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Abstract
Frequent monitoring of emerging viruses of agricultural crops is one of the most important missions for plant virologists. A 
fast and precise identification of potential harmful viruses may prevent the occurrence of serious epidemics. Nowadays, high-
throughput sequencing (HTS) technologies became an accessible and powerful tool for this purpose. The major discussion 
of this strategy resides in the process of sample collection, which is usually laborious, costly and nonrepresentative. In this 
study, we assessed the use of sewage water samples for monitoring the widespread, numerous, and stable plant viruses using 
HTS analysis and RT-qPCR. Plant viruses belonged to 12 virus families were found, from which Virgaviridae, Solemoviri-
dae, Tymoviridae, Alphaflexiviridae, Betaflexiviridae, Closteroviridae and Secoviridae were the most abundant ones with 
more than 20 species. Additionally, we detected one quarantine virus in Brazil and a new tobamovirus species. To assess the 
importance of the processed foods as virus release origins to sewage, we selected two viruses, the tobamovirus pepper mild 
mottle virus (PMMoV) and the carlavirus garlic common latent virus (GarCLV), to detect in processed food materials by 
RT-qPCR. PMMoV was detected in large amount in pepper-based processed foods and in sewage samples, while GarCLV 
was less frequent in dried and fresh garlic samples, and in the sewage samples. This suggested a high correlation of virus 
abundance in sewage and processed food sources. The potential use of sewage for a virus survey is discussed in this study.
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Introduction

Pepper mild mottle virus (PMMoV) is a typical tobamo-
virus, with a single-stranded RNA genome and rod-shaped 
viral particles. Despite being a plant virus, it is one of the 
most abundant viruses in human fecal samples (Zhang 
et al. 2005; Nakamura et al. 2009). PMMoV particles are 
highly stable, preserving infectivity even after purification 
from human feces (Zhang et al. 2005). PMMoV has been 
considered as an useful indicator of human fecal contami-
nation in various settings of urban wastewater worldwide 
(Rosario et al. 2009; Symonds et al. 2018; Kitajima et al. 

2018; Gyawali et al. 2019; Bonanno Ferraro et al. 2021). 
In contrast, bacterial indicators, such as coliform bacteria, 
are known as less stable indicators of fecal contamination, 
due to false positive results (Brownell et al. 2007). In addi-
tion to PMMoV, other tobamoviruses and tymoviruses 
have also been found in human fecal samples in a reason-
ably high amount, being potential indicators (Zhang et al. 
2005; Nakamura et al. 2009). As such, the detection of plant 
viral genome fragments in sewage water has already been 
reported by using the high-throughput sequencing (HTS) 
technology (Cantalupo et al. 2011; Ng et al. 2012; Bačnik 
et al. 2020). Since 2014, we have been conducting projects 
to study gastroenteritis viruses in sewage water and have 
discovered a significant amount of plant virus genomes in 
our analyses. These findings suggest that sewage virome 
analysis could be a valuable tool for conducting surveys on 
plant viruses.

In this study, we analyzed the plant virus genome frag-
ments identified in raw sewage water collected at the Sewage 
Treatment Plant in Brasilia, Brazil, using the HTS approach. 
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To understand the importance of the processed foods as 
virus release origins to sewage, PMMoV and garlic com-
mon latent virus (GarCLV) were chosen for detection by 
RT-qPCR in the processed and fresh food materials as well 
as in the sewage samples. The significance of the results 
of the sewage virome analyses, and the potential use of the 
metagenomic data for surveys on plant viruses are discussed.

