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ABSTRACT

Sugarcane mosaic virus (SCMV) was detected by reverse transcription
polymerase chain reaction in eight different species of the Poaceae family
in the Everglades Agricultural Area (EAA) of south Florida: broadleaf
signalgrass (Urochloa platyphylla), Columbus grass (Sorghum almum),
goosegrass (Eleusine indica), maize (Zea mays), sorghum (Sorghum
bicolor), St. Augustine grass (Stenotaphrum secundatum), southern
crabgrass (Digitaria ciliaris), and sugarcane (Saccharum interspecific
hybrids). Based on their coat protein (CP) gene sequence, 62 isolates of
SCMYV from Florida and 29 worldwide isolates representing the known
genetic diversity of this virus were distributed into eight major
phylogenetic groups. SCMV isolates infecting Columbus grass, maize,
and sorghum in Florida formed a unique group, whereas virus isolates
infecting sugarcane in the United States (Florida and Louisiana)
clustered with isolates from other countries. Based on the entire genome
coding region, SCMV isolates infecting sugarcane in Florida were
closest to virus isolates infecting sorghum species or St. Augustine

grass. Virus isolates from Columbus grass, St. Augustine grass, and
sugarcane showed different virulence patterns after mechanical
inoculation of Columbus grass, St. Augustine grass, and sugarcane
plants, thus proving that these isolates were different pathogenic strains.
Sugarcane was symptomless and tested negative for SCMV by tissue
blot immunoassay after inoculation with crude sap from SCMV-infected
Columbus grass, indicating that Columbus grass was not a reservoir for
SCMV infecting sugarcane in the EAA. Close CP sequence identity
between isolates of SCMYV from Columbus grass, maize, and sorghum sug-
gested that the same virus strain was naturally spreading between these
three plants in south Florida.

Keywords: broadleaf signalgrass, Columbus grass, disease resistance,
goosegrass, host, maize, pathogen detection, sorghum, St. Augustine
grass, southern crabgrass, sugarcane, Sugarcane mosaic virus, virus
strain, virulence

Sugarcane mosaic virus (SCMV) infects naturally many wild and
cultivated grasses belonging to >21 different genera of the family Poa-
ceae (Koike and Gillaspie 1989). Sugarcane (Saccharum spp. inter-
specific hybrids), sorghum (Sorghum bicolor [L.] Moench), and
maize (Zea mays L.) are the most economically important crops
affected by this virus worldwide. In central Florida nurseries in
2010, SCMV was detected in red Maranta or red-veined prayer plant
(Maranta leuconeura var. erythroneura E. Morren), a new host
belonging to the Marantaceae family. The symptomatic Maranta
plants in these nurseries were grown from cuttings imported from
Costa Rica (Baker et al. 2010). More recently, SCMV was also found
in China in canna (Canna indica L.), a monocotyledonous plant of the
Cannaceae family, and in pumpkin (Cucurbita moschata Duchesne),
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a dicotyledonous plant of the Cucurbitaceae family (Li et al. 2019;
Tang et al. 2018; Zhao et al. 2019).

In Florida, SCMV was first reported in sugarcane in 1919 by
Brandes (Saladini and Zettler 1972a). Subsequently, this virus was
also found in Columbus grass (Sorghum x almum Parodi), gamma-
grass (Tripsacum sp.), hairy crabgrass (Digitaria sanguinalis [L.]
Scop.), sorghum, St. Augustine grass (Stenotaphrum secundatum
[Walter] Kuntze), and sweet corn (Zea mays L. var. saccharata)
(Boukari et al. 2021; Mollov et al. 2016; Saladini and Zettler
1972a, b; Todd 1964).

SCMV is a Potyvirus in the family Potyviridae. The genome of
SCMV is monopartite positive-sense single-stranded RNA of
approximately 9,500 nucleotides forming a single open reading
frame (ORF). This long ORF encodes a single polyprotein that is
cleaved into 10 multifunctional proteins (Braidwood et al. 2019).
An additional short ORF (pipo) is embedded within the P3 gene
and translated in the +2 reading frame (Chung et al. 2008). The
coat protein (CP) gene of the virus is located at the 3" end of the
genome. Historically, the CP has often been used for diagnosis of
SCMV and characterization of its genetic diversity (Alegria et al.
2003; de Souza et al. 2012; Gomez et al. 2009; Handley et al.
1998; Marie-Jeanne et al. 2000; Moradi et al. 2017; Yang and
Mirkov 1997). More recently, full genome sequencing has been
used to investigate variation within the virus and especially to ana-
lyze genomic evolution (Braidwood et al. 2019; He et al. 2020;
Wamaitha et al. 2018; Yahaya et al. 2019). These studies revealed
that SCMV is highly variable, with several recombination hotspots
along its genome. The recently reported new virus strain from canna
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has been identified as a recombinant virus between an isolate infect-
ing sugarcane and an isolate infecting maize (Li et al. 2019).

Mosaic disease of sugarcane caused by SCMV is currently
managed with resistant cultivars in the Everglades Agricultural
Area (EAA), and the virus was not found in commercial plantings
in a recent metagenomics study (Filloux et al. 2018). Mosaic
symptoms are sometimes seen in the EAA on maize, but the dis-
ease does not seem to affect maize production in this region. In
contrast, severe outbreaks of mosaic have occurred since 2013
on St. Augustine grass (cultivar Floratam), a perennial lawn grass
widely grown in Florida (Harmon 2015). Leaf blades of affected
plants show contrasting shades of green, chlorotic, and necrotic
tissue. Virus incidence with severe symptoms on St. Augustine
grass may destroy the entire lawn.

At least 14 pathogenic strains (A to N) have been reported for
SCMYV (Koike and Gillaspie 1989). Nine isolates of the virus collected
in south Florida in the 1970s from gammagrass, hairy crabgrass, St.
Augustine grass, sugarcane, and sweet corn were attributed to strain
E of SCMV, based on inoculation to differential hosts, including
different varieties of sorghum, sweet corn, and johnsongrass (Sorghum
halepense [L.] Pers.) (Saladini and Zettler 1972a, b).

