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Abstract

Arracacha is a root crop cultivated in several countries of South America. The commercial product, which is the storage root, has multiple
nutritional properties: its fine starch makes it easily digestible, and it contains high levels of calcium and vitamin A. High throughput
sequencing (HTS) technology has been applied successfully for virus discovery in different agricultural crops, and it has been proposed to
apply it in routine pathogen detection. Using HTS, novel sequences related to crinivirus and vitivirus were identified in apparently
symptomeless arracacha, which were assembled into contigs located in different positions of the genome. Based on those sequences’
primers were designed to amplify corresponding sequences from further arracacha accessions and potato plant samples collected from
farmers’ fields in Colombia and Peru. It was possible to determine the near complete genomes of these viruses. In addition, sequences

related to an enamovirus and ST9-like RNA were also identified in arracacha plants using HTS.
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1. Introduction

Arracacha (Arracacia xanthorrhiza Bancroft) is a root crop
originating in the Andean region which is also its main
production area. Arracacha roots have beneficial
nutritional properties (such as high calcium content, starch
and vitamin A), and is industrialized for processing into
infant foods in Brazil. Commercial production takes place
in Colombia, Brazil, Ecuador and Venezuela, where the
total coproduction area is estimated to exceed 30000
hectares (Hermann, 1997). In Peru and Bolivia, arracacha
is also widely cultivated for subsistence and generally only
some surpluses go to local markets (Hermann, 1997).
Several arracacha viruses and their characteristics have
been described, but it is not clear how they affect crop
yield. To date, the known viruses that infect arracacha are
Arracacha virus A, Arracacha virus B, Arracacha potyvirus
1(AP1), Arracacha virus 3 (AV3), Potato black ringspot virus
(PBRSV), Arracacha mottle virus (AMoV), Arracacha virus

V and Arracacha virus | (Jones & Kenten, 1978; Kenten &
Jones, 1979; Santa Cruz, 1994; Lizarraga, 1997; Lizarraga,
Chuguillanqui & Jayasinghe, 1994; Orilio et al., 2009; Orflio
et al., 2018; Oliveira et al., 2017). In addition, Brunt et al.
(1996) described: Arracacha potyvirus Y and Arracacha
latent carlavirus but it is not clear if they are distinct from
AP-Tand AV-3, respectively.

Because arracacha is propagated vegetatively, it can
accumulate  viruses over generations leading to
degeneration, resulting in reduced root production (Orilio
et al, 2009). Also, it can be a reservoir of viruses for other
crops, since it has been reported that different Andean
roots and tubers can be infected by the same viruses, such
as Potato yellowing virus (PYV) in yacon (Silvestre et al.,
2020) or Andean potato latent virus (APLV), Potato leafroll
virus (PLRV) and Potato virus T (PVT) in ulluco (Lizérraga,
Santa Cruz & Jayasinghe, 1996a; Lizarraga, Santa Cruz &
Salazar, 1996b; Lizérraga et al., 1999).
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Thus, viruses that can be detected in arracacha could be
a source of emerging viruses and cause problems, not
only in this crop, but also nearby crops such as potatoes
(Jones & Kenten, 1978; Kenten & Jones, 1979) due to
global warming and the movement of vectors to places
where they used to be they were not found. Some viruses
are difficult to detect by inoculation to indicator host
plants, because their vectors are unknown, they are
difficult to transmit mechanically and/or difficult to graft to
other plants. Because of that, next-generation or high
throughput sequencing (HTS) technology has emerged as
a powerful alternative to detect and identify viruses that
have been difficult to identify using traditional methods
(Wu et al., 2015). HTS technologies enable, in a relatively
short period of time, the characterization of known plant
viruses and the discovery of novel ones, without prior
knowledge (Fitzpatrick et al., 2021; Kutnjak et al., 2021).
This technology has been successfully used with several
crop species, and its use has increase dramatically in
recent years. Because HTS is based on agnostic
sequencing of nucleic acids, the detection capacity of this
technology is in principal independent of environmental
conditions, virus genetic variability, and host responses
(Kavalappara et al., 2021). It is well documented that HTS
based detection is at least equivalent to conventional
biological and molecular methods in sensitivity, specificity,
repeatability and reproducibility (Bester et al., 2021; Soltani
et al,, 2021).