Material and methods

Sample preparation and HTS

Raw sewage water was collected at the Sewage Treatment 
Plant (ETE-Norte) in Asa Norte, Brasilia, Brazil. Samplings 
were performed four times in different periods: March and 
May of 2016 (referred as S16-03 and S16-05), and May 
and August of 2020 (S20-05 and S20-08). The samples 
(300 mL each) were immediately cooled on ice, transported 
to the laboratory, and a virus semi-purification protocol was 
employed for virus enrichment, since virus genomes were 
expected at low concentration in sewage water. Briefly, sew-
age water was centrifuged at 5000 × g for 20 min. The super-
natant was transferred to an ultracentrifuge tube on top of 
a 20% sucrose cushion, and centrifuged at 140,000 × g for 
60 min. The pellets were resuspended in ultrapure water and 
stored at -80 ˚C; or in resuspension buffer of Quick-RNA 
Fecal/Soil Microbe Microprep Kit (Zymo Research, Irvine, 
USA) for RNA extraction, according to the manufacturer’s 
instructions. The cDNA libraries (one library for each sam-
ple, in a total of four libraries) were constructed after bacte-
rial rRNA removal (Illumina San Diego, USA) at Macrogen 
Inc. (Seoul, South Korea), and HTS was performed using 
HiSeq 4000 (samples for 2016) or NovaSeq 6000 (samples 
for 2020) with 100 bp paired-end in a 5G scale for each 
library at Macrogen Inc.

Raw reads were initially processed using BBDuk pro-
gram of BBMap package (Bushnell et al. 2017) to remove 
low-quality sequences. After trimming, two approaches 
were used to analyze the plant virus sequences. The first 
one employed the taxonomic classification program for 
metagenomics “Kaiju” (Menzel et al. 2016) for the reads 
classification, performed with default parameters in Linux 
OS (https://​github.​com/​bioin​forma​tics-​centre/​kaiju.​git) 
using a Viral Genome RefSeq database, and visualized by 
Krona viewer (https://​github.​com/​marbl/​Krona/​wiki/​Krona​
Tools) in Linux OS. The second approach consisted in per-
forming de novo assembly of reads using the MEGAHIT 
assembler (https://​acade​mic.​oup.​com/​bioin​forma​tics/​artic​
le/​31/​10/​1674/​177884?​login=​false) with k-mer of 119. 
These contigs were exported to Geneious software v.11.0.5 
(Dotmatics, Windhill, UK) and the contigs corresponding to 

virus genomes were identified by BLASTx searches against 
the RefSeq database of virus genomes in Geneious.

Virus genome sequence assembly and phylogenetic 
analysis

Contigs identified as plant viruses were extended by the 
“map to reference” command of the Geneious software 
using the reads (reads mapping to the contigs) to assem-
ble the near-complete genomes. For phylogenetic analyses, 
the genomes were aligned with ClustalW in the Geneious 
software with relevant virus sequences and the phylogenetic 
trees were constructed using MEGA11 program (Tamura 
et al. 2021) using the Maximum Likelihood method and 
General Time Reversible model.

RT‑qPCR

To assess the importance of the processed foods as virus 
release origins to sewage, we selected two viruses, PMMoV 
(tobamovírus) and GarCLV (carlavirus), to detect in pro-
cessed food materials by RT-qPCR. The confirmation of the 
presence of these two viruses was done by RT-qPCR in the 
original sewage water and in processed and fresh food mate-
rials bought in the local market in Brasilia. Potential sources 
of PMMoV tested were chili pepper sauces, dried pepper 
flakes, paprika powder, and fresh chili pepper (Malagueta 
type, Capsicum frutescens); and of GarCLV dried garlic 
flakes and fresh cloves. RNA was extracted from the plant 
samples using total RNA purification kit (Cellco, São Car-
los, Brazil). Total RNA of 500 ng from those materials was 
subjected to reverse transcription (RT) using SuperScript IV 
enzyme (Thermo Fisher, Waltham, USA) with a mixture of 
oligo-dT and random primers. One microliter of 20 µL of RT 
reaction solution was subjected to quantitative PCR (qPCR) 
using GoTaq® dye-based qPCR Master Mix (Promega, 
Madison, USA), with the primers listed in Supplementary 
Table 1. For absolute quantification of the amplicons, we 
used the cDNA clone of PMMoV (Junqueira et al. 2014) 
and the PCR product of GarCLV amplified by primers Gar-
CLV_Control_4341_For and -4809_Rev (Supplementary 
Table 1) with a series of decimal dilutions ranging from 1 
to 0.001 ng per tube as standards. The copy numbers were 
calculated by the molecular weight of each DNA fragments.