The overall aim of this work was to better understand the epidemi-
ology of SCMV in south Florida. To reach this objective, we collected
62 SCMV isolates from eight different hosts in the EAA and first com-
pared their genetic diversity at the CP level. The full coding genome of
four isolates from Florida (two from St. Augustine grass and two from
sugarcane), and two historical isolates from sugarcane in Louisiana
was also determined by high-throughput sequencing (HTS). Both
CP and full genome sequences were compared with the corresponding
sequences of SCMYV isolates reported worldwide (GenBank). Finally,
we investigated the capacity of cross-infection and production of
symptoms of representative isolates from Columbus grass, St.

Fig. 1. Symptoms of mosaic on five species of Poaceae in Florida. A, Sorghum
(Sorghum bicolor). B, Maize (Zea mays). C, Sugarcane (Saccharum spp. inter-
specific hybrid). D, Columbus grass (Sorghum almum). E and F, St. Augus-
tine grass (Stenotaphrum secundatum). Mosaic symptoms include various
patterns of green color (red arrow in A to F) and necrosis (yellow arrow in F).

Augustine grass, and sugarcane by mechanical inoculation to Colum-
bus grass, maize, sorghum, St. Augustine grass, and sugarcane plants.

MATERIALS AND METHODS

Leaf samples with mosaic symptoms. Leaves exhibiting mosaic
symptoms were collected from eight plant species within a 50-mile
radius of the EAA. A collection of 62 plants was obtained, which
included two samples of southern crabgrass (Digitaria ciliaris
[Retz.] Koeler), one of goosegrass (Eleusine indica [L.] Gaertn.),
six of maize, 13 of St. Augustine grass, 16 of Columbus grass, 16
of sorghum, seven of sugarcane, and one of broadleaf signalgrass
(Urochloa platyphylla [Munro ex C. Wright] R. D. Webster) (Supple-
mentary Table SI and Figs. 1 and 2).

RNA extraction and detection of sugarcane mosaic virus by
reverse transcription PCR. Total RNA was extracted from 100 mg
of leaves with a Qiagen RNeasy Plant mini kit (Qiagen, USA),
according to the manufacturer’s protocol. Each RNA sample was sus-
pended in 40 pl of ribonuclease-free water and stored at —20°C until
further use. Detection of SCMV was performed with primer pair
Oligo 1n/Oligo 2n as described in Table 1. Reverse transcription
PCR (RT-PCR) products were analyzed by 1% agarose gel electro-
phoresis (Fig. 3). The RT-PCR amplicons were purified with a QIA-
quick PCR purification kit (Qiagen) and sequenced bidirectionally
with amplification primers by Eton Bioscience (San Diego, CA).
New SCMYV sequences were compared with those already published
(GenBank) via Blast search (https://blast.ncbi.nlm.nih.gov/Blast.cgi).

Amplification and sequencing of the CP gene of sugarcane
mosaic virus isolates. Samples that tested positive for SCMV by
RT-PCR with detection primers Oligo 1n/Oligo 2n were used for
two-step amplification of the entire CP gene of the virus. PCR assays
were performed after an initial reverse transcription step, followed
by PCR with primers SCMV-NIb-482-F/SCMV-3'UTR-606-R
(Table 1; Fig. 3). The negative samples were retested with a different
primer set, SCMV-F6/SCMV-R6. RT-PCR products were subjected
to 1% agarose gel electrophoresis, and amplicons were gel purified
and sequenced as described previously. The CP gene sequences
were aligned and compared with published SCMV sequences

Fig. 2. Symptoms of mosaic on three species of Poaceae in Florida. A and B,
Goosegrass (Eleusine indica). C and D, Southern crabgrass (Digitaria cilia-
ris). E and F, Broadleaf signalgrass (Urochloa platyphylla). Mosaic symp-
toms include various patterns of green color (red arrows in A, C, and E).
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retrieved from GenBank in Geneious prime software (Biomatters Ltd
NZ). Several sequences obtained with primers SCMV-F6/SCMV-R6
contained unidentified nucleotides at the 3" end of the CP gene. To
resolve these ambiguities, additional amplification and sequencing
were performed with primers SCMV-DF/SCMV-R6 (Table 1; Fig.
3). The CP gene sequences of 58 SCMYV isolates obtained in this
study by RT-PCR and sequencing were deposited in GenBank under
accession numbers MT725503 to MT725560 (Supplementary Table
S1). The CP gene sequence of the four remaining isolates from Flo-
rida was determined by HTS as described below.

HTS of the full genome of six isolates of SCMYV from Florida
and Louisiana. The entire genome of the following six SCMV iso-
lates was sequenced by HTS: SAG-CED and SAG-CYP from St.
Augustine grass in Florida, SC-2086 Su and SC-Halalii Su from sug-
arcane in Florida, and POJ234 strain A and POJ234 strain B from sug-
arcane in Louisiana (Supplementary Tables S1 and S2). The latter two
isolates from Louisiana were added to this study because they rep-
resented historical isolates that were maintained at the U.S. Depart-
ment of Agriculture-Agricultural Research Service (USDA-ARS)
in Houma, Louisiana by vegetative propagation of sugarcane for
>70 years. Total RNA was extracted from symptomatic leaves
with the RNeasy Qiagen mini plant extraction kit and sent to Seq-
Matic (Fremont, CA) for ribosomal RNA depletion, deoxyribonu-
clease treatment, and complementary DNA library preparation.
Libraries were sequenced on an Illumina NextSeq 500 platform
as 75-nt single-end reads. Sequence reads were assembled into
contigs in CLC Genomic Workbench 11.0 (Qiagen). BLASTx
comparisons of contigs were performed with a local NCBI data-
base under the CLC platform. Geneious R11 (Biomatters, New
Zealand) was then used to finalize additional assemblies. The
assembled genome sequences obtained by HTS were deposited
in GenBank with the following accession numbers: MT701606
(SAG-CED), MT701607 (SAG-CYP), MT701608 (SC-2086 Su),
MT701609 (SC-Halalii Su), MT701610 (POJ234 strain A), and
MT701611 (POJ234 strain B).