The objective of this study was to identify and characterize
the sequences related to viruses in arracacha samples by
HTS and screen field samples of potato for the sequences
associated with viruses initially detected in arracacha.
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2. Materials and methods

2.1. Plant material

Leaves of 4 asymptomatic arracacha plants grown in the
greenhouse in CIP-Huancayo station (Junin, Peru) were
collected and sent to CIP-Lima to extract total RNA using
Trizol reagent (Invitrogen, Carlsbad, CA) following the
manufacturer’s instructions. Origin of the samples are
showed in Figurel.

2.2. Sequencing and in-silico assembly

Small RNAs were isolated as described previously (Fuentes
et al,, 2012), and sent to Fasteris Life Sciences SA (Plan-les-
Ouates, Switzerland) for library preparation and
sequencing (bulked together with 16 samples of potato
and sweetpotato to save cost), on lllumina HiSeg2000.
Reads obtained were assembled denovo using Velvet
v0.6.04 (Zerbino & Birney, 2008) as described previously
(Fuentes et al., 2012). Contigs with similarity to viruses were
identified by BLASTx against GenBank viral sequences. The
gapped regions were successfully amplified from the large
RNA fraction of the arracacha RNA extracts by specifically
designed primers, after which the corresponding
amplified fragments were cloned into pGEM-T Easy vector
(Promega, WI, USA) and sequenced (Macrogen-Korea).
Sequences obtained were then edited and annotated
using Vector NTI v.9 software package (Invitrogen).
Attempts to amplify the 5" and 3" un-translated regions
(UTRs) were done using Mod-One and Ban-two linkers.
Phylogenetic and molecular evolutionary analyses were
conducted using MEGA7 (Kumar, Stecher, & Tamura,
2076). Primers designed were used later to detect the
identified viruses in potato and arracacha samples.
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Figure 1. Geographic origin of sequenced viruses. ALVC (from Ayacucho), ALVV (from Huanuco), ALVE and ALVEaRNA (from Ancash).
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2.3. Insect transmission experiments

The arracacha plants where virus-associated sequences
were found were placed separately in a cage together with
400 vector insects in a glass greenhouse. Myzus persicae,
Bemisia tabaci, Trialeurodes vaporariorum, Empoasca spp.
were used to realize the transmission experiments. The
insects were left with the plants for an acquisition period
of 48 hours inside cages, to later place 20 insects to
independent potato seedlings inside cages for an
inoculation period of 48 h. After that time, the insects were
eliminated manually and by applying insecticides. 20
repetitions were made in 2 potato varieties: Canchan and
Perricholi (40 potato seedlings in total). One month later,
the inoculated plants were evaluated by RT-PCR for
vitivirus and crinivirus.

3. Results and discussion

3.1. Viruses genome assembly

Small RNA library sequencing produced a total of
11,286,650 reads between 21-24 nucleotides (nts)
(https://research.cip.cgiar.org/confluence/display/cpx/GA
F13-14/GAF14_21-24 fastq.gz). In total, 22 and 21 contigs
corresponded to RNAT and RNA2 of a novel crinivirus, 8
contigs corresponded to a vitivirus, 20 corresponded to
an enamovirus and 8 to ST9-like RNAs. Primers designed
to amplify the regions between assembled contigs are
shown in Table 1. Amplification of 3" and 5" ends was
attempted using various approaches but was only
successful for the vitivirus 3-end.

It is proposed to name the new crinivirus as Arracacha
latent virus C (ALVCQ), the vitivirus as Arracacha latent virus
V (ALVV), the enamovirus arracacha latent virus E (ALVE)
and the ST9-like RNA Arracacha latent virus E associated
RNA (ALVEaRNA). Oliveira et al. (2017) described the
identification of another vitivirus from arracacha in Brazil,
which they named Arracacha virus V (AVV). ALVV showed
74% nt identity to AVV over the complete genome, while
it had 74% nt and 85% aa identity in the replicase, and
82% nt and 92% aa in the coat protein. Thus, AVV and
ALVV represent distant isolates of the same species.

