levels from the
RNA-Seq data was done using EDGE-pro (Magoc et al., 2013).

Prediction, validation and annotation of virus ORFs. The com-
position and features of the virus genome were analysed as described
by Abd-Alla et al. (2008), with modifications. The modifications were
that, in addition to selection of ORFs containing >50 aa and with
minimal overlaps (<100 nt), the coding regions of the ORFs pre-
dicted in the GpSGHV genome were delineated by mapping RNA-Seq

transcripts and LC-MS/MS peptides onto the virus genome
(Armengaud, 2009). For the transcript mapping, the transcripts were
mapped on to the virus genome sequence translated into all six
reading frames using BioEdit local BLAST alignment. For proteo-
genomic mapping, the validated unique peptides derived from the
LC-MS/MS spectral matches were mapped back to the virus genome
(translated in all six reading frames) using the Proteogenomic
Mapping Pipeline (PMP) (Sanders et al, 2011). Briefly, three files
were inputted into the PMP: a FASTA file containing validated unique
MS/MS peptides, a FasTA file of the GpSGHV genome and a text file
containing the National Center for Biotechnology Information
(NCBI) genetic code (genetic_code_table). The output file was used to
analyse the expressed protein sequence tags created after the peptides
had mapped to the virus nucleotide sequence (Sanders et al., 2011).
Gene ontology annotation of the predicted ORFs was performed
using Blast2GO version 3.0.4 (Conesa et al., 2005). Protein domain
analyses were performed using various databases, including Pfam
(Finn et al., 2008), InterPro (Mitchell et al, 2015) and the NCBI
conserved domain database (Marchler-Bauer et al.,, 2015).

Comparative analysis and genomic synteny of viral genomes.
After the annotation, the genomic sequence of GpSGHV-Eth was
compared with that of the reference GpSGHV-Uga. For this, the
predicted GpSGHV-Eth ORFs were used as query sequences to BLAST
against the nr (non-redundant) NCBI protein database. The Artemis
comparison tool (Carver et al., 2005) was used to analyse the gene
synteny of GpSGHV-Eth compared with GpSGHV-Uga and the
closely related hytrosavirus of the house fly, Musca domestica salivary
gland hypertrophy virus (Garcia-Maruniak et al., 2009). The occur-
rence of insertions, deletions and SNPs in the protein-coding regions
of the GpSGHV-Eth genomic sequences compared with those of
GpSGHV-Uga was investigated by aligning the nucleotide sequences
of the homologous ORFs using MegAlign (Dnastar). The pair-wise
alignments were visualized within MegAlign and descriptions of the
nucleotide variations were based on a previously described nomen-
clature system (den Dunnen & Antonarakis, 2001).

Analysis of positive and negative selection pressures. The
occurrence of selection pressures in the protein-coding regions of the
GpSGHV-Eth genome in comparison with the GpSGHV-Uga genome
was assessed by analysing the rates of non-synonymous substitution
per synonymous site (dy) versus synonymous substitution per
synonymous site (ds). For this, codon-aligned nucleotide sequence
sets of GpSGHV-Eth and GpSGHV-Uga ORFs were analysed using
SNAP version 2.1.1 (Korber, 2000). sNAP computes the nucleotide
substitution differences (codon by codon) between pairs of
homologous sequences based on the Nei-Gojobori method (Nei &
Gojobori, 1986). Evidence for the occurrence of negative or positive
selection pressures is indicated when ds/dy>1.0 or dy/ds> 1.0,
respectively.

Nucleotide/protein sequence databases and accession num-
bers. The accession numbers for the ORFs presented in this paper are
from the GenBank, UniProt, or PIR databases. The GpSGHV-Eth
genome sequence has been deposited in GenBank.
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