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SI Methods

Cultivation of Trypanosomatids. Axenic cultures of monoxenous
trypanosomatids of the genera Leptomonas, Crithidia, and Phy-
tomonas were obtained from (i) Life Science Research Centre,
University of Ostrava, Ostrava, Czech Republic; (ii) Department
of Parasitology, Charles University, Prague; (iii) Institute of
Parasitology, Budweis, Czech Republic; (iv) Fundagdo Oswaldo
Cruz, Rio de Janeiro; and (v) the Zoological Institute of the
Russian Academy of Sciences, St. Petersburg, Russia. Trypano-
somatids were cultivated in the Brain Heart infusion medium
supplemented with 10 pg/mL of hemin, 500 units/mL of peni-
cillin, and 0.5 mg/mL of streptomycin as described previously
(105) and grown to the late logarithmic stage (10’-10% cells/mL).

Phylogenetic Analyses of Viruses. RDRP sequences of the viruses
characterized in this work were aligned with the related sequences
from GenBank in the online version of MAFFT 7 using the E-INS-i
method (106). Ambiguous parts of the alignments were removed
with the use of TrimAl v. 1.3 (107). Positions with more than 50%
gaps were filtered out by Gap Strip/Squeeze V. 2.1.0 (https://www.
hiv.lanl.gov/content/sequence/ GAPSTREEZE/gap.html). The
resulting alignments had the following lengths: 412 aa (the Nar-
naviridae dataset), 273 aa (the Tombus-/Nodaviridae dataset), and
1,415 aa (the Bunyaviridae dataset).

Maximum likelihood phylogenetic inference was performed in
IQ-TREE v. 1.4.2 (108) with automatic selection of the best-fit
amino acid substitution and site heterogeneity models (four
gamma categories). The best-fitted model parameters defined by
Bayesian Information Criterion were LG + F + I + G for the
Narnaviridae and Bunyaviridae datasets and Blosum62 + I +
G4 for the Tombus-/Nodaviridae dataset. Gaps were treated as
missing data. Edge support was estimated with a bootstrap test
(1,000 standard replicates). Bayesian inference was accom-
plished in MrBayes 3.2.6 (109) with the analyses ran for 1 million
generations (given the observed fast convergence) and trees
sampled every 100 generations. The mixed amino acid sub-
stitution model was used (resulting in 1.0 posterior probability of
Blosum62 for all three datasets) with the heterogeneity over sites
estimated using the G + I model. Amino acid frequencies were
fixed to empirical values in the Narnaviridae and Bunyaviridae
datasets and were estimated from the data matrix in the Tom-
bus-/Nodaviridae dataset in accordance with the best-fit model
defined by IQ-TREE v. 1.4.2 for each dataset. Other parameters
were left in their default states.
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Phylogeny of Trypanosomatid Hosts. The core alignments of 18S
rRNA and gGAPDH genes were taken from previous work (76).
Ambiguously aligned positions of 18S rRNA gene alignment were
removed using Gblocks 0.91b as described previously (110). The
concatenated alignments were subjected to maximum likelihood
analysis in IQ-TREE (108) with partitioning by gene as well as by
codon position for the gGAPDH gene. The best partitioned
model of nucleotide substitutions (K3Pu + G4, TIM3 + I + G4,
and TPM2u + G4 for the first, second, and third codon positions
of gGAPDH gene, respectively and TNe + I + G4 for 18S rRNA
gene) was selected with the use of ModelFinder (111). The
statistical support of branches was estimated using 1,000 repli-
cates of the standard bootstrap method.

Genomic and Transcriptomic Analyses. To find trypanosomatid
signature sequences in the Sequence Reads Archive (SRA,
https://www.ncbi.nlm.nih.gov/sra) and transcriptome shotgun
assemblies (TSAs), TBLASTN and BLASTN searches were per-
formed with amino acid (PFR1) and nucleotide (18S rRNA) se-
quences, respectively. In case of SRA-blast, the retrieved reads
were assembled into contigs using the CAP3 sequence assembly
program with the following parameters: minimal overlap length,
20 bp; minimum identity, 100% (112). Obtained contigs were ex-
tended by successive rounds of BLASTN searches against the
original SRA. Final full-length contigs as well as hits from TSAs
were subjected to blast search (megablast for nucleotide sequences
and blastp for translated protein-coding sequences) against the
nonredundant nucleotide collection of the NCBI database for
identification. A similar approach was used to search of reads
corresponding to nucleocapsid proteins in SRAs, which contained
RDRPs closely related to LBVs. Obtained amino acid sequences
were aligned with newly identified nucleocapsid proteins of viruses
characterized in this work using BLAST pairwise alignment to
confirm their identities.