Results

Sewage samples were analyzed by HTS as a surveillance tool 
for plant viruses. Four samples were collected, in 2016 and 
2020. First, the Kaiju analysis showed that in S16-03 sample 
(March, 2016) a total of 562,993 (out of 55,495,060) reads 
were classified as virus sequences, being ~ 14% (77,634 

https://github.com/bioinformatics-centre/kaiju.git
https://github.com/marbl/Krona/wiki/KronaTools
https://github.com/marbl/Krona/wiki/KronaTools
https://academic.oup.com/bioinformatics/article/31/10/1674/177884?login=false
https://academic.oup.com/bioinformatics/article/31/10/1674/177884?login=false
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reads) identified as plant viruses; for S16-05 sample (May, 
2016), 483,461 (out of 52,780,636) reads classified as virus 
sequences, and ~ 8% (40,775 reads) as plant viruses; for S20-
05 (May, 2020), of the 537,608 (out of 57,649,960) virus 
reads ~ 8% (44,443 reads) classified as plant viruses; and for 
S20-08 (August, 2020) sample, ~ 9% (70.698) of the reads 
classified as plant viruses, from a total of 785,413 (out of 
73,676,392) virus reads. On average, approximately 10% of 
the viral reads belonged to plant viruses, suggesting that they 
were present in a high amount in sewage water.

Further, analyses performed by the Kaiju software showed 
that in S16-03 sample 46% (35,938 reads) of the plant virus 
reads corresponded to viruses in the family Virgaviridae, 
30% (23,379) to Solemoviridae and 8% (5,965) to Tymov-
iridae (Fig. 1). In the sample S16-05, the analysis showed 
that 43% (17,755) of the plant virus reads were classified as 
members of Solemoviridae, 35% (14,272) of Virgaviridae, 
and 10% (3,887) of Betaflexiviridae (Fig. 1). For the analysis 
performed with sample of S20-05, 23% (10,209) were classi-
fied as members of Alphaflexiviridae, 22% (9,679) as Tymo-
viridae, and 18% (7,796) as Virgaviridae (Fig. 1). In S20-08 
sample, the reads of 36% (25,425) were of Virgaviridae, 22% 
(15,178) of Alphaflexiviridae, and 10% (6,164) of Tombus-
viridae (Fig. 1). In general, members of genus Tobamovirus 
were the most abundant, followed by those of Sobemovirus, 
Potexvirus, Carlavirus, Tymovirus and Closterovirus.

BLASTx searches of the contigs assembled by MEGA-
HIT showed that in samples collected in 2016 (Fig. 2a), 
viruses of nine plant virus families were identified, 

particularly those of Betaflexiviridae (25%), Alphaflexiviri-
dae (17%), Closteroviridae (16%), and Virgaviridae (14%). 
In 2020, also nine plant families were identified (Fig. 2b): 
Alphaflexiviridae (26%), Betaflexiviridae (15%), Virgaviri-
dae (15%), and Secoviridae (12%) (Fig. 2b).

For the species classification analysis, the threshold limit 
of 90% amino acid identity to the reference sequence was 
considered for the sake of simplicity. The identities were 
confirmed manually and individually, analyzing BLASTx 
alignments to exclude errors in the identification. Short 
contig alignment with the size less than 100 aa were not 
considered to eliminate possible false positive. Some con-
tigs showed lower query coverages with translated query 
sequences by BLASTx due to the alignment to the read-
through domains of the reference sequence (e.g., melon 
necrotic spot virus, MNSV, in Table 1); in other cases, the 
contig region was adjacent to two ORFs, resulting in split of 
coverage for two ORFs (resulting in lowering coverage). In 
all cases, the BLASTn analysis confirmed > 90% coverage 
with high identities. A total of 25 plant virus species were 
identified in the samples collected in 2016 (Table 1). The 
same viruses were present in 2020, except for two potexvi-
ruses, Cymbidium mosaic virus and Schlumbergera virus X 
(Table 1). It is important to note that the number of contig 
hits with known viruses was not correlated with the abun-
dance of the virus genomic fragments in the sewage samples. 
For example, in the sample S20-05 (May, 2020), GarCLV 
had 18 contig hits, but only 914 reads (mean coverage of 
10.7 to the whole genome) were mapped to the genome. On 