To verify presence of these viruses, 20 arracacha
accessions grown in the field in CIP-Lima were screened
using primers designed for each virus (targeting the
ORFla, CP and replicase region for ALVC, ALVV and ALVE,
respectively). Results are provided in Table 2.
Subsequently, lllumina barcoded small RNA libraries of
positive accessions were prepared as describe above at
CIP Virology Lab and sent for sequencing (as a bulk
sample of three plants infected with ALVV, ALVC or
ALVE+ALVEaRNA, respectively) to Boyce Thompson
Institute (Ithaca, NY, USA) on an lllumina Hiseq 2000
machine. It produced 1,558,633 reads between 21-24 nts
(https://research.cip.cgiar.org/confluence/display/cpx/GA
F300/), of which 3210 reads aligned with ALVV (0.2% of
the total siRNA), and 1483 reads aligned with ALVC [0.09%
of the total siRNA: 678 reads aligned with RNA1 (0.04%)
and 805 reads aligned with RNA2 (0.05%)]. Also, 3930
reads aligned with ALVE (0.25%) and 14137 aligned with
ALVEaRNA (0.9%). The near complete sequences of ALVC
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and ALVV, and partial sequences of ALVE and ALVEaRNA
were deposited in GenBank (accession no. KY451034,
KY451035 for ALVC, KY451036 for ALVV, MF136435 for
ALVE and MF136436 for ALVEaRNA). Like other
criniviruses, ALVC consisted of two singles stranded RNAs
of positive polarity. 7461nt of RNAT and 7305nt of RNA2
were determined, containing most of the coding regions
but lacking the 3" and 5" ends. An analysis of the coding
capacity of RNAT showed that it contains at least three
ORFs (Figure 2) which corresponded to ORFla, ORF1b,
ORF2. The determined partial ORFla contained 5613bp
(1870aa, 21.3kDa), and contained conserved motifs
associated with virus replication in closteroviridae: a
methyltransferase domain (MTR), a helicase domain (HEL)
(Martelli et al, 2012), and an RNA-dependent RNA
polymerases (RdRp) domain in ORF1b which is thought to
be translated by a +1 ribosomal frameshift from ORFla.
ORF3 (153pb, 51aa) encoded a predicted protein of 5.84
kDa (p6) but showed no significant similarity to
corresponding proteins of other criniviruses.

Analysis of the sequenced RNA2 of ALVC revealed that it
encoded at least seven ORFs (Figure 1 homologous to
HSP70h (61.27 kDa), cell-to-cell movement protein (p59,
59.61 kDa), CP (28.18 kDa), and CPm (79.03 kDa). Other
ORFs were also predicted, which were similar in size (6.24
kDa (p6.5), 10.20 kDa (p9), and 28.06 kDa (p26)) and
genomic positions to those found in other criniviruses but
lacked significant aa similarity. ORF4 (p9) and ORF6 (mCP)
begin with the codon GTG. Since it was unable to obtain
sequences from the ends of the RNAs, it remains possible
there are additional ORFs present 3’ or 5 of the
determined sequences as found as in some criniviruses. In
the phylogenetic analysis based on HSP70h and CP
coding region (Figure 2), ALVC clustered together with
PYVV, BYVaV, SPaV and BPYV, which belong to group 1
of the criniviruses, which are transmitted by Trialeurodes
vaporariorum, together with those of group 3 (Martelli et
al, 2012).

ALVV had a similar genome structure as AVV (Oliveira et
al,, 2017). The determined sequence was predicted to have
at least five open reading frames (ORFs), which
correspond to the replicase, 20kDa-like protein (p20),
movement protein (MP), coat protein (CP) and nucleic
acid binding protein (NABP) based on homology with
other vitiviruses. The replicase ORF was sequenced only
partially (4944bp, 1648aa, 18.74 kDa) but contained three
conserved motifs found among proteins associated with
virus replication (MTR, HEL and RdRp). The predicted
20kDa-like protein (371bp, 123aa, 14.09 kDa) also found in
other vitiviruses, begins with a GTG codon and it was
similar to an ORF found also in AVV, but not reported by
Oliveira et al. (2017). The predicted MP (885bp, 295aa,
32.80kDa) and CP (576bp, 192aa, 21kDa) were clearly
related with their homologs in other vitiviruses, whereas
the nucleic acid binding protein (NABP; 330bp, 110aa,
12.58kDa) has weak homologies to proteins with RNA-
binding properties. The two phylogenetic trees generated
(Figure 3) confirmed the relationship of the vitivirus from
arracacha with another species in this genus.
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Table 1
List of primers used to amplify sequences related to the putative viruses detected in arracacha