Determination of percentage identity between virus sequences
and phylogenetic analyses. Nucleotide sequence identities and
amino acid sequence similarities were determined for the CP of 91
isolates of SCMV (Supplementary Tables S1 and S2): 62 isolates
from Florida obtained in this study (58 sequences by RT-PCR and
four by HTS), two isolates from Louisiana obtained in this study
by HTS, and 27 sequences retrieved from the GenBank database.
Nucleotide and amino acid sequence identities were also determined
for the entire coding region of the six isolates of SCMV sequenced in
this study (four from Florida and two from Louisiana) and 21 isolates
from GenBank. Corresponding sequences of SCMV isolates were
aligned, and percentage identities were determined in Clustal
W. Maximum likelihood phylogenetic trees were inferred for the
CP and the entire coding region of SCMV in MEGA X software

with substitution model Tamura-Nei selected as best-fit model and
1,000 bootstraps (Kumar et al. 2018; Tamura and Nei 1993).
Inoculation of five species of Poaceae with SCMYV. Seeds of
Columbus grass, sorghum, and maize were planted in vented nursery
trays (51 x 36 x 10 cm; Kadon Corp.) or in 5-gallon pots containing
potting soil (Nursery Supply Inc.). Three weeks after seed germina-
tion, plants were thinned to a maximum of 20 plants per tray and
four plants per pot. Single-bud cuttings of sugarcane and St.
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Fig. 3. Genome structure and amplification of the 3" end region of sugarcane
mosaic virus (SCMV) by reverse transcription PCR (RT-PCR). A, Proteins
encoded by SCMV: P1, P1 protein; HC-Pro, helper component proteinase;
P3, P3 protein; PIPO, PIPO protein; 6K1, 6K1 protein; CI, cylindrical inclu-
sion protein; 6K2, 6K2 protein; Nia-VPg, nuclear inclusion A-VPg protein;
NIa, nuclear inclusion A protein; NIb, nuclear inclusion B protein; CP, coat
protein. B, Genome location of the primers used to detect SCMV or to amplify
the 3’ end region of the genome. C, Detection of SCMV by RT-PCR with
primer pairs Oligo 1n/Oligo 2n): lanes 1 and 10, 1-kbp ladder; lanes 2, 3,
and 6 to 8, plant samples with mosaic symptoms; lanes 4, 5, and 9, symptom-
less plant samples. D, Amplification of the CP of SCMV by RT-PCR with pri-
mers SCMV-F6/SCMV-R6: lane 1, 1-kbp ladder; lanes 2 and 4, virus-free
sorghum samples; and lanes 3 and 5, sorghum samples infected by SCMV.

TABLE 1. Primer pairs and PCR conditions used for detection and for coat protein (CP) amplification of sugarcane mosaic virus (SCMV)

Forward Amplification

primer Sequence (5'-3") Reverse primer Sequence (5'-3") product® Reference

Oligo 1In ATGGTHTGGTGYATHGARAAYGG Oligo 2n TGCTGCKGCYTTCATYTG 327-bp internal CP Marie-Jeanne
fragment et al. (2000)

SCMV-NIb-482-F GGCTTCTCGAAATGCAAC SCMV-3" GCAAACAGGGTTTCCAGGAG 1.0- to 1.2-kbp fragment Harmon

UTR-606-R including complete CP et al. (2015)

SCMV-F6 GACTCGGACTTTTACAGCAG SCMV-R6 AACAGGGTTTCCAGGAGACT 1.9- to 2.0-kbp fragment Xie et al. (2016)
including complete CP

SCMV-DF TGGACAATGATGGATGGAGATGA SCMV-R6 AACAGGGTTTCCAGGAGACT 433-bp fragment This study

? Reverse transcription PCR (RT-PCR) assay with primers Oligo 1n/oligo 2n was performed with a OneStep RT-PCR kit (Qiagen) and amplification conditions
reported by Marie-Jeanne et al. (2000). PCR assays with the three other primer sets were performed with complementary DNA (cDNA) obtained with the
Promega’s GoScript Reverse Transcription System according to the manufacturer’s protocol. Amplification was done in a final volume of 25 pl containing
2.5 pl of eluted cDNA, 12.5 ul of GoTaq Colorless Master Mix 2x (Promega), 1 pl of 10 uM of forward primer, 1 pl of 10 uM of reverse primer, and
8 pl of nuclease-free water. For primer set SCMV-NIb-482-F/SCMV-3"UTR-606-R, the thermal cycling conditions were 94°C for 3 min, 30 cycles of 94°C
(1 min), 56°C (1 min), and 72°C (1 min), and a final extension of 72°C for 10 min. PCR conditions of SCMV-F6/SCMV-R6 were those reported by Xie et al.
(2016). The thermal conditions for primers SCMV-DF/SCMV-R6 were 94°C for 3 min, 35 cycles of 94°C (1 min), 51°C (1 min), and 72°C (30 s), and a final

extension of 72°C for 10 min.
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Augustine grass plugs were planted in 5-gallon pots containing the
same potting soil, with four plants or plugs per pot. All plants were
grown in a greenhouse with natural light conditions and temperatures
varying from 16 to 35°C at the USDA-ARS sugarcane field station at
Canal Point, Florida. Columbus grass, sorghum, and maize plants
were inoculated when approximately 3 weeks old (four or five devel-
oped leaves). Sugarcane was inoculated when approximately 6 weeks
old (four or five fully developed leaves), and St. Augustine grass was
inoculated 2 weeks after the grass plugs were planted.

