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Abstract: Sugarcane mosaic virus (SCMV) and sugarcane streak mosaic virus (SCSMV) are the
primary viruses responsible for mosaic diseases in sugarcane. In this study, the mosaic viruses
SCMV and SCSMV with the involvement of sorghum mosaic virus (SrMV) were surveyed from
eight commercial sugarcane cultivars grown in fields at four locations in East Java, Indonesia.
Sugarcane leaves with mosaic symptoms were assessed for disease incidence and severity, and
symptomatic leaves were collected for analysis. The incidence and severity of mosaic symptoms
were the highest in the PS881 and NX04 cultivars grown in Kediri compared to the other cultivars.
RT-PCR analysis showed that SCSMV was present in all sugarcane cultivars and locations.
Interestingly, double mixed infections with SCMV were found in PS881, PS882, and Cening,
whereas triple mixed infections with STMV were found in the PS881 cultivar. Phylogenetic analysis
grouped SCSMV, SCMV, and StMV together with isolates from Thailand (KP987832.1), Florida,
USA (MT725538.1), and Agentina (EU189037.1). The expression of ascorbate peroxidase gene (Apx)
was increased in the virus-infected sugarcane cultivars and prominently elevated in the triple mixed
infection of PS881 cultivars. However, the catalase gene (Cat) was slightly upregulated in the mixed
infection group. The chlorophyll content was significantly reduced in the leaves of PS58, PS881,
PS882, NX04, and HW Merah, in parallel with the expression of the photosystem I gene (PsaA). The
expression of photosynthetic genes, such as ribulose-1,5 bisphosphate carboxylase small sub-unit
(RbcS), phosphoenolpyruvate carboxylase (Pepc), sucrose-phosphate synthase (Sps1), and PsaA, was
significantly reduced and almost depleted in the triple mixed infection of PS881, except for Pepc
expression, which remained approximately half of that in the control healthy sugarcane. The
decrease in photosynthetic activity was confirmed by the decrease in ribulose-1,5 bisphosphate
carboxylase (Rubisco) and PEPC proteins, as detected by immunoblot analysis. The decrease in
photosynthetic parameters indicated that the mosaic viral infection substantially reduced the
growth and yield of sugarcane.
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1. Introduction

Sugarcane (Saccharum spp) is an important industrial crop for sugar production, contributing
nearly 80% of the world’s sugar production [1]. The plant also produces ethanol as a biofuel and other
economically important products, such as animal feed, paper, organic fertilizer, and industrial
enzymes [2]. Sugarcane production in Indonesia is mainly located on Java Island (56.3 %), Southern
Sumatra (26.4%), and other spotted regions, such as South Sulawesi and West Nusa Tenggara [3].
Sugarcane is asexually propagated using stalks that are easily transmitted and infected by various
plant viruses, such as sugarcane mosaic disease [4,5] and yellow leaf disease [6]. Mosaic is one of the
most important sugarcane diseases, and infection leads to the manifestation of mosaic-like
symptoms, which develop as irregular patterns of light and dark green or yellow patches or streaks
[7,8]. Mixed infections with two or more viruses are frequent in plants and result in severe symptoms
[9]. Mosaic diseases in sugarcane with mixed infections of sugarcane mosaic virus (SCMV), sugarcane
streak mosaic virus (SCSMV), and sorghum mosaic virus (5SrMV) have been reported in China [9,10];
SCMYV and SrMV in the USA [11]; and SCMV and SCSMV in India [12].

Biotic stress caused by viral infection increases oxidative stress, leading to increased synthesis
of reactive oxygen species (ROS). Mosaic virus infection significantly upregulates ROS-producing
genes, such as NAD oxidase, malate dehydrogenase, and flavin-binding monooxygenase [13]. ROS
production can potentially lead to damage of cellular components and programmed cell death
[14,15]. However, ROS accumulation can be detoxified by non-enzymatic and enzymatic
antioxidants, such as catalase (Cat), superoxide dismutase, ascorbate peroxidase (Apx), and
glutathione reductase [16-18]. The antioxidant defense mechanim for scavenging ROS protects cells
from oxygen radical [19].