Primer name Sequence (5'-3") Amplified size (bp) Amplified region

Arracacha latent virus C — RNA1

Crini-RNAT-F1 TGTCACGACGTCAAAAACCTTAGGG 146 ORFia
Crini-RNAT-R1 CCCAAAATGACACCAAGGAACCC
Crini-RNA1-F2 ATGGTTGGAGAATCGTGAAGGAGAC 936 ORFIb
Crini-RNA1-R2 GCAATCATAGCGTCGACCAATACAC
Crinil-Arra-Fa GCAAGAACATCCATGTATGTTGCCC 16 ORFla
Crinil-Arra-Ra CGTATTTACCATTTTTGAACCCAACGC
Crinil-Arra-Fb GAGTGGATGAAGAAGCTCAGGAATACC 446 ORFia
Crini1-Arra-Rb GCATCATCAATTACATTCCTCATATCCC
Crinil-Arra-Fc GCCAAATACAATGCAAAACATTCCG 1815 ORFIb
Crinil-Arra-Rc CTCCCTTTAACCATCATCTTCATCC
Crinil-arra-F1 TCTCTCCAATGATCAGTTCGCTGC 1321 ORFia
Crinil-arra-R1 GCAGTTACTGTCAACAATCTCTGGTGG
Crinil_Arra_iF4 GAATGGAAGATTTTCTGTACGGTGAGC 467 ORFIb
Crinil_Arra_iR4 YAAMMCGCGTATATGACTCTAAGGGAA
Arracacha latent virus C — RNA2
Crini-RNA2-F1 TGATGTACGATTTCGGTGGTGGC 619 HSP70
Crini-RNA2-R1 GGGATAGACATAGGCTTGCGAACC
Crini-RNA2-F2 TGTGGTTAAATCACAACCTGATGCC 348 cp
Crini-RNA2-R2 CGTTGACGTAATCACCAGTAGAATTCC
Crini2-Arra-Fa GCTTATCGATAACTGATGGTGGAGACG 587 HsP70
Crini2-Arra-Ra TGATGTTGTCAATATCACGGCCACC
Cr‘\n‘\ZfArrabe AAGTTCTGTGTCTTATGGGTGTTCTATGC 1297 HSP70 - p59
Crini2-Arra-Rb CCCTTGATAACACCCTGATCAAGTTCAG
Crini2-Arra-Fc GGAGGTGATATGAATGATTACTTGCTTCA 1530 059 - CP
Crini2-Arra-Rc TGATTGATTCAAAGCAGCTTGAGCC
Crini2-Arra-Fd CCAATCCATGGAGACAGTATATGAGGG 1955 CP - mCP
Crini2-Arra-Rd TTCATAGCACCTTTACTGTCCTTCCAC
Crini2-d1F4 GGTTTGAACGATGGTATGCTTGAATTG
- 1471 mCP - p27
Crini2-d1R4 CAGTTGCCAACTAGTCAACGTCGG
Crini2_Fnla TGTCATTGTGTTGATCTTTCTTCTTTCTATTG 014 HsP70
Crini2_Rn1 TCAAGAATGTTAAATGATGATTTTCCGAG
Arracacha latent virus V
Viti-CP-F1 CTTTAAAATTGGCTAAATTGGG
Viti-CP-R1 GTGAAAAAGCCCCACACTTCAG 305 CP - NABP
Viti-Rep-i1F1b AGGATGAAGGCGAGGGTACATTCAG 497 seplizss
Viti-Rep-i1R1 AAAGCAATCATCGAGCTAACCATGAG
Viti-RdRp-iFn GTTTACAGGTGATGCGGTTCTCTGG 2068 e
Viti-CP-iRn TGAATCACTTGAGCTTCGCTAACGC
Viti-F6 CTCTCTAGCATAGGGGTTCATACTTCAGTG .
" 629 Replicase
Viti-R6 GACATGATGAGCCCCGAAACTCTC
Viti-long-F GCAAACCAGAGCCTCAATCAGCG 3545 Ralicess
Viti-long-R GCCAATGCAAATACCTAAGAAGCG
Viti-3UTR-Fn CTATGGAGGCTCCGTTCTTGGG 416 NABP - 3'UTR
Arracacha latent virus E
Enamo-F1 GTGCCTACCGACGACAAGCGTAG 674 i
Enamo-R1 CAAGTCATCCTCCATGAGCCAC
Enamo-F2 CTCCTCATTTGAGAACAGACGATTC 988 i
Enamo-R2 CCTCCGTCGGCAGATGCCTG
Enamo-F3 CCGGAGATCGCGTTACCTGT 800 Pyl s
Enamo-R3 CCTCAGTGCTCTCATACCAATCC
Enamo-RdRp-F2 TGAGCCTGGATACTCTGGTTTGCC )
1078 replicase
Enamo-RdRp-R2 TCGGAGCCATAGCTAGGCCAGC
Enamo-RdRp-F3 TGCAAGGCCTGGTTCCACGC 817 e
Enamo-RdRp-R3 CAATCAGTCGGATAGCACCAACGC
Enamo-Aphid-F1 AGCCCGCAAGACGGAGAAGC 1030 il prsisin
Enamo-Aphid-R1 CAAATGTAGCCTCATTGGGGGTTTC
Enamo-F5 CATCCACAATATAGCCATTTCAACTGAG ’
685 replicase
Enamo-R5 GTTGATTAGCCGATCCCATCCG
Arracacha latent virus E associated RNA
ST9-like_F1 GACAGCGGTCGAGTGCAGTCTC 135 ez
ST9-like_R1 CCGTTCCACCTGCCACTTGC
ST9-like_F2 GCAAGTGGCAGGTGGAACGG .
; 684 Replicase
ST9-like_R2 CTCGGGCCTAAAGCACGCTCG
ST9-like_F3 CCAGCCGCGAAGTCCAAGGTTTC 989 Repllease
ST9-like_R3 CCGAAGGCCATGTGAAAGGATAC
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Table 2
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ORF1a ORF1b P8