Codon Usage Analysis in Leptomonas pyrrhocoris Viruses. Codon
frequencies in the protein-coding regions of the six viral genes were
analyzed using the CODONW program (codonw.sourceforge.net).

Negative-Stain Transmission Electron Microscopy. In brief, gradient-
purified virus samples were applied to a carbon-coated copper
grid, stained with molybdenum acetate, and examined under a
Philips 201C transmission electron microscope. The morphol-
ogies and sizes of the virus particles were analyzed as described
previously (113).
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MOTIFS Fy F, A

Picorna

1RDR A Poliovirus (155) VTYVKDELRS (164) (169) EQGKSRLIEASSLND (183) (228) --KLFAFDYTGYDASLSP (243)
P03313.4_coxsackie_virus B3 (156) VTYVKDELRS (165) (170) AKGKSRLIEASSLND (184) (230) --HLIAFDYSGYDASLSP (244)
AFK65743.1_Rhinovirus_C (139) ITYLKDELRS (148) (153) KVGKTRAIEAASLND (167) (213) --NLLVFDYTNYDGSLNP (227)
P03305.1_foot-and-mouth diseas (160) QTFLKDEIRP (169) (174) RAGKTRIVDVLPVEH (188) (233) YRNVWDVDYSAFDANHCS (250)
Flavi

P06935.2 west nile_virus (455) NMMGKREKKP (464) (469) KAKGSRAIWFMWLGA (483) (529) GGKVYADDTAGWDTRITK (546)
P17763.2_dengue_virus (452) NMMGKREKKL (461) (466) KAKGSRAIWYMWLGA (480) (526) GGNMYADDTAGWDTRITE (543)

P19711.2_bovine_viral diarrhea (259) TAIPKNEKRD (268) (280) VEKRPRVIQYPEAKT (294) (338) EPVAVSFDTKAWDTQVTS (355

Calici

083883.1_Norwalk_virus (143) TAALKDELVK (152) (158) QKVKKRLLWGADLGT (172) (216) YKNHFDADYTAWDSTQNR (233)
P27410.1 Rabbit hemorrhagic di (142) ACGLKDELRP (151) (156) KEGKKRLLWGCDVGV (170) (216) ASDFLCLDYSKWDSTMSP (233)
Q6XDK8.1_Sapporo_virus (315) KLALKDELRP (324) (329) AQGKRRLLWGCDAGA (343) (387) GGVLYCLDYSKWDSTQHP (404)
LeppyrTLV1-EVE1 (158) —-SFIKDEGYD (166) (167) EYKMPRAINSYSDST (181) (221) DSKVLYTDFSHFESHHRG (238)
LeppyrTLV1 (157) DSFIKDESYD (166) (167) ELKAPRSIMSYPDDV (181) (221) GGKVGSTDFSSYECHHSG (238)
MOTIFS B c D

Picorna

1RDR_A Poliovirus (286) MPSGCSGTSIFNSMINNLII (305) (322) KMIAYGDDVIASYP (335) (348) KDYGLTM---T (355)
P03313.4_coxsackie_virus_B3 (288) MPSGCSGTSIFNSMINNIII (307) (324) RMIAYGDDVIASYP (337) (350) KGYGLIM---T (357)
AFK65743.1_Rhinovirus_C (268) MPSGISGTSIFNTIINNIII (287) (304) KIVAYGDDVIASYP (317) (330) VKYGLTI---T (337)
P03305.1_foot-and-mouth diseas (296) MPSGCSATSIINTILNNIYV (315) (332) TMISYGDDIVVASD (345) (358) KSLGQTI---T (365)
Flavi