The inoculations were performed in six experiments between May
2018 and September 2019 (Table 2). The total number of inoculated
plants varied between plant species and experiments, and inoculated
plants of each species were equally distributed in three or four groups
containing plants of each species. These groups were randomly dis-
tributed in the greenhouse.

Preparation of SCMV inoculum and mechanical plant
inoculation. Leaves from plants showing mosaic symptoms were
cut into small pieces (about 2 x 3 cm) in the laboratory and stored
at —20°C until further use or were frozen with dry ice and ground
to a powder before storage. Before inoculation, frozen leaves or fro-
zen powdered leaves were homogenized in a 1.2-liter Waring
blender (model 7011HG) containing ice-cold 0.01 M potassium
phosphate buffer (pH 7.0) (1:1, wt/vol). Blended leaf tissue was fil-
tered twice through a cheesecloth, and the resulting crude juice
homogenate was used as an inoculum source. The paint sprayer
inoculation method was used to inoculate plants in experiments 1
to 3 (Table 2). This method has been used for many years at the
USDA-ARS Sugarcane Field Station at Canal Point to screen sugar-
cane for resistance to mosaic (Dean 1963). It allows one to inoculate
many plants rapidly with the same inoculum source. The abrasive
pad rubbing method was used to inoculate plants in experiments 4
to 6 (Table 2). This method, described for inoculation of sugarcane
by Srisink et al. (1994), allows one to inoculate plants with a limited
amount of inoculum, which was especially the case herein for natu-
rally SCMV-infected St. Augustine grass. Leaves of control plants
were sprayed or rubbed with the homogenization buffer only.

Detection of SCMYV by tissue blot immunoassay. At the end of
inoculation experiments 3 to 6 (Table 2), the upper most developed

leaf of all inoculated plants was collected and used for tissue blot
immunoassay. Imprints of each leaf midrib were made on a 0.45-
pm pore-size nitrocellulose membrane (Bio-Rad) and processed as
described for sugarcane yellow leaf virus (Lin et al. 1990; Schenck
et al. 1997), except sugarcane yellow leaf virus antibodies were
replaced by SCMV antibodies. SCMV antibodies specific for strain
E (American Type Culture Collection, Rockville, MD) were used
at 1:2,000 dilution.

RESULTS

Detection of SCMYV in eight species of Poaceae. From 2015 to
2019, variable mosaic symptoms with contrasting green shades were
observed on leaf blades of eight different species of Poaceae in several
locations of the EAA in south Florida (Figs. 1 and 2). Specific symp-
tom patterns were usually not associated with a plant species but
rather with a plant variety or cultivar, with a few exceptions. Numer-
ous light green to yellow spotting was observed only on sorghum
(Fig. 1A). Broadleaf signalgrass, St. Augustine grass, and sorghum
often showed numerous short streaks on the leaf blade (Figs. 1A
and E, and 2E). Dark green streaks or stripes were usually found
on Columbus grass, goosegrass, southern crabgrass, maize, and sug-
arcane (Figs. 1B to D and 2A to C). In addition to light green streaks,
only St. Augustine grass cultivar Floratam grown in lawns exhibited
extensive necrotic lesions (Fig. 1F). This leaf necrosis was not seen on
common St. Augustine grass growing in grasslands on muck soils.

SCMV was detected by RT-PCR (primers oligo 1n/2n) in broad-
leaf signalgrass (one sample), Columbus grass (16 samples), goose-
grass (one sample), maize (six samples), sorghum (16 samples),
southern crabgrass (two samples), St. Augustine grass (11 samples),
and sugarcane (five samples). SCMV sequences were found by
HTS in two additional samples of St. Augustine grass (isolates
SAG-CED and SAG-CYP) and two additional samples from sugar-
cane (isolates SC-2086 Su and SC-Halalii Su). All 62 Florida isolates
shared >90% nucleotide identities with sequences of SCMYV isolates
in the GenBank database. Sequences of SCMV were also obtained by
HTS from the two historical symptomatic sugarcane varieties

TABLE 2. Infection of five Poaceae species by sugarcane mosaic virus (SCMV) after mechanical inoculation with virus isolates from Columbus grass, St. Augus-

tine grass, and sugarcane

Number of plants with mosaic symptoms/total number of inoculated plants in experiments®

SCMYV inoculum

Plant species

source® inoculated® 1 2 3 4 5 6 1-6
Columbus grass Columbus grass 55/61 39/50 17/34 9/12 14/16 15/16 149/189 (79%)
Maize 4/16 21/35 26/26 12/12 - - 63/89 (71%)
Sorghum 40/40 3/26 25/25 12/12 - - 80/103 (78%)
St. Augustine grass - - - - 7/16 5/16 12/32 (38%)
Sugarcane 0/22 0/13 0/36 0/12 0/16 0/16 0/115 (0%)
St. Augustine grass Columbus grass - - - - 0/16 0/16 0/32 (0%)
St. Augustine grass - - - - 16/16 16/16 32/32 (100%)
Sugarcane - - - - 16/16 14/16 30/32 (94%)
Sugarcane Columbus grass - - 0/38 0/12 0/16 0/16 0/82 (0%)
Maize - - 12/35 3/12 - - 15/47 (32%)
Sorghum - - 6/33 2/12 - - 8/45 (18%)
St. Augustine grass - - - - 5/16 7716 12/32 (38%)
Sugarcane - - 23/34 12/12 11/16 16/16 62/78 (719%)
Buffer (control) Columbus grass 0/20 0/50 0/40 0/12 0/16 0/16 0/154 (0%)
Maize 0/7 0/10 0/40 0/12 - - 0/69 (0%)
Sorghum - 0/37 0/39 0/12 - - 0/88 (0%)
St. Augustine grass - - - - 0/16 0/16 0/32 (0%)
Sugarcane 0/10 0/8 0/40 0/12 0/16 0/16 0/102 (0%)

# SCMV isolate SAL-EREC2 (Columbus grass), SCMV isolate SAG-EREC3 (St. Augustine grass), and SCMV isolate SC-2086 EG (sugarcane).