Detected viruses in accession of arracacha collected in Germplasm ——‘

Bank from International potato Center

A) Arracacha latent virus C (ALVC) - RNA1

Evaluated viruses

Accesion 6.5 09
number ALV ALVC  AMoV  PBRSV  ALVE I msPTon Lo mer
204004 = - = - + _ =) -
204009 B o _ _ - B) Arracacha latent virus C(ALVC) - RNA2
20401 = - + - + p20 NAPB
204051 - + + - + — me
204059 - - - = + B m
204060 - + - - + C) Arracacha latent virus V (ALVV)
204061 = + = = +
204062 = + = = +
204063 + = + = +
204065 = = - - +
204067 = - - - +
204068 + - - - -
204069 = = + = +
204070 - + - - + 1 RNAdependentRNA polymerase .
204071 = + = = + E) Arracacha latent virus E-associated RNA (ALVEaRNA)
204072 + + = - + Figure 2. Genome structure of ALVC RNAT (A), RNA2 (B), ALVV (C), ALVE (D)
204073 ~ N N ~ N and ALVEaRNA (E): Orange open arrow irjdicate open rgadmg frames, with
the names of predicted gene products inside them. Regions surrounded by
204079 - - + - + solid lines indicates they were sequenced by RT-PCR using primers designed
204080 _ + + - + from the sequences obtained by next generation sequencing technology,
R S S el b i il
Cucurbit chlorotic yellows virus (NC 018174.1)
A Lettuce chlorosis virus (NC 012910.1)
Bean yellow disorder virus (NC 010561.1)
61 Cucurbit yellow stunting disorder virus (NC 004810.1)
Potato yellow vein virus (NC 006063.1)
Arracacha latent virus C (in this study)
Blackberry yellow vein-associated virus (NC 006963 2)
Beet pseudo-yellows virus (NC 005210.2)
Sweet potato chlorotic stuntvirus (NC 004124.1)
Tomato chlorosis virus (NC 007341.1)
Tomato infectious chlorosis virus (NC 013259.1)
Hgg Lettuce infecti yellows virus (NC 003618.1)
Citrus tristeza virus (NC 001661.1)
0.10
B 60 Cucurbit chiorotic yellows virus (NC 018174.1)
ﬂE Lettuce chlorosis virus (NC 012910.1)
100 Bean yellow disorder virus (NC 010561.1)
75 Cucurbit yellow stunting disorder virus (NC 004810.1)
Potato yellow vein virus (NC 006063.1)
%8 Ar ha latent virus C (in this study)
99

81 -I:Blackberry yellow vein-associated virus (NC 006963.2)
49 Beet pseudo-yellows virus (NC 005210.2)

_|:Tomalo chlorosis virus (NC 007341.1)
99 Sweet potato chlorotic stunt virus (NC 004124 1)