SCMYV infection stimulates malate synthesis by enhancing pyruvate orthophosphate dikinase
(PPDK) activity, leading to ROS accumulation, which requires light illumination [20]. As a C4 plant,
sugarcane shows higher rates of photosynthesis under high light intensities. Atmospheric CO2 is
fixed by phosphoenolpyruvate carboxylase (PEPC) using the substrate phosphoenolpyruvate (PEP)
to produce oxaloacetate and malate in the C4 cycle. Malate is then transported into the bundle sheath
cell. Malate is then decarboxylated in the bundle sheath cells to produce CO2 molecules and refixed
by ribulose-1,5-bisphosphate carboxylase (Rubisco), which forms sucrose and starch [21]. To
maintain the C4 cycle, PEP is regenerated from pyruvate using PPDK and then used by PEPC to
produce malate. It is well known that PPDK activity is regulated by light [22], including several
carbon-assimilating enzymes, such as PEPC and sucrose phosphate synthase (SPS) [23]. However,
the effect of mosaic viral infection on photosynthetic activity remains poorly understood.

Mosaic diseases can significantly reduce chlorophyll content, photosynthetic efficiency, yield,
and quality of sugarcane [7,24,25]. The expression of light-harvesting proteins and primary carbon-
assimilating enzymes is high in resistant cultivars [13] and non-infected sugarcane [25]. The
expression of NADPH, Rubisco, and photosystem I (PSI) reaction center is upregulated in mosaic-
resistant compared to that in susceptible sugarcane. Protein analysis has confirmed that the activities
of phosphoenolpyruvate carboxylase (PEPC) and Rubisco are decreased in virus-infected sugarcane
seedlings [24,25]. The alterations in the photosynthesis-related activities result in a slowdown in
sugarcane growth [17], reducing sucrose content and sugarcane yield up to 75% [7]. In addition,
mosaic virus infection reduces the chlorophyll content in cassava [26] and poplar [27], and perturbs
pigment biosynthesis in tomato [28]. These results indicate that mosaic virus infection downregulates
the expression of photosynthesis-related genes [27,29,30].

Mosaic symptoms in sugarcane are frequently associated with several different viral infections.
Multiple or mixed viral infections have also been reported in sweet potatoes in Uganda [30] and
cotton plants in China [10]. Mixed infections from two or more viral interactions are categorized as
synergistic, antagonistic, or neutral interaction [9,31] that induce a decline in plant vigor and
productivity [32]. The combined infection of viruses that act synergistically causes symptom severity
and plant death or severely reduces yield [33], as reported in maize [34]. In the present study, the
identification and distribution of the mosaic virus were surveyed in field-grown sugarcane located
in four regions of East Java, Indonesia. Symptomatic sugarcane leaves were observed and collected
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for molecular detection and identification of three major RNA viruses, SCSMV, SCMV, and StMV,
via RT-PCR using specific primer pairs. The effect of viral infection on photosynthetic gene
expression was determined using RT-PCR and immunoblot analysis. We found that mixed infection
with mosaic viruses (SCMV, SCSMV, and SrMV) significantly reduced chlorophyll content and
photosynthetic gene expression in sugarcane.

2. Materials and Methods

2.1. Survey Area and Leaf Sample Collection

Mosaic symptoms were observed in commercial field-grown sugarcane in four locations: the
districts of Kediri, Lumajang, Jember, and Bondowoso in East Java Province. This province is the
primary location for sugarcane production in Indonesia. The surveys were conducted from
September to November 2022 in 34 months plant age in sugarcane plantation under the authority of
PT. Perkebunan Nusantara X and PT. Perkebunan Nusantara XI. Sugarcane mosaic symptoms were
assessed based on the disease incidence and severity. Disease incidence was determined as the
percentage of sugarcane mosaic symptoms relative to the total observed sugarcane in the field.
Disease severity was estimated using the scoring system of the young sugarcane leaf area showing
symptoms at the position of the first and third leaves from the green top, according to previously
described methods [5]. The severity percentage was calculated using the disease severity index (DSI)
= [sum (class frequency x score of rating class)/(total number of plants x (maximal disease index)] x
100 [35]. A total of 62 sugarcane leaf samples with mosaic symptoms were disinfected with 75%
alcohol and immersed in liquid nitrogen for further experiments.

