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Abstract

and

High throughput sequencing (HTS) can supplement and may replace diagnostic tests for plant pathogens. However,
the methodology and processing of HTS data must first be optimized and standardized to ensure the sensitivity

and repeatability of the results. Importation of sugarcane into the United States is highly regulated, and sugarcane
plants are subjected to strict quarantine measures and diagnostic testing, especially for the presence of certain viruses
of regulatory concern. Here, we tested whether HTS could reliably detect four RNA and three DNA sugarcane viruses
over three seasons (fall, winter, and spring) and in three tissue types (root, stem, and leaves). Using HTS on ribosomal
depleted total RNA samples, we reliably detected RNA viruses in all tissue types and across all seasons, but we failed
to confidently detect DNA viruses in some samples. We recommend that future optimization be employed to ensure
the robust and reliable detection of all requlated sugarcane viruses by HTS.
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Background

Sugarcane (Saccharum spp.) is grown in subtropical and
tropical regions worldwide and is an important crop for
food and energy use. Sugarcane is clonally propagated,
and the global exchange of germplasm carries risk for
the subsequent spread of plant viruses. Many viruses
are known to infect sugarcane plants, often reducing
their yield (Putra et al. 2014; ElSayed et al. 2015). In the
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United States, several methods are utilized to detect
known viruses of regulatory concern in imported sug-
arcane materials. High throughput sequencing (HTS)
is a method for plant pathogen detection that is gain-
ing support as it becomes less expensive (Maree et al.
2018; Villamor et al. 2019). This technology can supple-
ment existing detection methods by identifying previ-
ously unknown or highly divergent pathogen species and
could eventually replace existing detection methods and
improve quarantine measures (Maree et al. 2018; Vil-
lamor et al. 2019). However, we must first explore the
limits of this technology in detecting viruses.

Main text

Sugarcane viruses of regulatory concern in the United
States include DNA and RNA viruses. In this study, we
focused on the detection of the following RNA viruses:
sugarcane yellow leaf virus (SCYLV, genus Polerovirus),
Fiji disease virus (FDV, genus Fijivirus), sugarcane striate
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mosaic-associated virus (SCSMaV, genus Sustrivirus),
and sugarcane streak mosaic virus (SCSMV, genus Poace-
virus) as well as the following DNA viruses: sugarcane
bacilliform virus (SCBV, unclassified Badnavirus), sug-
arcane white streak virus (SCWSV, genus Mastrevirus),
and sugarcane streak Egypt virus (SCSEV, genus Mas-
trevirus). We included plants infected with only one virus
and other plants known to be infected with two and three
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viruses (Fig. 1, Additional file 2: Table S1), as co-infection
status could affect virus detection (Syller 2012).

How tissue type affects virus detection in sugarcane
is largely unexplored. FDV and SCYLV were both previ-
ously detected in root and leaf tissues by ELISA and tis-
sue blots, respectively (Wagih and Adkins 1996; Lehrer
et al. 2007). In the United States, virus testing for regu-
latory purposes is currently performed on leaf samples
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Fig. 1 Bar graphs showing HTS results in reads per kilobase per million reads (RPKM) measurements for seven sugarcane viruses in six plants

across tissue types and seasons. A plant P1, B plant P2, C plant P3, D plant P4, E plant P5, and F plant P6. SCYLV: sugarcane yellow leaf virus; SCBV:
sugarcane bacilliform virus; SCWSV: sugarcane white streak virus; SCSEV: sugarcane streak Egypt virus; FDV: Fiji disease virus; SCSMaV: sugarcane
striate mosaic-associated virus; SCSMV: sugarcane streak mosaic virus
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taken from sugarcane plants grown under quarantine
greenhouse conditions during fall and spring seasons.
The results from a related study on the effect of fall and
spring seasons on the detection of sugarcane viruses of
regulatory concern suggested that spring may be the
optimum season for virus detection by HTS using leaf
samples (Malapi-Wight et al. 2021). We sought to expand
on these findings and look at whether virus detection by
HTS fluctuated across three seasons (spring, fall and win-
ter) and three plant tissues (leaves, roots and stems).