Lettuce ir ious yellows virus (NC 003618.1)

Tomato infectious chlorosis virus (NC 013259.1)

Citrus tristeza virus (NC 001661.1)
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Actinidia virus A (JN427014.1)
Actinidia virus B (NC 016404.1)
Grapevine virus B (NC 003602.1)
Mint virus 2 (AY913795.1)

Grapevine virus F (NC 018458.1)

Grap virus A (NC 003604.2)
Grapevine virus E (NC 011106.1)
ﬁArrncacha latent virus V (in this study)

93

100 — Arracacha virus V (NC 034264.1)
Potato virus X (NC 011620.1)

Actinidia virus A (JN427014.1)

Actinidia virus B (NC 016404.1)
bl Grapevine virus B (NC 003602.1)
Mint virus 2 (AY913795.1)

Grapevine virus F (NC 018458.1)
Grapevine virus D (JQ031716.1)
Grapevine virus A (NC 003604 2)

Arracacha latent virus V (in this study)

Arracacha virus V (NC 034264.1)

Grapevine virus E (NC 011106.1)

Potato virus X (NC 011620.1)

5 Melon aphid-borne yellows virus (NC 010809.1)
Beet western yellows virus (NC 004756.1)
Cucurbit aphid-borne yellows virus (NC 003688.1)
Beet mild yellowing virus (NC 003491.1)

Carrot red leaf virus (NC 006265.1)

Beet chlorosis virus (MC 002766.1)

Barley virus G (NC 029906.1)

100 Maize yellow dwarfvirus-RMV (NC 021484 1)
Cotton leafroll dwarf virus (NC 014545.1)

100 — Brassica yellows virus (NC 016038.1)

Tumnip yellows virus (NC 003743.1)

African eggplant yellowing virus (NC 034207 .1)
100 Tobacco vein distorting virus (NC 010732.1) L .

18 100 L— Peppervein yellows virus (NC 015050.1) POl e rOVI rus
Cowpea poleravirus 1 (NC 034246.1)
Cowpea polerovirus 2 (NC 034247.1)

White clover mottle virus (NC 031747.1)

100 Chickpea chloratic stunt virus (NC 008249.1)
Strawberry polerovirus 1(NC 025435.1)
Potata leafroll virus (NC 001747.1)

Cereal yellow dwarf virus (NC 004751.1)

0 Cereal yellow dwarf virus-RPS (NC 002198.2)
Wheat yellow dwarfvirus-GPV (NC 012931.1)
Sauropus yellowing virus (NC 025837.1)

_|:Pepa aphid-borne yellows virus (NC 030225.1)
100 Suakwa aphid-borne yellows virus (NC 018571.2)
EGrapemﬂe enamaovirus-1 (KX645875.2)
Arracacha latent virus E (MF136435) E H
23 Citrus vein enation virus (NC 021564.1) n a I I I OVI ru S

Pea enation mosaic virus-1 (NC 003629.1)
100 L Alfalfa enamovirus-1 (NC 029993.1)

s Rose spring dwarf-associated virus (NC 010806.1) /)
T_Eherry associated luteovirus (NC 031800.1)
Bean leafroll virus (NC 003369.1)
a8 Soybean dwarf virus (NC 003056.1) .
100 Barley Ysllow dwarfvirus (NC 021481.1) — Lute ovirus

Barley yellow dwarf virus-PAS (NC 002160.2)
Barley yellow dwarf virus-GAV (NC 004666.1)
oo | Barley yellow dwarfvirus-PAV (NC 004750.1)
77 L Barley yellow dwarfvirus - MAV (NC 003680.1)

m
g
I

1]

:

L

1

8 I
=
m

100

5]
100
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59 Pepao aphid-borne yellows virus (NC 030225.1)
. Cucurbit aphid-bome yellows virus (NC 003688.1)
F Suakwa aphid-borne yellows virus (NC 018571.2)
81 Melon aphid-bome yellows virus (NC 010809.1)
White clover mottle virus (NC 031747.1)
oo Cowpea polerovirus 1 (NC 034246.1)
P Chiclpea chlorotic stunt virus (NC 008249.1)
Cotton leafroll dwarf virus (NC 014545 1)
Brassica yellowsvirus (NC 016038.1)
44 = Beet mild yellowing virus (MC 003491.1)
4o | Beet westem yellows virus (NC 004756.1)
24| — Tumip yellows virus (NC 003743.1)
&7 L—Beet chlarosis virus (NC 002766.1)
2 (NC 034247 1) L
Barley virus G (NC 029906.1)
100 Maize yellow dwarf virus-RMV (NC 021484.1)
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Figure 3. Phylogenetic trees based on an alignment of the HSP70 (A) and CP (B) for criniviruses; replicase (C) and CP (D) for vitiviruses;
replicase (E) and coat protein (F) for enamoviruses; and (G) RdRp for virus-associated RNA. Arracacha latent virus C, V, E and Arracacha
latent virus E associated RNA are indicated in bold in each phylogram. Sequences were aligned using the ClustalW algorithm, and the tree
was generated using the Neighbour-Joining method. The evolutionary distances were computed using Poison correction method and are
in the units of the number of amino acid substitutions per site. Numbers on branches indicate percentage of bootstrap support out of
1000 bootstrap replications. Citrus tristeza virus, Potato virus X, Carrot mottle virus, Pea enation mosaic virus-2 and Tobacco bushy top
virus were used as outgroup.

The determined sequence of 4035nts of ALVE was
predicted to include four ORFs. The first two predicted
ORFs were 5incomplete and corresponded to P1and P1-
P2 fusion protein, which is translated through a -1
ribosomal frameshift from P1 (1185 aa, 152.7 kDa), and are
involved in virus replication. The P1 contained a serine-like
protease domain, and the P2 region the core domains of
the viral RdRP as in other enamoviruses. The third ORF

corresponded to P3 (189 aa, 21.3 kDa) of luteovirids, and
the last identified ORF, which was 3’ incomplete is
translated by readthrough of the P3 ORF to form a P3-P5
fusion protein. P3 is the coat protein (CP), whereas the CP
readthrough extension (P5) of P3-P5 is thought to be an
aphid transmission subunit of the virus. It was not possible
to obtain sequence for the region encoding the ORFO
characteristic of the members of family Luteoviridae.
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In samples that were positive for ALVE, additional
sequences were identified with similarity to Beet western
yellows luteovirus ST9-associated RNA (BWYV ST9aRNA)
and carrot red leaf virus-associated RNA (CRLVaRNA), by
PCR test, which it was proposed to name Arracacha latent
virus E-associated RNA (ALVEaRNA). The predicted partial
ORF1 translated into a hypothetical protein with unknown
function and a partial ORF2 into a putative RdRp is the
results from readthrough of stop codon, similar to found
in other ST9 like satellite RNAs. Additional ORFs can found
in related ST9 like satellite RNAs but were beyond the area
sequenced in this study.

To evaluate if ALVC and ALVV were present in other
plants, thirty-five additional arracachas maintained in
greenhouse from CIP-Huancayo were evaluated for the
presence of these viruses by RT-PCR. Also, because
several potato viruses have been reported infecting
Andean root crops and viceversa (Lizarraga et al., 19964,
1996b; 1999), potato samples from Colombia (Chipaque -
Cundinamarca, region near to Bogota) and from Peru
(Huanuco and Cajamarca) were evaluated by RT-PCR to
determine if these putative viruses were able to infect this
crop. ALVC sequences were found in 25% of the tested
arracachas (Fig. 3), whereas none of them tested positive
for ALVV. From the evaluated Colombian potato samples,
20.61% and 5.15% resulted in positive amplification for
ALVC and ALVYV, respectively. Among the evaluated
Peruvian potato samples, no sequence was detected in
the 40 samples from Huanuco, while in the 41 samples
from Cajamarca, 3 samples showed positive amplification
for ALVC (7.31%) and 2 were positive for ALVV (4.87%).
The PCR fragments were sequenced, aligned and
submitted to phylogenetic analysis. The Colombian ALVC
sequences formed a different group compared with the
Peruvian ALVC sequences (Fig. 4a). On the other hand, all
the ALVV sequences formed a single group (Figure 4B).

3.2. Virus transmission
Several attempts to transmit these viruses mechanically
and by vectors were made. Mechanical inoculation on

De Souza et al.