2.2. Total RNA Extraction and Mosaic Virus Determination

Total RNA was extracted from approximately 0.5 g of sugarcane leaf using the RNAprep pure
plant plus kit (Tiangen, China) for the mosaic virus detection [36]. The total RNA concentration was
measured using a NanoVuePlus-UV Spectrophotometer (GE Healthcare, USA). Three major mosaics,
SCSMV, SCMYV, and SrMV, were identified via RT-PCR using specific primer pairs for the CP gene,
as shown in Table 1. First-strand cDNA was synthesized from 1 pg total RNA using ReverTra AceTM
Kit (Toyobo, Japan) and the PCR reaction was conducted using a Kit of KOD-Plus-Neo (Toyobo,
Japan). The PCR mixture (50 pL) contained 5 pL of 10x buffer KOD-Plus-Neo, 5 uL of 2 mM dNTPs,
3 uL of 25 mM MgSOs, 1 uL of 10 pumol/L specific primer for corresponding the mosaic virus, and 1
puL DNA Polymerase KOD-Plus-Neo. PCR analysis was performed at 95 °C for 5 min, followed by 35
cycles at 95 °C for 30 s denaturation, 53 °C (SCSMYV), 58 °C (SCMV), or 52 °C (SrMV) for 30 s annealing,
72 °C for 1 min extension, and followed by final extension at 72 °C for 5 min using T100TM Thermal
Cycler (Bio-Rad, USA). The product of PCR amplified was run on 1% agarose gel, stained with
ethidium bromide, and documented using GelDoc (Major Science, USA). The corresponding PCR
products were excised and purified from agarose gel using the GenepHlowTM Gel/PCR Kit
(Geneaid, Taiwan) and used for nucleotide sequence determination.

2.3. DNA Sequencing and Phylogenetic Analysis

The PCR products were delivered to a DNA sequencing provider (1st BASE, Singapore) for
nucleotide sequencing. The obtained nucleotide sequences were aligned using the BioEdit Sequence
Alignment Editor V 7.2.5, and confirmed to be specific viruses using BLAST/N online
(https://blast.ncbi.nlm.nih.gov). The nucleotide sequences of SCSMV, SCMV, and StMV were used
to construct a phylogenetic tree using the neighbor-joining (NJ) method (1000 bootstrap replicates)
by Molecular Evolutionary Genetics Analysis (MEGA) software version 10.2.6 [37].

2.4. Quantitative Real-Time PCR

Quantitative real-time PCR (qRT-PCR) was carried out using a CFX connectTM Real-
TimeSystem (Bio-Rad, USA) to analyze expression levels of photosynthesis-related genes and ROS
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scavenging. The 25-uL reaction system containing 12.5 uL of 2x SYBR Green master mix
(ThunderbirdTM SYBR qPCR Mix, Toyobo, Japan), 1 pL of 10 umol/L of forward and reverse primers,
1.5 pL of 50 ng cDNA, and nuclease-free water to adjust the volume reaction. Gene-specific primer
pairs are listed in Table 1. The qRT-PCR program was 95 °C for 30 s, followed by 40 cycles at 95 °C
for 15 s, the temperature of primer-dependent annealing (Table 1) for 15 s, elongation at 72 °C for 15
s, and final extension at 72 °C for 60 s. Each sample was conducted in duplicate from three
independent biological replicates and the expression was normalized using (3-tubulin expression. The
relative gene expression was calculated via Livak’s method using the formula 2-AACT [38].

Table 1. Description of primers used in this study.

Amplicon  Annealing

Primer Sequence information (5’-3') Strategy length (bp) temperature (°C) Reference
CrsCMV XS AGAACTGAACCCACTIGTACGC Y NIPCR ke s Tussudy
CrSVVT 5-ATGGATCCTAGTEGTGETGCIGEACTCC ey TR 78k 58 oo
o IO e ww @ e
CE  TTCOTOICOIT g @ e
e 5 GGATIAGGTGCCTAACGGACT —— RIPCR 121y 2 Thissiudy
I ¥ ST
ATy waex w5 e
o S CACGIGGATCCCTOANGoTCy— RIPCR_ sy ®
Y S TCTTCAGGAAGITIGECAGTIGY —— KIarck_18bp 55
i ST ey % s

2.6. Protein Extraction and Immunoblotting

Frozen sugarcane leaves (1 g) were ground in liquid nitrogen and proteins were extracted in a
buffer containing 50 mM 3-morpholino propane sulfonic acid (MOPS)-NaOH (pH 7.5), 1 mM
ethylenediaminetetraacetic acid (EDTA), 2.5 mM dithiothreitol (DTT), and 10% of
polyvinylpyrrolidone (PVP). The soluble protein fraction was obtained by centrifugation at 14,000xg
at 4 °C for 10 min and the protein concentration was determined using a Bradford reagent (Bio-rad,
USA).