" Maize cultivar Passion for experiments 1 to 4; sorghum cultivar MN1054 for experiments 1, 3, and 4 and cultivar MN50 for experiment 2; St. Augustine grass
cultivar Floratam for experiments 5 and 6; sugarcane cultivar CP72-2086 for experiments 1 and 2 and cultivar CL68-575 for experiments 3 to 6. Plants were
inoculated at the following dates: 20 May 2018 (experiment 1), 20 June 2018 (experiment 2), 12 September 2018 (experiment 3), 4 March 2019 (experiment

4), 8 July 2019 (experiment 5), and 25 September 2019 (experiment 6).

¢ Symptoms were recorded 4 to 5 weeks post mechanical inoculation, with the exception of Columbus grass and sugarcane in experiment 3 (data recorded 9 weeks
postinoculation). In experiments 3 to 6, all plants with mosaic symptoms tested positive for SCMV by tissue blot immunoassay, whereas all symptomless plants

and plants inoculated with the buffer were negative.
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originating from Louisiana that were infected by two different strains
of the virus.

Genetic variability of SCMYV in Florida based on the CP
sequence. The size of the CP sequence of the 62 isolates of
SCMV from Florida ranged from 900 to 1,008 nucleotides (nt) (Sup-
plementary Table S1). The size of the CP sequence of the two histor-
ical isolates from sugarcane in Louisiana was 915 and 927 nt for strain
A and strain B, respectively. The percentage identity of the CP nucle-
otide and amino acid sequences among the 62 SCMYV isolates from
Florida varied from 73.6 to 100% and 80.0 to 100%, respectively
(Supplementary Fig. S1). At the nucleotide level, the lowest sequence
identity (73.6%) was observed between isolate SC-Halalii Ph bis from
sugarcane and isolate MZ-1 from maize. At the amino acid level, the
lowest sequence identity (80.0%) was found between isolate DIG-JSP
from southern crabgrass and three isolates from Columbus grass
(SAL-CP40) and sorghum (SBI-150733 and SBI-651496). The per-
centage identity of the nucleotide and amino acid CP sequences
among the 27 SCMV isolates retrieved from GenBank (and represent-
ing the known genetic variability of the virus) varied from 68.6 to
99.5% and 71.6 to 99.7%, respectively.

A phylogenetic tree based on the CP amino acid sequence of the 62
isolates from Florida, 27 isolates retrieved from GenBank, and two
sugarcane isolates from Louisiana obtained in this study was con-
structed to organize similar isolates into clades. The 91 virus isolates
were distributed into eight major groups (Fig. 4 and Supplementary
Fig. S2). No SCMYV Florida isolate occupied clades III, V, and VI.
Group I contained 38 isolates of SCMV from sorghum, Columbus

38 isolates from maize (4), sorghum (17), and
Columbus grass (17) from Florida*

16 isolates from maize (1) and sugarcane (15)
from 6 countries and Florida*

KY548506/China/Canna/li'nan i
KY548507/China/Canna/Taian
MT725506/USA-FL/Maize/MZ-1*
AYDA42184/China/Maize/Beijing
KT736022/China/Maize/Shanxi v
1X185303/Germany/Maize/Seehausen
I—A_B 10102/China/Sugarcane/Lingpin
KY006657/Ecuador/Maize/MO1

MH795798/Nigeria/Sugarcane/NG-5C
81 MH795797/Nigeria/Maize/NG-MZ Vi
94 E MG932079/Kenya/Sorghum/Kirinyaga G2
KP860935/Ethiopia/Maize/F251

91 _1£_‘: MT725520/USA-FL/St Augustine grass/SAG-53 Ellen*
93

MT725521/USA-FL/St Augustine grass/SAG-54 Ellen*

KR261458/USA-FL/St Augustine grass/St Petersburg | VIl

MT725557/USA-FL/Sugarcane/SC Halalii Ph*
100 MT725558/USA-FL/Sugarcane/SC-Halalii Ph bis*

85 MT701609/USA-FL/Sugarcane/SC-Halalii Su*

51 MT725559/USA-FL/Sugarcane/SC-Louisiana®
4”|_£JX1883BSIUSA-OHHMaize,-‘DhiU
GU474635/Mexico/Maize/JAL-1

MT725504/USA-FL/Southern crabgrass/DIG-JSP*
MT725505/USA-FL/Goosegrass/GOO-1* Vi
61— MT725517/USA-FL/St Augustine grass/SAG-10 CP*
MT725503/USA-FL/Southern crabgrass/DIG-CP1*

