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Gemykibivirus in acute encephalitis patients

Abstract
Acute Encephalitis Syndrome (AES) causes significant morbidity and mortality
worldwide. In Nepal, Japanese encephalitis virus (JEV) accounts for ~ 5-20% of AES
cases, but ~75% of AES cases are of unknown etiology. We identified a gemykibivirus in
CSF collected in 2020 from a male child with AES using metagenomic next-generation
sequencing. Gemykibiviruses are single stranded, circular DNA viruses in the family
Genomoviridae. The complete genome of 2211 nucleotides was sequenced which shared
98.69% nucleotide identity to its closest relative, Human associated gemykibivirus 2
isolate SAfia-449D. Two real-time PCR assays were designed, and screening of 337 CSF
and 164 serum samples from AES patients in Nepal collected in 2020 and 2022 yielded
11 CSF and 1 serum sample that were positive in both PCR assays. Complete genomes
of 7 of the positives were sequenced. These results identify a candidate etiologic agent of

encephalitis in Nepal.
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39  Introduction

40 Encephalitis is a neurological disorder associated with a high mortality rate on a

41 global scale (7). It is the inflammation of the brain parenchyma with clinical features
42 of fever, altered mental state, and/or new onset of seizures. At present, low

43 sociodemographic index regions in Asia and Africa carry the highest burden of

44 encephalitis (2). In the year 2021, a total of 512 cases of AES were reported in Nepal
45 (3) . More than 100 different infectious agents that cause encephalitis are known

46 including bacteria, viruses, fungi, and parasites (4, J). The major known etiologic

47 agents of encephalitis as reported in Nepal and internationally are Japanese

48 encephalitis virus (JEV), enteroviruses, herpes simplex, and varicella zoster viruses
49 (6, 7). In Nepal, there has been a national surveillance program for JE since 2004

50 wherein CSF and serum samples of suspected viral cases of encephalitis are collected
51 from sentinel sites throughout Nepal with technical support from WHO and analyzed
52 at the National Public Health Laboratory (NPHL) by serology for anti-JEV IgM. In
53 numerous studies in Nepal assessing cases since 2000, ~70-95% of the AES cases per
54 year have no diagnosis (3, 8§-17). A significant fraction of encephalitis in other

55 countries similarly lack diagnosis, despite extensive testing (3, /2, 13). In recent

56 years, the application of metagenomic analysis to patients with encephalitis has begun
57 to identify a range of emerging viruses linked to encephalitis (/4-19)

58 The Genomoviridae family of viruses has single stranded DNA genomes of ~2.1-2.2
59 kb (20) that encode a capsid protein (CP) and a replication associated protein (REP).
60 They have been identified from a wide range of hosts including plants, insects,

61 animals, and humans (20-22). There are ten genera in the Genomiviridae family (20).
62 Viruses in the genus Gemykibivirus have been identified in multiple human cases and
63 in multiple specimen types including: blood of febrile Tanzanian children (23); the
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64 respiratory tract of an e y woman with respiratory distress in China (24); feces
65 from diarrhea patients in Brazil (25); blood of healthy blood donors of Brazil (21);
66 blood of HIV positive Cameroonian males (26); and in cervical swab of HIV/HPV
67 infected pregnant females (27). Specific to encephalitis, there are reports of

68 gemykibiviruses in CSF from an encephalitic child from China (/5) and CSF from
69 three patients with encephalitis from Sri Lanka (25). Furthermore, analysis of

70 Nepalese sewage yielded the complete genome of a gemykibivirus (23). Here, we

71 used metagenomic next generation sequencing (NGS) to identify the presence of a
72 gemykibivirus in CSF from a patient with encephalitis in Nepal. Further PCR

73 screening identified 12 additional positive cases.

74

75 Materials and Methods

76  Ethical clearance, study population, and collection of biospecimens:

77 This study was approved by the Nepal Health Research Council of Nepal [approval#
78 274-2020] and the Human Research Protection Office of Washington University in
79 Saint Louis [202004087]. The study population focused on AES patients who were
80 negative for JE IgM. Residual samples from national JE surveillance sentinel sites in
81 Nepal were utilized. The index case CSF sample in the NPHL repository was

82 collected in 2020 from Rupandehi district. For prevalence studies, 122 repository

83 specimens (82 CSF, 40 sera) collected in 2020 and 379 repository specimens (255
84 CSF, 124 sera) from 2022 were tested by PCR for gemykibivirus.