P06935.2_west nile_virus (602) RGSGQVVTYALNTFTNLAVQ (621) (662) RMAVSGDDCVVKP- (674) (687) NAMSKVRKDIQ (697)
P17763.2_dengue virus (598) RGSGQVGTYGLNTFTNMEAQ (617) (656) RMAISGDDCVVKP- (668) (681) NDMGKVRKDIP (691)

P19711.2 bovine_viral diarrhea (403

RGSGQOPDTSAGNSMLNVLTM (422) (442) RIHVCGDDGFLITE (455) (471) HEAGKPQK-IT (480)

Calici

083883.1_Norwalk_virus (279) LPSGFPCTSQVNSINHWIIT (298) (318) YFSFYGDDEIVSTD (331) (344) KEYGLKP---T (351)
P27410.1 Rabbit_hemorrhagic di (279) LPSGMPFTSVINSICHWLLW (298) (321) PFYTYGDDGVYAMT (334) (349) RDYGLSP---T (356)
Q6XDK8.1_Sapporo_virus (450) LPSGMPFTSVINSLNHMTYF (469) (493) TVHTYGDDCLYSVC (506) (521) TSFGLKP---T (528)
LeppyrTLV1-EVE1l (284) ILMSGALWTSFQNSFLNFFVM (303) (323) KMFIEGDDGIMKHF (336) (344) KRLGLCLK-IN (353)
LeppyrTLV1 (288) LMSGALWTSFQNSFLNLMMI (307) (325) DTFIEGDDGIFRAF (338) (346) ARLGIKLK-IS (355)

Fig. S1. LeppyrTLV1 EVE1. (A) The endogenous viral element is located at the subtelomeric region of the Leptomonas pyrrhocoris chromosome (scaffold
NW_015438358.1). The EVE1 element is preceded by the reverse transcriptase-coding TATE DNA transposon indicating the possible mechanism for the
LeppyrTLV1 endogenization. (B) Comparison of the ORF organization of RDRP-coding RNA-T1 of 1 LeppyrTLV1 and its endogenous viral element. (C) The
overlap region between the ORFs of EVE1 contains a putative slippery sequence (underlined) capable of driving a —1 ribosomal frameshift, similarly to
LeppyrTLV1. (D) Multiple alignments of RDRPs of LeppyrTLV1 and LeppyrTLV1-EVE1 with RNA polymerases of Picorna-, Flavi-, and Caliciviridae. |dentical
residues are indicated in red; similar residues are in blue. Each block shows amino acid motifs typically found in viral RNA polymerases (59).

Grybchuk et al. www.pnas.org/cgi/content/short/1717806115 2 of 15


www.pnas.org/cgi/content/short/1717806115

BEERENAS E PNAS  PNAS

A

Orthobunya

120 130 140 150
[P [P P I I

'KSLNI--EYRNDVPFIDIIL:

La_Crosse_ADH04748 DIRPEVD
Snowshoe_hare ABW87611 KSLNI--EYRNDVPFIDIIL DIRPEID
Inkoo A0S59868 KSLNI--EYRNDIPFVDILL DIKPDID
BunyaﬁweraiAGM34029 'NSLGI--EYKNNVLLDEIIL: DVV

Oropouche AJR29359
Akabane_BAF57206

Orthotospo

Peanut_bud necrosis AAB94085
Capsicum_chlorosis_APQ31267
Tomato_zonate_spot ABU49105
Tomato_spotted wilt AAL55403

Leishbunya

CG15LBV1 [els SNILEQPI
CZMLBV1 . KENE--QONILELPL:
CabsLBV1 ENILTLPL
LmorLBV1 GGENI--GNLLKEPI
CotoLBV1 FGSK! VNITLLPI
PTCCLBV1 F 'VDINTMSL
Phlebo

Rift_valley_ fever AEB20483
Aguacate_AEB70969
Echarate_AEA30058

Alenquer AEA30054
Toscana_AAB25907

KTDR--LLMREF'
STDS--PEVSFF]
STDT--QFSTQFGV-

SDKTDT--TESSMEGV
TTDK--KFVEVFGVL

Huaiyangshan_ AFB82724
Gouleako_AEJ38175
Orthohanta

Thottapalayam AIF28828
Tula AAK01302

Puumala AFQ60654
Sin_Nombre ATA08878
Dobrava_Belgrade_ AFI98398
Seoul CAA39847
Hantaan_AAK0130