We collected leaves, roots, and stems from six green-
house-grown (16/8 h day/night) sugarcane plants in Sep-
tember 2019 (fall), December 2019 (winter), and April
2020 (spring) in Beltsville, Maryland, USA. These plants
are diverse in genetic background, are infected with
viruses of regulatory concern, and are routinely used as
positive controls for testing in the USDA-APHIS Sug-
arcane Quarantine Program (Malapi-Wight et al. 2021).
From the collected samples, we extracted RNA using
RNeasy Plant Mini Kit (Qiagen, Hilden, Germany) fol-
lowing the manufacturer’s instructions, except the lysate
was further processed by incubating at 70 °C for 10 min
before loading on the QIAshredder spin column. RNA
samples were purified using the Monarch RNA Cleanup
kit (NEB, MA, USA) as necessary. We outsourced DNA
and rRNA depletion, cDNA library preparation, and
sequencing on an Illumina NextSeq 500 platform as sin-
gle end 75 bases reads (SeqMatic, CA, USA). The raw
reads were trimmed using Trimmomatic (v0.36) (Bolger
et al. 2014), and the remaining rRNA reads were sub-
tracted using bbduk.sh in BBMap (v38.90) (Bushnell
2014). These cleaned reads were then assembled using
SPAdes (v3.13.0) with default parameters (Bankevich
et al. 2012). Contigs from SPAdes were annotated using
Blastn (v2.10.1+) (Camacho et al. 2009) against NCBI
viral reference database (Brister et al. 2015) and DIA-
MOND (v2.0.9) Blastx (Buchfink et al. 2015) against Ref-
erence Viral Databases RVDB (v18.0) (Bigot et al. 2019).
The closest viral sequence with E-value=0.0 was identi-
fied as a reference virus, which was used to map reads
using BWA (v0.7.17-r1188) with parameters: -k 12 -A 1
-B3-0O1-E1 (Li and Durbin 2009). Reads per kilobase
per million reads (RPKM) for each virus were calculated
by multiplying the number of mapped reads to a refer-
ence virus isolate sequence (Additional file 2: Table S1) by
10°, and subsequently dividing this number by the prod-
uct of the total number of trimmed and rRNA subtracted
reads from that sample and the nucleotide length of the
reference virus isolate sequence (Wagner et al. 2012).
For presentation in Additional file 3: Table S2, the RPKM
measurements were then rounded to the nearest whole
number. For plant 3 infected with FDV, individual RPKM
values were calculated for each of the 10 virus segments,
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and the average RPKM over the 10 virus segments was
used for data analysis and presentation purposes.

To look at general patterns in the detection of regulated
sugarcane viruses based on the tissue and season of sam-
ple collection, RPKM values were first averaged over each
individual plant as some plants were co-infected with two
or three viruses. The averages and standard errors for
the RPKM averages from all six plants were plotted on a
graph (Additional file 1: Fig. S1). Overall, there was high
variability in the detection of regulated viruses in these
different sugarcane plants over season and tissue types.
Although there was a trend for higher virus detection
in spring and leaf tissues, observations in the raw data
(Fig. 1, Additional file 3: Table S2) suggest that this trend
was largely influenced by FDV in plant P3. FDV was pre-
viously identified at much higher levels by HTS in spring
versus fall leaf tissue (Malapi-Wight et al. 2021). Overall,
there was no major effect of season and tissue type on the
detection of all sugarcane viruses in our study (statistical
analyses not presented).

From a practical standpoint, we were interested in
how the RPKM values we observed in our data would
translate to the depth of sequencing required to confi-
dently diagnose these samples as positive for virus(es)
of regulatory concern. To accomplish this aim, we used
the fastq-tools package (version 0.8.3) to make 3 repli-
cations of random, sub-sampled sets of 0.5, 1, 5, 10, 20,
and 25 million reads from our sequencing data. We chose
these discrete sets to be consistent with those explored
in Malapi-Wight et al. 2021. The replications were
mapped and summarized using the BBMap package (ver-
sion 38.73). We assigned thresholds of >60% reference
genome coverage for DNA viruses and>80% reference
genome coverage for RNA viruses, and we listed the low-
est million reads sub-sampled set where all three replica-
tions fulfilled these threshold criteria for each virus/plant
sample in Additional file 3: Table S2. Using our methods
for detection by HTS, all RNA sugarcane viruses of regu-
latory concern studied here were confidently detected at
or less than 5 million reads in all samples and across all
tissue types (Additional file 3: Table S2). Our findings are
consistent with those of a previous study on ribosomal
RNA depleted total RNA samples from spring and fall
sugarcane leaves, where there was confident detection
of various RNA viruses in all samples by HTS (Malapi-
Wight et al. 2021). The DNA virus SCBV was confi-
dently detected at one million reads or less in plant P1, a
plant co-infected with SCBV and SCYLYV, but it was not
detected or detected between five and 20 million reads in
samples from different tissue types and seasons in plant
P2, a plant co-infected with SCWSV, SCSEV, and SCBV
(Additional file 3: Table S2). Since we did not control for
host genotype nor virus isolate in this study, it is hard to
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discern whether these differences in detection are due
to co-infection status, virus isolate differences, or differ-
ences in the host plant genotype. We also failed to confi-
dently detect SCWSV and SCSEV in plant P2, except for
in root tissues and some spring leaf tissues (Additional
file 3: Table S2). Sugarcane DNA viruses were previously
reported to be more difficult to detect than RNA viruses
by HTS using ribosomal RNA depleted total RNA from
spring and fall leaves (Malapi-Wight et al. 2021). Inter-
estingly, the highest RPKM values were observed in root
tissues for DNA viruses SCWSV and SCSEV (Additional
file 3: Table S2, Fig. 1). Although these observations are
from a single, co-infected plant, our HTS data (based on
RNA-Seq) suggest that the DNA viruses SCWSV and
SCSEV may be expressed more in root tissues (Addi-
tional file 3: Table S2, Fig. 1). To further optimize the
use of HTS for the detection of all sugarcane viruses of
regulatory concern, we suggest performing HTS on other
nucleotide purifications, such as DNA or small RNA, in
addition to ribosomal depleted total RNA. Small RNA
sequencing was shown to outperform ribosomal RNA
depleted total RNA sequencing for the detection of some
single stranded DNA viruses and viroids (Pecman et al.
2017).