Fig. 1   A heatmap table showing 
the taxonomic classification 
of plant virus reads identified 
by the Kaiju software in raw 
sewage samples of March and 
May 2016, and May and August 
2020. Bluish color background 
indicates higher numbers of 
reads in the category



	 Tropical Plant Pathology

1 3

the other hand, PMMoV had 5 contig hits, but 6,003 reads 
(mean coverage of 95.3) were mapped.

Interestingly, four viruses were recently first reported 
in Brazil: garlic latent virus (Da Silva et al. 2019), MNSV 
(Moura et al. 2018), tobacco mild green mottle virus (Favara 
et al. 2019), and tomato mottle mosaic virus (Nagai et al. 
2018). Since these viruses were detected in the sewage 
samples of 2016, it implies that these viruses were already 
circulating before their first reports. Notably for MNSV, it 
was listed as a quarantine virus by the Ministry of Agricul-
ture, Livestock and Food Supply (MAPA) in Brazil before 
the first report in 2018. MNSV was detected in both years, 
2016 and 2020, suggesting that it might be widespread in 
the country. Given the importance of this virus, the near-
complete genomes were assembled (accession numbers 
LC745663-LC745666) using reads of the four HTS data and 
a phylogenetic tree was constructed after alignment with 

all the 29 full-length genome sequences of MNSV. All four 
Brazilian MNSV sequences clustered together showing that 
the same lineage of MNSV was present since 2016. They 
were closely related with the isolates from North America 
and Spain (Fig. 3a).

Using the HTS analysis on sewage water, we discovered 
two other viruses still not reported in Brazil, and named 
virus A and virus B (Table 1). Due to the Brazilian MAPA 
regulation, the publication of pests for the first time in Bra-
zil must be preceded by its official communication to the 
MAPA. This procedure was not done yet, because the host 
and the location of the incidence are not known. Based on 
this situation and considering the scope of this study, we 
report the detection of these viruses omitting their identi-
fication. The virus A and virus B are two known viruses, 
and virus B is a quarantine virus in Brazil. We are currently 
searching the host plants of these viruses.

Fig. 2   Amino acid sequence identity distribution of plant virus-
related contig sequences from sewage samples collected in 2016 (a) 
and 2020 (b). The assembled sequences were compared to sequences 

in the BLASTx protein database. One spot represents one contig, and 
the coverage length is indicated by the spot size. Nine families were 
detected
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Table 1   BLASTx analysis of HTS obtained contigs for virus identification with amino acid sequence identities above 90%

Family Genus Virus % Pairwise 
identity

E-value % Query 
coverage

Number of contigs (Alignment coverage in amino acid)

S16-03 S16-05 S20-05 S20-08

Alphaflexi-
viridae

Allexivirus garlic virus 
A

90.5–100.0 0 ~ 9.80e-94 38.4–99.8 2 (115–248) 1 (100) 13 (102–
690)

8 (107–786)

Potexvirus Cactus virus 
X

90.0–100.0 0 ~ 7.26e-77 70.3–99.9 4 (110–
1,544)

4 (118–200) 7 (110–
1,543)

1 (1430)

Cymbidium 
mosaic 
virus

92.3–99.1 1.31e-
108 ~ 5.36e-
68

99.4–99.6 3 (106–174) 0 0 0

Schlum-
bergera 
virus X

98.2–100.0 2.62e-
64 ~ 4.43e-
72

99.7–100.0 2 (113–200) 0 0 0

Zygocactus 
virus X

90.1–100.0 0 ~ 9.79e-81 53.4–100.0 8 (110–
1,544)