%WSD --NKDSEEAIGKVLLFAEVPSNIITALEKK-

200 210 220
D P I IO I
SVSNESSVI------| YE
SVSNESSVI- YE

SVSNESSVI-
SVGNDSSEI-
(SVDDRSSRI-

\VDNESSAK-

SVDAVSEAK------
SVDTMSETK-
SVDSMTETK-

)8ISVDARTETK--~-——~-|

KSRGIESYYN
RNDGSSSYEQ
RDYGRPSYEQ

GDGLIAFER

FRGDERGAFQAA-MT: EV
FRGTSQGAQQAA-LLNIGRYES
NRGGEKGALQAC-KDIUFSEYHT
NRGGERASFNSC-KDISFSISYHI
TMGDANSADLAA-RNISTASYET
TRSHNIGGLEAAYRTINTESYRD
TLANNKRAMLSRHEEEK

Mn?2+

B

TrypLBVs

CabsLBV1 ; DSTIIFD)
LepmorLBV1A ‘T SVFLPFD}
LepmorLBVIB —===—- Q=== — -APEELLF'S)
CotLBV1 WA DEMVAD)
MetatranscriptomicLBVs

WSV

HHFV

HubeiBLV5_15
HubeiBLV5_6
HubeiBLV5_11_1_14
HubeiBLV5_18

HubeiBLV6

Goukovirus (outgroup)

Cumuto_virus  ====- ESIVPWDDQLVAEGIISDLADDVINDST \VKS INIPAYQGFD[S mgmmmnﬁzzwnaxsnﬁ:ﬁ:us’r DGEKEET] SGEGQELK
Gouleako_virus ~ ====-] JATV-TONDIQEAQAYLASVSLLALSDGDSVLSVEKEYQGFD};YAFLSYLFAV] EAEHTKHL{ TAVLGT! 'GGKAKﬁEAE TPETK
TrypLBVs * % Ak -
CabsLBV1 AATTLOK: EM( AR AF Y
LepmorLBV1A STKMVAISEELSR EFA s AF' Y
LepmorLBV1B ASEJ/ARVAHELSQ TLS AR Vs Y
CotLBV1 AAQUVETIRS TQE! AR AFQECIY
MetatranscriptomicLBVs

WSV ARRVGIARSLSA DLG Ve:EVTNS
HHFV ALEYVNSIRSFMANQ---TVSL Ay, Y
HubeiBLV5_15 AREFIAV LYG AF| ¥
HubeiBLV5_6 AR RINRY] TQ! AFPDCYjY
HubeiBLV5_11_1 14 AGLITTAARTLAD KY] AFPEENY
HubeiBLV5_18 LDRYLAALSLVT AH] AFPINIY
HubeiBLV6 LVNFIRLHTAICT-----SLRRQ! AYPAENY
Goukovirus (outgroup)

Cumuto_virus -D:E;WDYKLKSGRPTSNQD:ELiE:IYAAPLAIAIKNNAVSITTTIAPNNVAPGYPRFMCLSTFGALIP-susmGEQALIAGAFAEHE:EE
Gouleako_virus -RWESMIQKYSITSGRPTGSKDV{4IL CHAAPTAIGI-STGLAVKTTINPRSMHENYAPYMCLSTFGSLIPVVGTGLSSDDVRLISDAFTYHORIE
TrypLBVs * *x *x *

CabsLBV1 SSEVKSGSNV- - JHNGRTEEKWLDANRDFCEFVGLDYS—

LepmorLBV1A SHNGTHEKWLLANEEFCKIVGLDFA-

LepmorLBV1B

CotLBV1 Q!