The levels of ribulose-1,5-bisphosphate  carboxylase/oxygenase (Rubisco) and
phosphoenolpyruvate carboxylase (PEPC) proteins were determined by immunoblotting with
specific polyclonal antibodies against Rubisco and PEPC [39]. The soluble protein was separated
using SDS-PAGE (12.5% acrylamide), 15 ug for PEPC, and 10 pg for Rubisco, subsequently
transferred onto a polyvinylidene fluoride (PVDV) membrane (Thermo Scientific, USA) using a semi-
dry trans-blotter (Bio-Rad, USA). The membranes were incubated overnight with polyclonal
antibodies against Rubisco and PEPC. After washing with Tris-buffered saline, the membrane was
incubated with the secondary antibody, goat anti-rabbit IgG alkaline phosphatase conjugate (Bio-
Rad, USA), at 1:3000 for 90 min. Specific bands of Rubisco and PEPC were visualized by the
enzymatic reaction of the alkaline phosphatase, 5-bromo-4-chloro 3-indolyl-phosphate, and nitro
blue tetrazolium (NBT) (Wako, Japan).

2.7. Analysis of Total Chlorophyll of Leaves

Total chlorophyll content was determined using an optical method [40] with slight
modifications. Symptomatic sugarcane leaves (0.1 g) were finely cut and incubated with 5 mL of a
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solution containing a mixture of acetone and ethanol (2:1 v/v) in the dark for 24 h. Each sample was
analyzed in triplicate from three independent biological replicates. The absorbance of the solution
was read using a spectrophotometer (UV-VIS double beam spectrophotometer (Hitachi, Japan) at 645
nm and 663 nm. A solution without the sample was used as the blank. The concentration of total
chlorophyll was estimated using the following equation: mg total chlorophyll/g tissue: 20.2 x
(absorbance of 645 nm) + 8.02 x (absorbance of 663 nm) x final volume of chlorophyll extract x fresh
weight of leaf extract [41].

3. Results

3.1. Mosaic Symptom, Incidence, and Severity

Mosaic symptoms were observed in four sugarcane plantation locations, and 62 leaf samples
were collected. Mosaic symptoms, presenting as blotchy or streaky patterns of yellow and green color
with varying lengths, sizes, and irregularities, were recorded to determine the incidence percentage.
The incidence of symptoms observed in Kediri was higher than that in the other locations (Figure
1A). The highest incidence was in NX04, followed by PS881 that reached almost 80 and 54%,
respectively. However, the incidence of PS881 was slightly lower in Kediri than that in a previous
study in the Jember area [5]. Furthermore, the percentage of severity was high, above 80% in all
cultivars (Figure 1B), and a high percentage was found in PS58, PS881, and NX04. Although the
mosaic patterns were similar in all of the sugarcane varieties, but the symptoms differed in intensity
(Supplementary Figure S1).
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Figure 1. Percentage of mosaic disease incidence (A) and severity (B) on leaves of sugarcane cultivars
grown in field. The incidence and severity were observed in eight cultivars grown in the field of four
locations that were Lumajang, Jember, Bondowoso, and Kediri in East Java, Indonesia, and the
percentages were determined as described in Materials and Methods.

To determine whether a mosaic infection of one or more viral types occurred, RT-PCR was
conducted using specific primer pairs of CP gene for the detection of SCMV, SCSMV, and StMV
(Table 1). These three viruses are considered major mosaic viruses in sugarcane. The analysis showed
that the corresponding CP-SCSMV DNA, with a molecular size of 335 kb, was present in all sugarcane
leaf samples (Figure 2A). This result indicated that SCSMV was more widespread in all cultivars and
regions used in this experiment than in previously reported results [4]. Furthermore, the SCMV with
735 kb in size was found mainly in PS881 and PS882, and only a few in the Cening cultivars, but the
corresponding DNA band was not detected in NX04, NX01, HW Merah, PS58, and NXI-4T (Figure
2B). Interestingly, a specific primer for SrMV detection, which is a rare mosaic virus infection, was
found in the PS881 cultivar, but not in the other cultivars (Figure 2C). These results indicate the
presence of a mixed mosaic virus infection with double and triple infections, which has been reported
for the first time in an Indonesian sugarcane plantation.
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Figure 2. RT-PCR amplification of the coat protein gene using specific primer for SCSMV (A), SCMV
(B) and SrMV (C). RT-PCR was conducted using the RNA isolated from the infected leaves of eight
sugarcane cultivars. The image is representing RT-PCR products from each sugarcane cultivars. M,1
kb DNA Ladder (Thermo Fisher Scientific, USA); C, control no symptomatic sugarcane; red asterisk
indicating positive CP-SCMV DNA.