4 (126–188) 19 (112–
1,425)

7 (106–
1,546)

Betaflexi-
viridae

Carlavirus cole latent 
virus

91.7–99.1 1.52e-
119 ~ 9.52e-
52

59.4–99.6 2 (138–145) 1 (179) 2 (104–179) 1 (213)

cowpea mild 
mottle 
virus

91.7–94.9 0 ~ 3.92e-96 61.8–82.5 0 1 (288) 1 (188) 1 (137)

garlic com-
mon latent 
virus

91.8–100.0 0 ~ 9.51e-86 53.9–99.9 14 (101–
203)

0 16 (104–
291)

7 (108–329)

garlic latent 
virus

90.0–99.0 0 ~ 8.03e-72 88.5–99.8 2 (126–220) 2 (106–134) 3 (106–264) 11 (104–331)

melon 
yellowing-
associated 
virus

90.0–99.2 0 ~ 6.14e-61 71.4–100.0 6 (100–743) 8 (107–238) 8 (107–238) 2 (162–212)

potato virus 
M

90.2–96.1 0 ~ 6.00e-91 99.3–100.0 1 (137) 1 (357) 2 (103–114) 3 (149–220)

Clostero-
viridae

Closterovi-
rus

citrus tris-
teza virus

90.0–99.2 0 ~ 9.75e-103 52.5–100.0 8 (116–376) 15 (101–
331)

29 (101–
412)

7 (101–594)

Potyviridae Potyvirus zucchini 
yellow 
mosaic 
virus

92.3–100.0 0 ~ 8.66e-72 91.3–99.9 9 (108–279) 8 (108–265) 14 (111–
265)

7 (103–323)

Secoviridae Comovirus squash 
mosaic 
virus

93.0–99.4 0 ~ 8.81e-71 64.0–100.0 8 (104–379) 2 (268–452) 17 (131–
666)

24 (104–547)

Solemoviri-
dae

Sobemovirus papaya 
lethal 
yellowing 
virus

96.5–99.5 0 80.1–99.7 1 (600) 0 0 0

southern 
bean 
mosaic 
virus

90.5–98.3 0 ~ 9.52e-125 59.0–99.7 2 (116–175) 0 0 1 (420)

Tombusviri-
dae

Gammacar-
movirus

melon 
necrotic 
spot virus

91.4–100.0 0 ~ 5.34e-56 55.8–99.3 1 (101) 2 (193–614) 2 (193–497) 1 (787)

Tymoviridae Tymovirus tomato 
blistering 
mosaic 
virus

90.8–97.2 0 ~ 9.23e-179 53.0–99.9 6 (107–343) 5 (105–288) 6 (105–304) 0
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In addition to the 25 viruses, a potential novel virus was 
found in our datasets. Its genome organization and the phylo-
genetic relationship suggest that this novel virus is a member 
of the genus Tobamovirus. It was provisionally named as 
sewage-associated tobamovirus, acronym SaTV, accession 
number LC745662. The near-complete assembled genome 
is 6,777 nucleotides-long and presents unique tobamoviral 
genome organization. Its sequence was aligned with tobamo-
virus complete genome sequences, and a phylogenetic tree 
was constructed (Fig. 3b). Maracuja mosaic virus (MarMV) 
and passion fruit mosaic virus (ParMV) were most related 
tobamovirus to SaTV. SaTV has a cysteine-rich protein gene 
(Fig. 3c) which is unique for SaTV, MarMV and ParMV in 
Tobamovirus genus. As the sequence is highly related to 
passion fruit tomaboviruses, we are searching for the viruses 
at first in these plants.

In the data sets, other sequences were found that 
share < 90% amino acid identities with known viruses. They 
are listed in Supplemental Tables 2 (identity of 80.0–89.9%) 
and 3 (70.0–79.9%). It implies that these sequences are from 
potentially new virus species or new variants, according to 
the taxonomical criteria, and that a thorough analysis is 
required for their classification.