MetatranscriptomicLBVs

Wwsv

HHFV

HubeiBLV5_15
HubeiBLV5_6
HubeiBLV5_11_1_14
HubeiBLV5_18

QOO

HubeiBLV6 ----Ps| EATENFIRATSSTPATALFNEYKIAH

Goukovirus (outgroup)

Cumuto_virus ERVINSRTKNYSP YIQIQELSZEiEEGDRIKTLLAL TEMMGN - - -QMYQVTALYRSALNAAKQKWD.
Gouleako virus SRVINPRAPN--SKEQ#KSYVDIQYMS PEMRLQVCMKLGUITGARG- - - - TYTINAGKPALQHAAGELLE - -

Cleavage

Fig. S2. Leishbunyavirus protein domains. (A) Amino acid alignment of the N-terminal endonuclease domain of the L protein of leishbunyaviruses and other
bunyaviruses. Functionally important residues are marked with arrowheads. Residues implicated in nucleolytic cleavage in leishbunyaviruses are boxed.
(B) Amino acid alignment of nucleocapsid proteins of leishbunyaviruses reported in ref. 34 and this work (TrypLBVs) and assembled from metatranscriptomes
(metatranscriptomic BVs). Cumuto and Gouleako viruses are shown for comparison. Indels are shown as dashes. Positions with more than 82% similarity are

shaded; those with 90% similarity are starred.
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Fig. S3. Comparison of the phylogenies of leishbunyaviruses and their respective hosts. The scheme is based on the phylogenetic trees presented in Figs. 3 and
5 with simplifications: (/) no branch lengths are shown on either tree; (ii) only LBVs and LBV-containing trypanosomatids were included; and (i) all clades with
bootstrap support below 70% were collapsed and reshuffled to minimize the number of potential viral transitions between hosts.

A Saccharomyces cerevisiae Phytomonas serpens NV1

23S narnavirus
2891nt RNA genome

; ) oy .
5’%end 3end 3782nt RNA genome 3 FUTR

Infial 4G = -15.60 kealimol Inital 4 =-16.30 kealimol

"7 "208 narnavirus
2514nt RNA genome

5’end 3’end

B SL AACTAACGCTATTCTAGATACAGTTTCTGTACTTTATTG/GTATGAGAAACTTCCAGAA

FEEETrrerr o reerreer e et [
PserNV1 ACGCTATTCTGGCTACAGTTTCTGTACCTTATTG/TAAGAACTTCAAAGAGCTC

C

ORF1>T|P P|T K A E E -
scaccucccaccaaagcugaagaaUGAuuuuaaaaucauuagucagugccguaquqs
ORF2>"H .. PP P K L K N D F K I I S Q C R S

Fig. S4. Features of genomic RNAs of PserNV1 and LepseyNLV1. (A) Comparison of terminal complementary sequences and stem-loop structures with those
of narnaviruses from Saccharomyces cerevisiae. (B) Nucleotide alignment of the 5 end of PserNV1 and the SL RNA gene from Phytomonas serpens. The
SL/miniexon boundary is indicated by a slash symbol. (C) Features of a potential frameshift region between ORF1 and ORF2 of the LepseyNLV1 small segment.
The location of a hairpin motif is marked by a bracket, which has a predicted AG of —6 kCal [OligoAnalyzer 3.1 (114)]. A putative pyrimidine-rich slippery
sequence (CCUCCC) positioned 6 nt upstream is shown in the box.
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Table S3. Accession numbers and/or sequences reported in this work

Species Isolate Viral name Accession nos.
Crithidia otongatchiensis Ecu-08 CotoLBV1 KX373292, KX451144, KX451145, KX683300
Crithidia sp. G15 CG15LBV1 KX373291

Crithidia sp. ZM CZMLBV1 KX373293

Crithidia sp. c4 CC4LBV1 KY322668

Crithidia abscondita 127AL CabsLBV1 KX507299, KX507300, KX507301
Crithidia pragensis MCZ-11 CpralLBV1 KY322669

Leptomonas moramango MMO-09 LepmorLBV1 KX280012-KX280017
Phytomonas sp. TCC231 PTCCLBV1 KY322667

Leptomonas pyrrhocoris F165 LeppyrTLV1 KX373302, KX373303
Leptomonas pyrrhocoris F19 LeppyrTLV1 MGO008317