73 12 isolates from broadleaf signalgrass (1), maize (1)
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Fig. 4. Phylogenetic tree of sugarcane mosaic virus (SCMV) constructed with
the amino acid sequence of the coat protein of 62 virus isolates collected in Flo-
rida from eight plant species (Supplementary Table S1) and 29 virus isolates
retrieved from GenBank (Supplementary Table S2). The 29 GenBank isolates
represent the most recent genetic diversity reported for SCMV (Boukari et al.
2021; Li et al. 2019). The phylogenetic tree was inferred via the maximum like-
lihood method in MEGA X with substitution model Tamura-Nei selected as the
best-fit model. Virus isolates were listed as accession number/country of origin/
host plant/isolate name. The isolates marked with asterisks were obtained in this
study. Bootstrap values (1,000 replications) >50 are indicated at branches, and
branches with bootstrap values <50 were collapsed. A detailed tree with names
of all isolates is provided in Supplementary Figure S2.
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grass, and maize, and all were collected in Florida. Three of the
four sugarcane isolates from Florida sequenced in this study (SC-
2086 Ma, SC-2086 Su, and SC-2086 EG) were attributed to group
II. These three isolates were closest to sugarcane strain E from Florida
that was retrieved from GenBank (AY836523). Group II also
included pathogenic strains A (AJ278405), B (U57355), and D
(U57356) of sugarcane from GenBank, as well as historical strains
A and B from Louisiana sequenced in this study. Isolate MZ-1
from maize in Florida was located in group IV and had 99% nt and
amino acid (aa) identity with isolates Beijing and Shanxi from China.
Two isolates from sugarcane (SC-Halalii Ph and SC-Halalii Ph bis)
and three isolates from St. Augustine grass (SAG-53 Ellen, SAG-
54 Ellen, and St. Petersburg) formed group VII. These five isolates
were all from Florida, and isolate St. Petersburg was obtained from
GenBank (KR261458). Group VIII included 20 isolates, among
which 18 originated in Florida and were obtained in this study: two
from sugarcane (SC-Halalii Su and SC-Louisiana), two from southern
crabgrass (DIG-JSP and DIG-CP1), one from goosegrass (GOO-1),
11 from St. Augustine grass (SAG-10 CP, SAG-EREC3, SAG-1
Sam, etc.), one from maize (MZ-FC1), and one from broadleaf signal-
grass (SIG-1). The two isolates of group VIII that did not originate in
Florida were both obtained from maize: JAL-1 (GU474635) in Mex-
ico and Ohio (JX188385) in Ohio.

Genetic variability of SCMYV in Florida based on the entire
genome coding sequence. The size of the complete coding
sequence (polyprotein) of the six SCMYV isolates from Florida and
Louisiana determined by HTS ranged from 9,168 to 9,207 nt (Table
3). The size of the polyprotein of the 21 SCMV isolates retrieved
from GenBank (and representing the known genetic variability of
the virus) varied between 9,165 and 9,237 nt (Supplementary Tables
S1 and S2). For these 27 isolates, the size of the complete coding
genome without the CP was always 8,253 nt, and the difference
in size between the genomes was due only to the varying size of
the CP (912 to 1,008 nt). The percentage identity of the polyprotein
nucleotide and amino acid sequences among all 27 isolates varied
from 68.1 t0 97.2% and 82.9 to 99.4%, respectively (Supplementary
Fig. S3).

A phylogenetic tree based on the polyprotein sequence of the four
isolates from Florida (two from St. Augustine grass and two from sug-
arcane), two from Louisiana (both from sugarcane), and the 27 iso-
lates retrieved from GenBank was constructed to organize similar
isolates into clades. The 33 virus isolates were distributed in eight
major groups, and the SCMV Florida isolates were distributed in
two (I and IV) of these eight clades (Fig. 5). Group I contained
nine isolates of SCMV from sugarcane, Columbus grass, and
sorghum. The sugarcane isolates originated from several countries
(Argentina, Australia, China, India, and Florida and Louisiana in
the United States). The sorghum and maize isolates (which also
formed a distinctive subgroup) were both from Florida (CP58 and
PI 651496). Four isolates from the United States formed group IV:
two isolates from St. Augustine grass (CED and CYP) in Florida,
one from sugarcane (SC-Halalii Su) in Florida, and isolate Ohio
(IJX188385) from maize in Ohio.

Comparison of virulence of SCMV from Columbus grass,
St. Augustine grass, and sugarcane. In two to six separate inocu-
lation experiments (1 to 6), SCMV from Columbus grass produced

TABLE 3. Size of the polyprotein of six isolates of sugarcane mosaic virus
from Florida and Louisiana determined by high-throughput sequencing

Size of
SCMV isolate Plant host polyprotein (nt)
SAG-CED St. Augustine grass (Florida) 9,186
SAG-CYP St. Augustine grass (Florida) 9,207
SC-2086 Su Sugarcane (Florida) 9,192
SC-Halalii Su Sugarcane (Florida) 9,192
POJ234 strain A Sugarcane (Louisiana) 9,168
POJ234 strain B Sugarcane (Louisiana) 9,180
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mosaic symptoms in 79% of Columbus grass plants, 71% of maize
plants, 78% of sorghum plants, 38% of St. Augustine grass plants,
and no sugarcane plants (Table 2). No plants of Columbus grass
exhibited mosaic symptoms after inoculation with SCMV from St.
Augustine grass. This virus isolate produced symptoms in 100% of
St. Augustine grass plants and 94% of sugarcane plants. SCMV
from sugarcane produced disease symptoms in no Columbus grass
plants, 32% of maize plants, 18% of sorghum plants, 38% of St.
Augustine grass plants, and 79% of sugarcane plants (Table 2). All
plants inoculated with buffer remained symptomless. In experiments
1 and 2, infection by SCMV was confirmed by RT-PCR (diagnostic
primers oligo In and 2n) in symptomatic plants of Columbus grass,
maize, and sorghum (three plants per experiment and plant species).
The virus was not detected by RT-PCR in six symptomless plants of
sugarcane. In experiments 3 to 6, all inoculated plants that exhibited
mosaic symptoms were positive by tissue blot immunoassay, whereas
all symptomless plants (including control plants inoculated with
buffer) tested negative (Table 2).