&5 Total nucleic acid extraction

86 Total nucleic acid extraction was performed using the Invitrogen Pure Link ™ Viral
87 RNA/DNA mini kit [Thermo Fisher Scientific] and eluted in 50 pL volume following
88 the instruction manual of the kit. Samples were stored at -80°C.
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89  Metagenomic NGS analysis

90 Extracted total nucleic acid were randomly amplified as described previously (28)
91 and used for library construction with NEBNext Ultra DNA Library Prep Kit for

92 [llumina (New England Biolabs). The sample library was sequenced on the Illumina
93 MiSeq instrument using the 2 x 250 bp paired-end protocol. NGS data was analyzed
94 for presence of viruses using CZID (29). NGS data is available at ENA:

95 PRJEB72279.

96 Genome sequencing of index case and additional cases

97 The NGS contigs were confirmed using PCR, cloning, and sanger sequencing with
98 primers (Appendix Table 1). Using a pair of primers that amplified the entire circular
99 genome, Gemy 1 xgenomeF
100 (5’TTAATCGATCTAGAGGATCCTTGTTAGATATCCATATGGCGG-3’) and
101 GemylxgenomeR (5’-TTAGTAATGGGCCCGGATCCACGAGAGGAACACG-3’),
102 three independent PCR reactions were performed, and the resulting fragments were
103 cloned into pCR4.0 and sequenced using the Oxford Nanopore technologies
104 (Plasmidsauraus). Additional positive cases were similarly amplified and whole
105 genomes sequenced to 3X coverage. Complete genomes sequences are available at
106 Genbank (Accession# PP270194-PP270201).

107  Gemykibivirus qPCR development

108 Two sets of Tagman real time PCR primers and probes were designed using express
109 software (Applied Biosystems), one targeting the CP gene and the other targeting the
110 REP gene. The primers and the probes were supplied by IDT (Integrated DNA

111 Technologies, USA). The first assay, Gemy 1, targets the CP gene using primers
112 GemykibiTM_8917F (5’-ACCTCTTATCCGGTTTGGCA-3’) and

113 GemykibiTM_8917R (5’-AGCGCGAAATTCCTCTTGAC-3’) and the probe
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115 FAM]CGGACCTGA[ZEN]CCGGATGCCCGGI[3IABKFQ]-3") that uses FAM and
116 the dual quencher Zen and Iowa Black. The second assay, Gemy 2, targets the REP
117 gene with GemykibiTM 9967F (5°-GGTCAGAGCCTAGTGTTGTATG-3")

118 GemykibiTM_9967R (5’-CGACGTTGTCTGTGTCTTCT-3")

119 GemykibiTM_9967Probe (5’-[6-FAM]AAGACACTC[ZEN]TGGGCAAGAAGCC
120 TT[IABKFQ]-3") using the same fluor and quencher.

121 For both assays, standard curves were generated using serial 10-fold dilution ranging
122 from 2x108 to 2x10! copies of positive control plasmid [plasmid PCR4 containing the
123 respective target sequence]. A 20 uL PCR mixture was made comprising 2 pL of

124 extracted nucleic acid sample, 10 pL of 2x TagMan Fast Advanced Master Mix

125 [Thermo Fisher Scientific], and 5 pmol of each primer and probe. The PCR reactions
126 were performed in 96-well plates on a CFX Opus 96 thermocycler [Bio-Rad] with one
127 negative control nuclease free water in each row and one positive control of 2 x10°
128 copies per plate. The cycling conditions were 50°C for 2 mins, 95°C for 30 secs and
129 40 cycles of 95°C for 5 secs followed by 60°C for 30 secs. The threshold of all plates
130 was set at standard value and data was analyzed using Bio-Rad CFX Maestro 2.3

131 software. Samples were counted as positive if their threshold cycle (Ct) value was less
132 than 33.

133 Phylogenetic analysis

134 Representative protein sequences of the REP gene of prototypes of each genus in the
135 Genomoviridae were downloaded from GenBank. Alignments were generated using
136 Clustal Omega (30). The alignment converted to fasta via

137 http://sequenceconversion.bugaco.com/converter/biology/sequences/clustal to fasta.p
138 hp. Maximum likelihood trees were generated with bootstrapping, using W-IQ-TREE
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139 (31). Trees WerléiSVrinsEﬁ]gl?%aeiﬁb{fsgﬁtjgerigl"%LB(ﬁgiNgﬁ'%lxr/];leir g‘tt)i?gacl:“ocfer?f)‘iéte genomes in the
140 species Gemykibivirus humas2 were downloaded from Genbank along with

141 representative genomes from the species Gemykibivirus humas 1, 3, 4, and 5, and the
142 top 10 additional complete genomes with highest BLASTn scores. Alignments were
143 generated using Clustal Omega (30) Maximum likelihood trees were generated with

144 bootstrapping, using W-IQ-TREE (37).Trees were visualized using iTOL (32) .