Nicotiana clevelandii x N. bigelovii, Gomphrena globosa,
Chenopodium quinoa and Datura stramonium were
unsuccessful suggesting they may not be mechanically
transmissible. This was not unexpected as members of the
genus Crinivirus are phloem restricted (Martelli et al., 2012)
and vitiviruses are known to be difficult to transmit
mechanically (Adams et al., 2012). Graft transmission to C.
quinoa, C. amaranticolor, Datura stramonium and
Physalis floridiana using petioles and leaves as scions (due
to morphological incompatibility of arracacha stems with
these indicator plants) were also unsuccessfully attempted.
Taking in consideration that whiteflies are generally the
vectors of criniviruses from group 1 (Martelli et al., 2012)
to which ALVC belongs, transmission by Bemisia tabaci
biotype B and Trialeurodes vaporarariorum were
attempted with groups 20 insects twice according to
Gamarra et al. (2010). For ALVV, the aphid Myzyus persicae
was chosen to attempt transmission, as vectors of vitivirus
in herbaceous plants are generally aphids (Adams et al.,
20712). Arracacha plants containing ALVC and ALVV
sequences were placed in a separated cage with 400 adult
insects under glasshouse conditions (20 °C, 70-95% RH,
with 18h light and 6h dark). For the three-insect species,
they were left on the source plants for a 48-hour
acquisition access period before transferring 20 insects to
each 20 individual healthy potato seedlings of two
different cultivars (Canchan and Perricholi, 40 seedlings in
total) in separate cages for a 48-hour inoculation access
period (IAP). After this time, the insects were removed and
plants sprayed with insecticide Applaud (Syngenta) and
Confidor (Bayer) for whiteflies and aphids, respectively.
Plants were evaluated by RT-PCR to confirm transmission
one month after the IAP. ALVC and ALVV were not
detected in any of the plants tested by PCR. Whereas
transmission of ALVE was not attempted with whiteflies or
aphids, leafthoppers (Empoasca spp.) found colonizing an
arracacha field at CIP la Molina station were positive for
ALVE by PCR. Subsequent attempts to transmit ALVE to
indicator plants failed however, because the leafhoppers
were so aggressive, they rapidly killed the plants.

<€— 306 pb

Figure 4. Electrophoresis gels showing arracacha accessions from CIP-Huancayo grown in greenhouse evaluated for sequences associated
with crinivirus (A) and vitivirus (B), by RT-PCR (HSP70 and CP, respectively). The arrows indicate the size of the expected amplified product.
First mixed sample was used as positive control. DNA ladder 1kb plus (Invitrogen) was used as marker.
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Figure 5. Phylogenetic tree showing the geographic relationships between Colombian and Peruvian samples that tested positive in RT-
PCR to the new crinivirus and vitivirus detected in potato samples. Amplified region in ALVC correspond to ORF1a (A) and in ALVV to coat

protein (B).

ALVC and ALVV belong to genera that typically are not
known to have broad host ranges and it was therefor
perhaps surprising to find them in such distantly related
species as potato and arracacha (Figure 5). No obvious
symptoms were associated with the presence of these
viruses in either species and based on siRNA quantities,
virus titers could be suspected to be quite low in arracacha
at least and this may have affected results of our attempts
at vector transmission. Obviously, the identified viruses are
widespread in the Andean region at least from Colombia
to Southern Peru, it is not necessarily the case that either
arracacha or potato are their primary hosts even if both
viruses can be maintained through vegetative cycles in
arracacha at least. It would be interesting to screen weeds
and wild plants found in association with crops in the
Andes to identify plants that may serve as primary hosts
and possible reservoirs from which these viruses enter
cultivated crops.

4. Conclusions

In the present study we identified the presence of
sequences corresponding to a new crinivirus (ALVC), a
new enamovirus (ALVE) and a new ST9-like RNA
(ELVEaRNA) in arracacha. Also, a vitivirus identified in this
study (ALVV) was found to be closely related to AVV

identified from arracacha in Brazil and which was
published while this manuscript was in preparation. Thus,
this report expands the range of AVV to include Peru.
Using the assembled sequences, primers were designed
for all identified viruses and could be used to identify
additional infected arracacha and potato plants. These
primers present useful tools to screen germplasm or
planting material to ensure plant health.

Sequence variation found between the amplified PCR
fragments of samples suggest an actively evolving virus
population in the Andes. Nevertheless, because presence
of these virus sequences was not associated with any
obvious symptoms, and virus titers appeared to be low,
and we were unable to identify the means of transmission,
many questions remain open. Future studies should focus
on identifying alternate hosts, the likely means of
transmission, and possible effects on yields in the different
crops they infect.
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