For validation of the HTS obtained genome sequences, 
we hypothesized that processed foods would be important 
virus sources to sewage/wastewater. For testing this hypoth-
esis, two viruses, PMMoV and GarCLV, were chosen and 
RT-qPCR were performed using RNA extracted from the 
processed foods and from fresh materials, as well as from 

the sewage samples collected in 2020. These viruses were 
chosen because chili and garlic are often consumed as pro-
cessed foods. Chili dried flakes, chili pepper sauce, paprika 
powder and fresh malagueta pepper fruits (Capsicum frute-
scens) were used to detect the tobamovirus PMMoV, and 
garlic dried flakes and fresh cloves were used to detect Gar-
CLV. Remarkably, we detected PMMoV in the sewage sam-
ple, and in all types of processed food materials and fresh 
pepper (Table 2), including the chili pepper sauce which 
contains vinegar, and hence the sauce has a low pH of 3 ~ 4. 
This indicated that PMMoV is abundant and stable in the 
processed foods.

The presence of GarCLV was confirmed in the sewage, 
but in a low amount, and only in one of the two samples 
(Table 2). In contrast, it was found in higher amount in dried 
flakes. In the fresh garlic sample, the virus was not detected. 
In general, GarCLV was less abundant than PMMoV.

Discussion

In our study, viruses of the plant virus families Alphaf-
lexiviridae, Betaflexiviridae, Closteroviridae, Secoviridae, 
Solemoviridae, Tombusviridae, Tymoviridae, and Virga-
viridae were the most commonly found in sewage samples, 
confirming previous studies (Cantalupo et al. 2011; Ng 
et al. 2012; Fernandez-Cassi et al. 2018; Martínez-Puchol 
et al. 2020). We believe, though, that the abundance of these 
viruses in sewage samples are not completely correlated with 

Table 1   (continued)

Family Genus Virus % Pairwise 
identity

E-value % Query 
coverage

Number of contigs (Alignment coverage in amino acid)

S16-03 S16-05 S20-05 S20-08

Virgaviridae Tobamovirus Virus A 91.1–97.9 0 ~ 7.33e-105 99.0–100.0 1 (315) 3 (112–225) 6 (112–498) 3 (237–273)

pepper mild 
mottle 
virus

93.6–100.0 0 ~ 9.21e-148 50.7–99.7 4 (154–
1,205)

2 (532–
1,168)

5 (128–
1,612)

1 (1,612)

tobacco 
mild green 
mosaic 
virus

94.0–99.7 0 ~ 3.57e-84 62.8–99.8 1 (111) 0 4 (130–697) 2 (785–816)

tobacco 
mosaic 
virus

91.0–100.0 0 ~ 9.50e-67 57.2–100.0 7 (115–576) 0 8 (103–208) 14 (102–365)

tomato 
mosaic 
virus

98.9–99.0 0 75.0–76.3 1 (1,605) 1 (1,605) 1 (1,612) 1 (1,605)

tomato mot-
tle mosaic 
virus

95.9–100.0 0 ~ 5.25e-103 54.5–100.0 1 (1,605) 0 4 (108–651) 2 (199–
1,290)

Quarantine 
virus

Virus B 99.6–100.0 0 ~ 6.42e-98 68.9–99.8 1 (1,648) 1 (1,645) 1 (1,645) 1 (147)
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their incidence in the fields. At least two aspects should be 
considered for this analysis. (1) The first aspect is related to 
virus stability. Tospoviruses, which are very common patho-
gens of tomato and zucchini plants in Brazil, were rarely 
identified in sewage samples (Fig. 1). The viruses of this 
group have virus particles with a lipid membrane, and thus 
are likely fragile in the wastewater environmental condition 
and in the human digestive tract, resulting in rapid degrada-
tion. Therefore, viruses with high stability are expected to 
be preserved for a longer time in the sewage water condition. 
On the other hand, the property of particle stability may not 
be a general characteristic of a genus or a family. For exam-
ple, zucchini yellow mosaic virus (ZYMV) was a potyvirus 
frequently detected in our sewage samples (Table 1). How-
ever, other potyviruses that infect cucurbit plants, such as 
watermelon mosaic virus and papaya ringspot virus-W (Sup-
plementary Table 2), two other important potyviruses for 
cucurbits in Brazil, were rarely detected. Furthermore, other 