3.2. Phylogenetic Analysis of the Mosaic Virus Isolates

To confirm infection by the mosaic virus, the corresponding CP-DNA of SCSMV, SCMV, and
SrMV were determined by their nucleotide sequences. The sequences were correctly verified from
each mosaic virus using NCBI BLAST, and phylogenetic trees were constructed using MEGA
software. The sequence identity analysis indicated that nucleotide sequence of the targeted sequences
shares 92.11% (KP987832.1), 92.58% (MT725538.1) and 97.39% (EU189037.1) homology for SCSMV,
SCMYV, and SrMV with those of other the virus isolates available in the GenBank, respectively.
Phylogenetic analysis grouped the SCSMV with isolates from Thailand (KP987832.1), and the SCMV
isolate was grouped with isolates from Florida, USA (MT725538.1) and Boetzingen, Germany
(X98168.1) (Figure 3A,B). The SrMV isolate was grouped together with isolate from Argentina
(EU189037.1), USA (EF078962.1), and China (DQ227695.1), (Figure 3C).
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Figure 3. Phylogenetic analysis of SCSMV (A) SCMV (B) and StMV (C) based on the CP nucleotide
sequences along with retrieved sequences from NCBI. Sequence cluster according to the geographical
origin of the virus isolates, such as Thailand (KP987832.1) for SCSMV; USA (MT725538.1) and
Germany (X98168.1) for SCMV; and Argentina (EU189037.1), USA (EF078962.1), China (DQ227695.1),
and for STMV.

3.3. Expression of Genes for Apx and Cat

Environmental stresses, including biotic stresses, produce ROS that regulate cellular metabolism
and inhibit cell growth and development. Plants have developed antioxidant mechanisms to
overcome the detrimental effects of ROS. Among the antioxidant system, the expressions of Apx and
Cat have been studied in response to pathogen infection [37,42]. Detection of Apx expression showed
increases in viral infection compared to the asymptomatic healthy controls of field-grown sugarcane
(Figure 4A). The expression was substantially higher in PS881 and NX04 than in the other cultivars,
and a slight increase was observed in NX4T and NX01 among the infected sugarcane cultivars. The
change in Apx expression was associated with the ROS detoxification pathway in the SCMV-resistant
sugarcane genotype [13]. However, whether Apx expression in sugarcane indicates the degree of
resistance to viral infections is not well understood.
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Figure 4. Expression of Apx and Cat gene in response to the infection of mosaic virus in sugarcane
leaves. Relative expression of Apx gene in a single infection (A), and Cat and Apx genes in mixed-
triple infection in PS881 (B). Expression of B-tubulin was used as the internal control. The expression
of Cat and Apx in control, single, double and triple infection were determined using PS881 sugarcane
cultivars. Values are means + SD of two biological replicates.

To confirm the response of antioxidant expression to mosaic virus infection, RNA was isolated
from single, double, and triple mixed infections of PS881 leaves, and the expression of Apx together
with Cat genes was determined. The presence of mixed infections in the leaves of the PS881 cultivar
was confirmed by detection of the virus using RT-PCR (Supplementary Figure S2). The expression of
Cat was slightly induced in single and double infections and increased approximately 1.4-fold in
mixed-triple infection by the addition of SrMV compared to that in healthy leaves (control) (Figure
4B). However, the expression of Apx significantly increased in the mixed infection group, and the
highest expression was found in the triple infection group, reaching almost 3.9-fold. These results
indicate that Apx expression was mostly affected by mosaic infection, rather than Cat expression.