145
146  Results

147  Detection of a gemykibivirus by metagenomic NGS

148 NGS of nucleic acids extracted from the CSF of a male child yielded reads that could
149 be assembled into two contigs that shared 97 and 99% nucleotide similarity with

150 human associated Gemykibivirus2 SAfia-449D (accession# MN765187.1). Using

151 PCR, gaps between the two contigs were spanned to generate a complete circular

152 genome of 2211 nt. To formally assess the taxonomic relationship of this virus to

153 viruses in the family Genomoviridae, we generated a maximum likelihood

154 phylogenetic tree of the REP protein with the type species of each genus, in

155 accordance with the ICTV guidelines (20, 22) (Figure 1A). The virus was most

156 similar to the prototype virus from the genus Gemykibivirus. To further assess its

157 relationship within the genus Gemykibivirus, we generated a maximum likelihood tree
158 using the whole genome sequence (Figure 1B), which demonstrated it is most closely
159 related to Human gemykibivirus 2 SAfia-449D, a virus detected in blood of

160 Tanzanian children (23), with 98.69% nucleotide identity. Based on these criteria, the
161 virus genome from the index case was designated Human gemykibivirus 2

162 Nepal/N0000051/2020. Human gemykibivirus 2 Nepal/N0000051/2020 was also

163 closely related to Gemycircularvirus-SL1 (accession# KP133075), a previously
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164 reported gemykibivirus detected in CSF trom an encephalitis patient in Sri Lanka (25)
165 sharing 97.96% nucleotide identity (33 SNPs across the genome and a 12 bp insertion
166 located in a region of tandem repeat hexamers) and it shared 98.64% identity to

167 another gemykibivirus, Gemycircularvirus NP (accession# KP133080), detected in
168 sewage from Nepal (25).

169 Gene predictions identified three ORFs, characteristic of Gemykibiviruses (Figure 2).
170 The CP ORF is 969 bp, the REP ORF, generated by splicing is 1114 bp, and the

171 unknown ORF3, which overlaps with the REP ORF, is 702 bp. A large intergenic

172 region (LIR) of 127bp is present, and the putative viral origin of replication nona-

173 nucleotide motif 5'-TAAAATTTA-3' described in Gemycircularvirus NP (accession#
174 KP133080) is conserved. A predicted stem loop in the LIR is observed from

175 nucleotides 23 to 57. The stem loop structure is present in genomoviruses and

176 geminiviruses where it is necessary for rolling circle replication (33, 34).

177  Identification of additional positive specimens from encephalitis patients

178 To define the prevalence of this virus, two Tagman real-time PCR assays were

179 designed and validated, one targeting the REP gene and one targeting the CP gene
180 (Appendix Figure 1). A total of 337 CSF samples and 164 serum samples were tested
181 using both assays. Sample with Ct. values <33 for both assays were considered

182 positive. There were three gemykibivirus positive CSF specimens from 2020 and 9
183 positive specimens (8 CSF and 1 serum) from 2022 (Table). The prevalence rate in
184 CSF was 3.3% (11/337) and in serum was 0.6% (1/164). Positive patients ranged
185 from 4 months to 72 years of age. Including the index case, there were 7 male and 6
186 female patients. Geographically, most positive patients were from districts in south-
187 central Nepal (Figure 3). Unfortunately, no additional clinical details are available for
188 the patients in this study besides meeting the acute case definition of encephalitis.
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189  Whole genome sequencing and phylogenetic analysis of additional positive cases

190 From the 10 positive specimens with highest Gemykibivirus copy number, we tried to
191 amplify the whole genome using PCR. For 7 of the samples, we obtained amplicons
192 that corresponded to the whole genome. These were cloned and sequenced to 3X

193 coverage to determine their consensus sequences. These 7 genomes varied from the
194 index genome by 4 to 21 SNPs. The intron of the Rep gene contains a region with

195 seven tandemly repeated hexamers, and deletions of one or more of the hexamers are
196 observed in some of the genomes. Phylogenetic analysis of the complete genomes
197 demonstrated that they formed a clade that included known Gemykibiviruses

198 previously detected in human CSF, stool, and blood.

199  Discussion

" 200 We used metagenomic NGS to detect Human gemykibivirus2 Nepal/N0000051/2020
201 in CSF of a male encephalitic child from Rupandehi district (Figure 3) of Nepal which
202 is alongside the border with India. Further screening through qPCR identified an
203 additional 12 positive specimens from patient samples collected in 2020 and 2022.
204 We found that these cases were mostly concentrated in and around the south-central
205 region of Nepal (Figure 3).