common potyviruses, such as potato virus Y and pepper yel-
low mosaic virus in solanaceous plants were not detected in 
our sewage samples. Thus, it is possible that ZYMV may 
have unique feature in particle stability among potyviruses. 
(2) The second condition is the productivity of the infected 
plants. Tospoviruses cause severe symptoms and, hence, a 
drastic reduction in leaf and fruit production (hence lower 
circulation of infected crop in market), while PMMoV is 
known to cause mild symptoms in pepper plants. It implies 
that viruses that cause mild or no symptoms will stay more 
in food materials, then released more in the sink or ingested/
dispersed in the sewage.

Our results open important questions about the poten-
tial use of sewage water analysis for plant virus surveys, as 
discussed in Bačnik et al. (2020). For example, the pres-
ence of MNSV in sewage was detected since 2014, when we 
started analyzing sewage virome by HTS (data not shown). 
In the present study, we found MNSV genomic fragments 

S20-05 MNSV
S20-08 MNSV

S16-05 MNSV
S16-03 MNSV

KR094068  Canada
KF060715  Spain

KY124137  USA
MNSCG
MK604925  Australia
MK604926  Australia

DQ922807  Israel
DQ339157  Israel
MK604924  Australia
MK604928  Australia

GU480022  China
KY264755  China

AB250684  Japan
AB250687  Japan

AB250685  Japan
AB250686  Japan
AY122286  Spain

OK067274  South Korea
AB232926  Japan
AB232925  Japan

LC314587  South Korea
MZ682104  South Korea

LC314588  South Korea
LC314589  South Korea

KY124135  USA
KY124136  USA
MK604923  Australia
MK604927  Australia

JX879088  India

100

95
100

61

86
54

100

100

100

70
100100

100
72

100

100
73

100

100

76
98

98

98

98

0.10

Sewage water
Brazil

a

89

LC745662 Sewage water-associated tobamovirus
DQ356949  maracuja mosaic virus
HQ389540  passion fruit mosaic virus

JN566124  clitoria yellow mottle virus
U47034  sunn-hemp mosaic virus

AB917427  hibiscus latent Fort Pierce virus
AF395898  hibiscus latent Singapore virus
AB261167  cucumber mottle virus

D12505  cucumber green mottle mosaic virus
AF321057  cucumber fruit mottle mosaic virus

AJ295948  kyuri green mottle mosaic virus

AJ295949  zucchini green mottle mosaic virus
HM026454  frangipani mosaic virus

KJ395757  plumeria mosaic virus
EU043335  cactus mild mottle virus
JF729471  rattail cactus necrosis-associated virus

MF434821  opuntia virus 2
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Fig. 3   Analyses of the melon necrotic spot virus (MNSV) and sew-
age-associated tobamovirus sequences obtained by HTS. Phylo-
genetic trees were constructed based on the maximum-likelihood 
method using MEGA11, for MNSV sequences (a); and for sewage-
associated tobamovirus sequence aligned with tobamoviruses (b). c. 

Genome organization of sewage-associated tobamovirus with posi-
tion of each ORF (above or below) and gene name. Accession num-
bers are indicated. For MNSV sequences, the isolated country is also 
indicated
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in the samples of 2016 and 2020. The natural occurrence of 
MNSV in Brazil was firstly reported only in 2018 (Moura 
et al. 2018), and thus removed from the list of quarantine 
virus in Brazil. When a new virus is found in a sewage sam-
ple, it suggests that the virus may be present in the food, and 
consequently in commercial fields. Therefore, we are now 
trying to find the virus A and the virus B in plants to confirm 
their natural occurrence in Brazil. The virus B is currently 
listed as a quarantine virus in Brazil, and it has been found 
in our sewage samples of 2016 and 2020, and also in another 
sample collected in 2014 (data not shown). However, we 
should be aware about the possibility that this virus’ genome 
fragments are present in imported (processed) foods.