Lastly, since our sequencing data included transcrip-
tomic data from sugarcane samples, we were interested
in analyzing the differences in sugarcane gene expres-
sion across our samples. Files were trimmed using Trim-
momatic (v0.36) (Bolger et al. 2014), and the quality was
analyzed using FastQC (FastQC v0.11.5). Trimmed files
were imported into CLC Genomics Workbench v12.0
(CLCGxWb) (Qiagen) and were mapped to the PacBio
Iso-Seq sugarcane transcriptome (Hoang et al. 2017)
using the ‘RNAseq Analysis’ function in CLCGxWb with
the following parameters: batch mapping, local align-
ment, mismatch=2, insertion=3, deletion=3, length
fraction=0.8, similarity fraction=0.8, map both strands,
and maximum number of hits for a read =20. Differen-
tially expressed genes were identified using CLCGxWb.
The effects of each variable (treatment, tissue, genotype,
and season) on gene expression were each analyzed sepa-
rately across groups (ANOVA-like). The differentially
expressed genes were further filtered for those with Bon-
ferroni<0. An online resource (http://bioinformatics.
psb.ugent.be/webtools/Venn/) was used to construct a
Venn diagram (Fig. 2) of the differentially expressed genes
identified in each analysis to see how they interacted/
overlapped.

Most of the differentially expressed genes (3,643) iden-
tified were shared between plant genotypes and treat-
ments (virus infection status; Fig. 2). Thirty additional
genes were differentially expressed between genotypes,
treatments, and tissues, and two genes were differently
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treatmen

Fig. 2 Venn diagram showing the number of differentially expressed
sugarcane genes by sample treatment (viral pathogen infection),
season, tissue, and genotype

expressed between genotypes, treatments, and seasons.
Since the plants used in our experiment were different
genotypes of sugarcane and were infected with different
viruses, and in some plants, combinations of viruses, it
was not possible to parse out differences in gene expres-
sion attributed to genotype or virus infection status
(treatment). Future experimentation controlling for
either plant genotype or virus infection status could help
identify specific plant responses to viral infection. Across
the different plants, more differently expressed genes
were identified between tissues (1,636) than between
seasons (42), and two genes were identified as differ-
ently expressed between both seasons and tissues. These
findings are largely expected, given the vast differences
in gene expression expected between plant tissue types,
and the fact that our sugarcane plants were grown under
greenhouse conditions. Nevertheless, these data support
the conclusion that our sugarcane plants uniformly had
more gene expression differences based on tissue type
than seasonality, indicating that under quarantine green-
house conditions, future optimization work should likely
focus more on tissue type detection differences rather
than seasonal differences.

Conclusions

In conclusion, we confidently detected all selected sugar-
cane RNA viruses of regulatory concern across seasons
and tissue types. However, by performing HTS on ribo-
somal depleted total RNA samples, we failed to detect
certain sugarcane DNA viruses of regulatory concern in
some samples. We hope that this preliminary work sheds
light on potential limitations of HTS pipelines and will
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help inform future optimization studies of HTS proto-
cols for the robust and reliable detection of all sugarcane
viruses of regulatory concern.

Supplementary Information

The online version contains supplementary material available at https://doi.
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