206 The identified virus genomes were very closely related (97.96% nt. identity) to a
207 gemykibivirus previously detected in CSF from three encephalitis patients from Sri
208 Lanka (25). In addition, a distinct gemykibivirus (Human gemykibivirus 4) has also
209 been reported in CSF of an encephalitis patient from China (/5). Together with our
210 study, these data implicate viruses in the genus Gemykibivirus as potential causal
211 agents of encephalitis. There is one report of Gemykibivirus in sewage from Nepal
212 from 2012, which is also highly similar to the sequences we detected in Nepalese
213 patients from 2020-2022. This suggests that gemykibivirus has been circulating in
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214 Nepal for at least the past decade. Furthermore, detection in sewage, raises the

215 possibility that gemykibivirus may be transmitted fecal-orally, similarly to some

216 neurotropic viruses such as polio and enteroviruses. Detection of highly similar

217 viruses in patients in Tanzania (23) and Brazil (27) suggests that gemykibiviruses are
218 globally widespread.

219 One limitation of this study is that the samples analyzed were residual specimens
220 from a surveillance repository without additional available clinical metadata, thus
221 limiting our knowledge of the precise symptoms, disease severity, and outcomes of
222 these patients. While detection of gemykibiviruses in presumptively sterile CSF

223 supports the hypothesis that they could be causal agents of encephalitis, additional
224 research to culture the virus and establish animal models to fulfill Koch’s postulates
225 are needed to definitively establish causality. In addition, more prevalence studies in
226 encephalitis and other diseases are also needed as are serological studies to define the
227 extent of human infection by gemykibiviruses. Finally, additional, unbiased

228 approaches are needed to define the etiologies of encephalitis in Nepal, and

229 worldwide.
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353  Table: Patient demographics and gPCR Ct. values of gemykibivirus positive cases

Sample ipt  Specimen Age group  Gender Ct. Ct. Specimen Districtsﬂ Province
[yrs] Gemy_11 Gemy_2§ collection date
N0000218 CSF 11-15 M 32.42 30.68 2020 Feb Kaski Gandaki
N0000256 CSF 0-5 F 29.41 29.34 2020 July Myagdi Gandaki
N0000300 CSF 6-10 F 32.95 31.46 2020 Sep Palpa Lumbini
N0000358 Serum 0-5 M 29.27 29.94 2022 Feb Sarlahi Madhesh
N0000359 CSF 0-5 F 27.4 27.08 2022 Feb Kapilvastu Lumbini
N0000395 CSF 0-5 M 30.74 30.73 2022 April Kaski Gandaki
N0000434 CSF 56-60 M 29.02 30.06 2022 June Lalitpur Bagmati
N0000468 CSF 30-35 F 30.84 31.47 2022 July Chitwan Bagmati
N0000490 CSF unknown M 29.86 32.08 2022 July Syangja Gandaki
N0000545 CSF 70-75 F 26.84 25.35 2022 Aug Kathmandu  Bagmati
N0000546 CSF 20-25 M 24.65 23.53 2022 Aug Kathmandu  Bagmati
N0000722 CSF 20-25 F 28.74 29.72 2022 Nov Chitwan Bagmati

354  *Ct., cycle threshold; yrs, years.

355  The sample IDs are coded and are not known outside the research group.
356 *Gemy 1: gPCR targeting capsid protein gene.

357 SGemy 2: qPCR targeting replication associated protein (REP) gene.
’358 TDistricts involved are highlighted in Figure 3 as shade.

359
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366  Appendices

367  Appendix Table: Primers used for PCR

Primer name Sequence 5'to 3' Binding Sites
Gemy8917-9967F TCAACGACCTCTGATACATACC 429 <- 451
Gemy8917-9967R TAGATGAGTTCCACCATCAGC 2034 -> 2055
Gemi1625confirmR GGCATTGCAATTATGGCTTATGGT 88 -> 113
Gemi1625confirmF GGCAAGAAACTCGTCCACTGGG 1194 <- 1215
Gemy9967-8917R TCATAATCTGCTCCGTGTTCCT 1133 -> 1154
GemykibiTM_9967F GGTCAGAGCCTAGTGTTGTATG 1419 <- 1440
Gemy1xgenomeF TTAATCGATCTAGAGGATCCTTGTTAGATATCCATATGGCGG 1160 -> 1187
Gemy1xgenomeR TTAGTAATGGGCCCGGATCCACGAGAGGAACACG 1146 <- 1165

368

369  Figure Legends.

370

371  Figure 1. Phylogenetic trees of (A) amino acid sequences of the index case REP protein and
372 representatives of each genus in the family Genomoviridae,; (B) whole genome nucleotide
373 sequences of the positive samples from Nepal compared to other genomes within the genus
374  Gemykibivirus.

375  Figure 2. Schematic of the genome of Human gemykibivirus 2 Nepal/N0000051/2020.

376  Figure 3. Map of Nepal and locations of the gemykibivirus positive cases [shaded].
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Figure3. Map of Nepal and locations of the gemykibivirus positive cases [shaded].
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