In order to demonstrate the efficiency of the method for 
identifying circulating viruses, we selected two viruses, 
PMMoV and GarCLV, for detection and quantification by 
RT-qPCR in the processed foods, as test cases. Interestingly, 
the amount of PMMoV found in the processed foods as well 
as in sewage samples was extremely high, implying in the 
high stability of the particles in in vitro conditions. The virus 
was detected in all samples, chili pepper (C. frutescens), 
flakes (usually made of Dedo-de-moça type chili, C. bacca-
tum), paprika (C. annuum), and chili sauce (usually made of 
chili C. chinense and C. frutescens), indicating that PMMoV 
occurs widely in many pepper types. Surprisingly, we were 
able to detect PMMoV in the chili pepper sauce, which is 
very acid (pH 3 ~ 4). Although high amounts of PMMoV 
was found in sewage water, we do not believe that PMMoV 
is waterborne virus. We tried to inoculate the semi-purified 
virus solution from sewage water in Nicotiana benthamiana 

plants (highly susceptible host of PMMoV), but the plants 
were not infected (data not shown).

Bačnik et al. (2020) reported that PMMoV, tomato mosaic 
virus, and tobacco mild green mosaic virus, all belonging 
to the Tobamovirus genus, were successfully recovered via 
mechanical inoculation of concentrated wastewater fractions 
in N. benthamiana and N. occidentalis plants. In contrast, 
inoculation with non-concentrated wastewater did not result 
in infections. Although these tobamoviruses exhibit infectiv-
ity, the viruses present in sewage are unlikely to serve as a 
source of new plant infections. Nevertheless, further surveys 
are necessary to explore the possibility of tobamoviruses 
being water-borne.

One of the great advantages of the plant virus study by 
using the sewage water source is the sample collection pro-
cess. Visiting the production fields is laborious, and costly, 
especially in a continental country like Brazil. The collection 
may not represent the overall diversity of plants and locali-
ties. The use of sewage water, on the other hand, may pro-
vide the collection of plant samples from multiple sources 
that were produced in many different areas.

Epidemiological studies based on sewage samples have a 
potential to predict the onset of human viral diseases (Xag-
oraraki and O’Brien 2020), including SARS-CoV2 that 
caused an important pandemics in 2020–2021 (Bonanno 
Ferraro et al. 2022). Here, we demonstrate the validity of 
the use of sewage samples to predict or confirm outbreaks 
or emergence of plant viral diseases. Furthermore, the sew-
age water analysis may contribute to a phytosanitary alert 
by monitoring the presence of pathogenic plant viruses, for 

Table 2   Amount expressed in 
copy numbers of PMMoV and 
GarCLV detected by RT-qPCR

*nt = not tested. Single sample was used for each supplier

Sample type Sample Number of copies in total RNA from 
1 mL (sewage water) or 1 ng (plant 
material)

PMMoV detection GarCLV 
detec-
tion

Sewage water S20-08 11,120,384 28
S20-05 1,213,928 0

Fresh chili pepper Capsicum frutescens 
(Malagueta)

2,580 nt

Chili pepper flakes (dried) Supplier L 47,456 nt
Supplier KS 67,138 nt

Paprika powder Supplier L 350,598 nt
Supplier K 4,293,756 nt

Chili pepper sauce Supplier KN 418 nt
Supplier C 2,002 nt

Garlic flakes (dried) Supplier L *nt 4,156
Supplier K nt 2,114

Fresh garlic Supplier A nt 0
Supplier B nt 0
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those viruses with stable particles in environmental water 
samples. It is worth mentioning that there are limitations on 
the use of plant virus metagenomic data in sewage samples 
for plant virus survey and extreme care is need for interpre-
tation of the results.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s40858-​023-​00575-8.
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