Leptomonas pyrrhocoris H10 LeppyrTLV1 KX373300, KX373301
Phytomonas serpens 9T (UCR) PserNV1 KU882057, KY322666
Phytomonas serpens 30T PserNV1 —
Leptomonas seymouri ATCC LseyNLV1 KU935604, KU935605, KX373304, KX373305
Leptomonas pyrrhocoris F19 LeppyroV1 —
Leptomonas pyrrhocoris H10 LeppyrOVv1 KX373294-KX373299
Leptomonas pyrrhocoris P59 LeppyrTLV1-EVE1 KY364836, KY364842
Leptomonas pyrrhocoris PP1 LeppyrTLV1-EVE1 KY364837, KY364843
Leptomonas pyrrhocoris PP2 LeppyrTLV1-EVET KY364835, KY364841
Leptomonas pyrrhocoris LP LeppyrTLV1-EVE1 KY364839
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Table S5. Codon usage in LeppyrOV1 and LeppyrTLV1 ORFs

Sequence T3 a3 A3 G3 GC
LeppyrOV1
ORF1 0.40 0.30 0.18 0.31 0.51
ORF2 0.35 0.32 0.19 0.33 0.53
ORF3 0.39 0.28 0.20 0.34 0.52
ORF4 0.33 0.34 0.17 0.34 0.55
ORF5 0.39 0.27 0.15 0.33 0.57
ORF6 0.45 0.27 0.16 0.32 0.48
Average 0.38 0.30 0.18 0.33 0.53
LeppyrTLV1
ORF1 0.34 0.26 0.33 0.32 0.45
ORF2 0.41 0.29 0.28 0.23 0.47
ORF3 0.34 0.24 0.20 0.22 0.47
Average 0.36 0.26 0.27 0.26 0.46
Leppyr genome
0.14 0.38 0.1 0.39 0.77

A3, C3, G3, and T3 are frequencies of the corresponding nucleotides in
the third position; GC is the overall GC content.
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Table S6. Complementary terminal sequences (panhandles) of

LBV1s and other Bunyavirales

Virus 5’ 3
LBV1s
L segment
CG15LBV1 ACACAAAGAGAA TGTTCTTTGTGT
LepmorLBV1b ACACAAAGACAA TATTCTTTGTGT
LepmorLBV1a ACACAAAGATAA ND
CZMLBV1 ACACAAAGAGAA TGTTCTTTGTGT
CotoLBV1 ACACAAAGACGA TATTCTTTGTGT
PTCCLBV1 ACACAAAGAAGA TATTCTTTGTGT
Consensus ACACAAAGANAA TRTTCTTTGTGT
M segment
CabsLBV1-M ACACAAAGAGAA TGTTCTTTGTGT
CotoLBV1-M ACTCAAAGACGA ND
LepmorLBV1a-M ACACAAAGATAA TATTCTTTGTG-
LepmorLBV1b-M ACACAAAGACAA ND
consensus ACWCAAAGABRA TRTTCTTTGTGT
S segment
CabsLBV1-S ACACACGGAAAA TATTCTTTGTGT
CotoLBV1-S CACAACGACGA ND
LepmorLBV1a-S ACACATAGACAA ND
LepmorLBV1b-S ACACACAGATAA ND
Consensus ACACAHVGAHRA TRTTCTTTGTGT
Phenuiviridae
Gouleako virus
L segment ACACAAAGACAC TGGACTTTGTGT
M segment ACACAGTGACCC GGGACTTTGTGT
S segment ACACAGTGACCT GGGACTTTGTGT
Rift Valley fever virus
L segment ACACAAAGGCGC CGGTCTTTGTGT
M segment ACACAAAGACGG CGGTCTTTGTGT
S segment ACACAAAGACCC GGAGCTTTGTGT
Rice grassy stunt virus
L segment ACACAAAGTCCT CAGACTTTGTGT
M segment ACACARAAGTCCT CAGACTTTGTGT
S segment ACACAAAGTCCT CAGACTTTGTGT
Other Bunyavirales
Hantaan orthohantavirus
L segment TAGTAGTAGACT AGCATACTACTA
M segment TAGTAGTAGACT AGCATACTACTA
S segment TAGTAGTAGACT AGCATACTACTA
Crimean-Congo hemorrhagic fever orthonairovirus
L segment TCTCAAAGATAT ATTTCTTTGAGA
M segment TCTCAAAGAAAT ATTTCTTTGAGA
S segment TCTCAAAGAAAC ATTTCTTTGAGA

Alignments of 5’ and 3’ terminal sequences L, M, and S segments of LBV 1s
and selected other Bunyavirales are shown. Nucleotides involved in bulge
formation are underlined. ND, not determined.
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