Genomic features associated with virulence of SCMV from
Columbus grass, St. Augustine grass, and sugarcane. Based
on infection data described previously, SCMV isolates infecting
Columbus grass, St. Augustine grass, and sugarcane showed different
virulence patterns. In particular, SCMV from Columbus grass was not
able to infect and cause symptoms in sugarcane, and SCMV from
sugarcane was avirulent in Columbus grass (Table 2). SCMV from
St. Augustine grass was able to infect sugarcane but not Columbus
grass. To identify possible genomic explanations for these virulence
patterns, the full amino acid genome sequence that was available
for SC-2086 Su from sugarcane (MT701608) was first aligned and
compared with the corresponding sequence of CP58 (MN714644)
from Columbus grass. The two sequences differed by 101 aa mis-
matches distributed along the genome and a microindel of 9 aa

(PATQGSQPP) in the coat protein gene (Fig. 6). This microindel
was an insertion in the genome of SC-2086 and a deletion in the
genome of CP58. A total of 99 aa mismatches were found between
the sequences of SC-2086 Su and PI 651496 (MN097768) from sor-
ghum that belongs to the same phylogenetic groups as CP58. The 9-aa
deletion was also present in the sequence of the SCMV isolate from
sorghum, but it corresponded to a 5-aa microindel (PATQG) at the
same location in the genome sequence of the two St. Augustine iso-
lates (SAG-CED and SAG-CYP) from Florida (Fig. 6). The same
9-aa microindel was found in the CP sequence of all 38 SCMV iso-
lates from Columbus grass, maize, and sorghum belonging to phylo-
genetic group L, as well as in the four SCMV isolates from sugarcane
in Florida belonging to phylogenetic group II (Fig. 4).

DISCUSSION

Extensive recombination has resulted in high variability of the
SCMYV genome and complex phylogenetic histories of this virus,
which has been reported in >80 countries and affects many hosts
(Braidwood et al. 2019). Recent discoveries of new genetic variants
and hosts outside the Poaceae family also suggest that SCMV evolu-
tion is still in progress (Li et al. 2019; Zhao et al. 2019). Hosts with
economic importance and susceptible to the virus are usually rapidly
identified. However, noncultivated hosts (such as grass weeds or
ruderal plants) can be virus reservoirs for infection of cultivated
plants, and they are often overlooked. Among the symptomatic plants
collected and tested in this study, maize, sorghum, St. Augustine
grass, sugarcane, and Columbus grass were known natural hosts of
SCMV in Florida (Boukari et al. 2021; Mollov et al. 2016; Saladini
and Zettler 1972a, b; Todd 1964). To our knowledge, this study is
the first report of SCMV infections in broadleaf signalgrass, goose-
grass, and southern crabgrass. The host range of SCMV is probably
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Fig. 5. Phylogenetic tree of sugarcane mosaic virus (SCMV) constructed with the amino acid sequence of the genome coding region of 27 virus isolates. Four
isolates were collected in this study in Florida (two from sugarcane and two from St. Augustine grass), and two isolates were collected in this study in Louisiana
(both from sugarcane). The remaining 21 isolates were retrieved from GenBank and represent the most recent genetic diversity reported for SCMV (Boukari et al.
2021; Li et al. 2019). The phylogenetic tree was inferred via the maximum likelihood method in MEGA X with substitution model Tamura-Nei selected as the best-
fit model. Virus isolates were listed as accession number/country of origin/host plant/isolate name. The isolates marked with asterisks were obtained in this study.
Bootstrap values (1,000 replications) >50 are indicated at branches, and branches with bootstrap values <50 were collapsed.
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wider still, because the virus was also reported in Florida in gamma-
grass and in hairy crabgrass (Saladini and Zettler 1972a).

Cultivated and uncultivated plant species tested positive for
SCMYV in our study. Cultivated plants were produced on farms
(maize, sorghum, and sugarcane) or were grown at private homes
(lawns of St. Augustine grass). Uncultivated plants were grass spe-
cies growing in natural or naturalized areas (broadleaf signalgrass,
Columbus grass, goosegrass, southern crabgrass, St. Augustine
grass). Diseased sugarcane included plants grown in pots for breed-
ing purposes at the USDA-ARS Sugarcane Field Station at Canal
Point, Florida. This finding raised the question whether identical
virus populations were present in both cultivated and noncultivated
plants and whether grass weeds could be an inoculum reservoir for
cultivated plants. SCMV can be spread by mechanical means, plant-
ing of infected material, and several aphid species.

All Florida isolates of SCMV collected from Columbus grass and
sorghum (and some of maize) formed a unique genetic group based
on their CP sequence. Among those, one representative isolate from
Columbus grass and one from sorghum also formed a single phyloge-
netic subgroup based on the entire genome coding sequence, as pre-
viously reported by Boukari et al. (2021). This finding suggested that
the same virus strain was naturally spreading in the EAA between
Columbus grass, sorghum, and maize. SCMV from Columbus grass
was unable to infect sugarcane after mechanical transmission and vice
versa, thus showing that mosaic disease in sugarcane and sorghum is
caused by two different genetic and pathogenic strains of the virus in
south Florida. Consequently, Columbus grass, which is a robust and
widespread perennial in south Florida and grows in proximity to com-
mercial sugarcane fields, does not appear to be a reservoir for viruses
causing sugarcane mosaic in the EAA.

In the last decade, sugarcane grown in the EAA was not affected
by mosaic, and SCMV was not detected in commercial fields by
Filloux et al. (2018) in samples collected in 2013 to 2014. The sug-
arcane samples investigated in our study came from disease trials
and from potted plants used for breeding purposes at the USDA
Sugarcane Field Station at Canal Point, Florida. These plants were
found infected by three different genetic types of the virus. The first
type (represented by isolates SC-2086 Ma, SC-2086 Su, and
SC-2086 EG) showed high CP sequence identity (99.4% at the
nucleotide level) with SCMV strain E from sugarcane in Florida
that was available in GenBank (accession number 838523). These
isolates were also distributed in the same phylogenetic groups (II
based on the CP or I based on the entire genome) that included
SCMV isolates from sugarcane collected in numerous countries,
including pathogenic strains A, B, and D and the two historical iso-
lates from Louisiana. These isolates and strains were responsible for
mosaic epidemics in sugarcane around the world (Alegria et al.
2003; Grisham 2000; Koike and Gillaspie 1989; Yang and Mirkov
1997). The second genetic type (represented by isolates SC-Halalii
Ph and SC-Halalii Ph bis) formed a unique phylogenetic group with
three isolates from St. Augustine grass (group VII based on CP).
The third genetic type (represented by isolates SC-Halalii Su and
SC-Louisiana) was found in phylogenetic groups (VIII based on