3.4. Expression of Photosynthesis Related-Genes in Response to the Mosaic Virus Infection

The mosaic virus infection disturbed the chloroplast structure, which developed leaf chlorosis
and malfunctioning of chloroplasts, and downregulated photosystem efficiency [24,43]. To observe
the effect of viral infections on chloroplast disruption, the chlorophyll content was determined in the
infected leaves. As predicted, the chlorophyll content was significantly reduced in the leaves of PS58,
PS881, PS882, NX04, and HW Merah compared to leaves that were not symptomatic (Figure 5A).
Furthermore, infection only slightly reduced chlorophyll content in the Cening, NXI-4T, and NX01
cultivars. These results clearly indicate that the mosaic virus infection causes chloroplast disruption
or damage, leading to disturbances in photosynthetic activity.
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Figure 5. Chlorophyll content and photosynthetic-related gene expression in response to the mosaic
virus infection in sugarcane leaves. Total chlorophyll content (A) and PsaA expression (B) were
determined in single infection sugarcane leaves. Expression of the genes PsaA, RbcS, Pepc, Sps1 (C),
and levels of PEPC, and Rubisco proteins (D) were determined in control, single, double, and triple
infection in PS881 leaves. Values are means + SD of tree biological replicates. Inset, PEPC and Rubisco
(large subunit-RbcL. and small subunit-RbcS) proteins were detected by immunoblot analysis. C, S,
D, and T represent control, single, double and triple infection, respectively. The intensities of protein
bands were quantitively expressed using Image] free software (https://image.nih.gov/).

qRT-PCR was used to determine whether the expression of PsaA, located in the chloroplast
genome, was affected by viral infection. The expression of PsaA was reduced in the infected leaves of
all sugarcane cultivars compared to that in healthy leaves, although the expression varied among the
infected cultivars (Figure 5B). Consistent with the chlorophyll content, the expression of PsaA was
markedly reduced in the leaves of PS58, PS881, and NX04. However, PsaA expression was slightly
reduced in the other cultivars compared to that in healthy plants.

The change in chlorophyll content suggests that viral infection has a significant impact on energy
metabolism and photosynthetic efficiency. These changes may contribute to alterations in
photosynthetic and carbon-assimilating gene expression in infected plants. Understanding plant
responses will provide valuable insights for the development of effective disease management
strategies. The expression of photosynthetic genes for RbcS (Rubisco small subunit), Pepc, and Sps1
was measured along with PsaA gene in the triple mixed infection of sugarcane leaves (Figure 5C).
The expression of PsaA gradually decreased with the degree of viral infection in single, double, and
triple PS881 leaves. The expression of RbcS and Spsl genes was gradually reduced in single and
double infections and was almost depleted in the triple virus infection, including the expression of
PsaA. Furthermore, the expression of Pepc was reduced by approximately half in the single-, double-
, and triple-infected leaves compared to that in healthy leaves.

To ensure the consistency of gene expression under mosaic virus infection, which reduces
photosynthetic activity, the protein content of Rubisco and PEPC was detected using
immunoblotting. Rubisco and PEPC are key enzymes for carbon assimilation in C4 plants, such as
sugarcane. Consistent with gene expression, the levels of PEPC and both Rubisco-large subunit
(RbcL)) and -small subunit (RbcS) proteins decreased according to the degree of single, double, and
triple infection in the PS881 cultivars (Figure 5D). Because Rubisco protein is a conservative and slow
turnover [44], the reduction of Rubisco protein was still at detectable levels and not depleted as the
level of mRNA in the triple-infected leaves.
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4. Discussion

In the present study, mosaic diseases were surveyed in four sugarcane plantations located in
Lumajang, Jember, Bondowoso, and Kediri in East Java, Indonesia. Eight sugarcane cultivars were
observed for mosaic symptoms and sampled for viral analysis. The mosaic diseases were found to
have a higher incidence in Kediri than that in the other locations, although they had a similarly high
percentage of severity above 80%. The higher incidence in this location might have been caused by
differences in integrated disease management, such as heated water treatment prior to planting.
Among the sugarcane cultivars, PS881 and NX04 showed a higher incidence and were categorized as
susceptible cultivars [4,5]. RT-PCR analysis revealed that SCSMV was spread in all sugarcane
cultivars, but SCMV and SrtMV were only observed in a few cultivars. Nucleotide sequences of the
amplified CP and phylogenetic analyses confirmed the presence of SCSMV, SCMV, and StMV in
sugarcane. Interestingly, PS882 and PS881 cells were infected with double SCSMV-SCMYV and triple
SCSMV-SCMV-SrMV infections, respectively. These results indicate the presence of a mixed infection
with the mosaic virus in sugarcane, which has not been reported in Indonesia.