the CP and IV based on the entire genome) that also included iso-
lates from wild species of Poaceae (broadleaf signalgrass, goose-
grass, southern crabgrass, St. Augustine grass). The sugarcane
plants infected by SCMV genetic types 2 and 3 were in breeding
pots in an open space at Canal Point and were established from cut-
tings that were collected from disease-free field plots. This finding
suggested that the potted plants became infected after planting and
that genetic types 2 and 3 of SCMV in sugarcane originated from
one or more wild species of Poaceae, including St. Augustine grass.
Consequently, wild species of Poaceae could be the source of new
epidemics of sugarcane in Florida if varieties susceptible to mosaic
were to be released for commercial production or if infected plants
were not removed from nurseries used for commercial planting.

In our study, SCMV from St. Augustine grass was able to infect
sugarcane after mechanical transmission, and St. Augustine grass
showed mosaic symptoms after inoculation with the virus from sug-
arcane. These data confirmed previous results reported by Todd
(1964) when mosaic was first discovered in 1963 on common St.
Augustine grass at the USDA-ARS Sugarcane Field Station at Canal
Point, Florida. After inoculation of sugarcane varieties used to iden-
tify strains of SCMYV, the virus from St. Augustine grass was con-
sidered to be an undescribed and therefore new strain of the virus
(Todd 1964). The genetic type of SCMV responsible for decades
for mosaic epidemics in sugarcane around the world (including Flo-
rida, as discussed previously) was not found in St. Augustine grass
in our study. This suggested that if the spread of the virus occurs
between these two plant species under natural conditions, it is
from St. Augustine grass to sugarcane rather than from sugarcane
to St. Augustine grass. Interestingly, SCMV from Columbus grass
was able to infect St. Augustine grass after mechanical transmission,
but the converse did not occur, that is, Columbus grass was not
infected with SCMV from St. Augustine grass. Virus isolates hosted
by these two plant species in Florida were also genetically different,
suggesting that natural spread does not occur between Columbus
grass and St. Augustine grass in the EAA.

Sorghum, sugarcane, and St. Augustine grass appeared to be
infected by specific populations of SCMV in south Florida, suggest-
ing absence of, or only limited, natural interspecies transmission
between these host plants. The capacity of aphids to move from
one plant species to another is a key factor in the spread of SCMV
among and between cultivated and wild grasses. Maize, sugarcane,
and a weed host, itch grass (Rottboellia cochinchinensis [Lour.]
W.D. Clayton) were recently reported infected by the same genetic
populations of the virus in Nigeria, suggesting that interspecies trans-
mission in this country was caused by aphid vectors probing or feed-
ing on all three plant species (Yahaya et al. 2019). A similar situation
was reported in Iran, where sugarcane, maize, sorghum, and johnson-
grass were infected by genetically closely related isolates of SCMV
(Moradi et al. 2017). In the EAA, this interspecies spread seems to
happen mainly between the wild sorghum, Columbus grass, and cul-
tivated sorghum or maize varieties.

Maize was the only host plant in south Florida that was found
infected by isolates belonging to three different phylogenetic groups
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Fig. 6. Comparison of the amino acid (aa) sequence of the genome of five isolates of sugarcane mosaic virus from Columbus grass, St. Augustine grass, sorghum,
and sugarcane in Florida. 1, MN714644, isolate CP58 from Columbus grass; 2, MN097768, isolate PI 651496 from sorghum; 3, MT701608, isolate SC-2086 Su
from sugarcane; 4, MT701607, isolate SAG-CYP from St. Augustine grass; 5, MT701606, isolate SAG-CED from St. Augustine grass. The sequence corresponds
to a 45-aa region of the coat protein. In each column, the consensus amino acid is highlighted in color. Nine aa (PATQGSQPP) and 5 aa (PATQG) microindels start

at position 2801.
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(CP-based groups I, IV, and VIII), and this plant can be infected by a
wide genetic range of SCMYV isolates or strains (Alegria et al. 2003;
Redinbaugh and Stewart 2018; Yahaya et al. 2019). Indeed, when
we considered isolates from all over the world, isolates from this
host plant were found in almost all phylogenetic groups. The only
exceptions are the absence, to date, of maize isolates in CP group
VII formed by St. Augustine grass and sugarcane isolates from Florida
and in group III formed by the two isolates from canna in China (Tang
et al. 2018). However, the SCMYV isolated from canna has been con-
sidered a recombinant strain with one parent infecting maize (Li et al.
2019). The correlation between SCMV and maize was also higher
than the correlation between SCMV and sugarcane in a study based
on the codon usage patterns of the virus (He et al. 2020). The capacity
of maize to host a great diversity of SCMV strains may also be asso-
ciated with an aphid vector such as the corn leaf aphid Rhopalosiphum
maydis, which has a worldwide distribution, is found in cultivated
fields and grasslands, and feeds on a wide range of monocots
(Blackman and Eastop 2000). In Florida, an SCMV isolate from St.
Augustine grass was transmitted from maize to maize with R. maydis
(Saladini and Zettler 1972b). Further investigations into genetic and
pathogenic variations of SCMV in Florida and elsewhere should
therefore also include vector biology experiments.

The molecular basis for host specificity of SCMV isolates is cur-
rently unknown. Several regions of the CP play critical roles in
cell-to-cell movement of potyviruses (Yan et al. 2021). In this study,
we identified two microindels that differentiated isolates infecting
Columbus grass, St. Augustine grass, and sugarcane. These microin-
dels located in the CP sequence could be targeted in functional geno-
mics to decipher molecular host specificity in SCMV, one of the most
widespread and economically damaging viruses in the world.
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