Mixed infections with two or more viruses occur naturally in plants [9,45]. Infection with
SCSMYV, SCMYV, and SrMV in sugarcane results in the manifestation of mosaic-like symptoms, which
involve the appearance of irregular light and dark green patterns on leaves [8]. Therefore, it is not
surprising that these three viruses infect sugarcane with high similarity in mosaic symptoms and are
difficult to differentiate. Interactions between two or more plant viruses in mixed infections can be
categorized as synergistic or antagonistic. A synergistic interaction refers to a situation in which two
or more viral infections result in severe symptom [31]. PS881 with triple infection and PS882 with
double infection showed a higher percentage of severity (Figure 1B) and mosaic symptom intensity
(Supplementary Figure 1) than the other cultivars with single infection. These results indicate that
mixed mosaic virus infection with SCSMV, SCMV, and StMV is a synergistic interaction.

Infections caused by mosaic viruses induce ROS accumulation, and plants have developed
antioxidant scavenging and detoxification systems to overcome these problems. The Apx is one of the
most important genes for scavenging ROS [37]. The expression of Apx gene increased in all infected
sugarcane cultivars, and the increased expression was the highest in the mixed infection of PS881
leaves (Figure 4B). Increased Apx expression can regulate ROS accumulation, which may be
considered a characteristic of plant resistance to viral infections. However, elevated Apx expression
may be required to balance the oxidation and antioxidation cascades to maintain redox homeostasis.

Viral infection has a significant impact on energy metabolism, respiration, and the
photosynthetic rate. Viral proliferation requires energy from infected plant cells, which leads to ROS
accumulation [20]. ROS act as signaling molecules and play dual roles. Elevated ROS production can
cause cellular damage through lipid peroxidation, protein oxidation, nucleic acid degradation, and
the initiation of programmed cell death in infected cells. Viral infection modified the chloroplast
structure [26] and caused a reduction in chlorophyll content (Figure 5A) as well as the expression of
PsaA gene, which is located in the chloroplast. Chloroplasts play a central role in the generation of
energy during photosynthesis. The disruption of chloroplasts causes a reduction in the
photosynthetic energy for carbon assimilation. The significant reduction in PsaA expression in the
mixed infection of PS881 plants was followed by a reduction in photosynthetic carbon-assimilating
genes, such as RbcS, Pepc, and Sps1 as well as their protein content (Figure 5C,D). These results
indicate that mosaic virus infection damages chlorophyll and subsequently reduces carbon
assimilation activity. Thus, infection with mosaic viruses significantly reduces photosynthetic
efficiency, yield, and quality of sugarcane.

The use of resistant sugarcane cultivars is considered the most effective approach for managing
viral diseases. Pathogen-derived resistance and RNA interference technologies have been applied to
engineered sugarcane cultivars that are resistant to sugarcane mosaic viruses [36,46]. The RNAi
approach has been reported to effectively induce high resistance against mosaic viruses in sugarcane
[47]. Mixed infection with SCSMV and SCMV, with synergistic interactions, exacerbates sugarcane
yield. A strategy employing an RNAi approach can be implemented by assembling a hairpin element
composed of CP gene sequences from SCSMV and SCMV in tandem and an intron sequence as a
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loop. Dual resistance to synergistically interacting viruses has been reported in transgenic orchids
[48] and wheat [49]. Therefore, RNAi can be used to induce dual resistance against SCSMV and
SCMV in sugarcane.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Figure S1: Variation of mosaic symptoms intensity in leaves of sugarcane variety
infected by SCSMV, SCMV, and StMV. (A) Single infection by SCSMV in Cening, HW Merah, NXI-4T, PS58,
PS882, NX01, and NX04 cultivars, (B) Mixed double infection by SCSMV and SCMV in PS881 and PS882 cultivars,
and (C) Mixed triple infection by SCSMV, SCMV, and StMV in PS881 cultivar; Figure S2. RT-PCR amplification
of CP gene of SCSMV (left), SCMV (middle), and STMV (right) in PS881 leaves. M, DNA molecular size marker;
S, D, T, and C represent single, double and triple, and control non-symptomatic leaves, respectively. .
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