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Transcriptional analysis of South African cassava
mosaic virus-infected susceptible and tolerant
landraces of cassava highlights differences in
resistance, basal defense and cell wall associated
genes during infection
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Abstract

Background: Cassava mosaic disease is caused by several distinct geminivirus species, including South African
cassava mosaic virus-[South Africa:99] (SACMV). To date, there is limited gene regulation information on viral stress
responses in cassava, and global transcriptome profiling in SACMV-infected cassava represents an important step
towards understanding natural host responses to plant geminiviruses.

Results: A RNA-seq time course (12, 32 and 67 dpi) study, monitoring gene expression in SACMV-challenged
susceptible (T200) and tolerant (TME3) cassava landraces, was performed using the Applied Biosystems (ABI) SOLID
next-generation sequencing platform. The multiplexed paired end sequencing run produced a total of 523 MB and
693 MB of paired-end reads for SACMV-infected susceptible and tolerant cDNA libraries, respectively. Of these,
approximately 50.7% of the T200 reads and 55.06% of TME3 reads mapped to the cassava reference genome available
in phytozome. Using a log, fold cut-off (p <0.05), comparative analysis between the six normalized cDNA libraries
showed that 4181 and 1008 transcripts in total were differentially expressed in T200 and TME3, respectively, across 12,
32 and 67 days post infection, compared to mock-inoculated. The number of responsive transcripts increased
dramatically from 12 to 32 dpi in both cultivars, but in contrast, in T200 the levels did not change significantly at

67 dpi, while in TME3 they declined. GOslim functional groups illustrated that differentially expressed genes in T200
and TME3 were overrepresented in the cellular component category for stress-related genes, plasma membrane and
nucleus. Alterations in the expression of other interesting genes such as transcription factors, resistance (R) genes, and
histone/DNA methylation-associated genes, were observed. KEGG pathway analysis uncovered important altered
metabolic pathways, including phenylpropanoid biosynthesis, sucrose and starch metabolism, and plant hormone
signalling.

Conclusions: Molecular mechanisms for TME3 tolerance are proposed, and differences in patterns and levels of
transcriptome profiling between T200 and TME3 with susceptible and tolerant phenotypes, respectively, support the
hypothesis that viruses rearrange their molecular interactions in adapting to hosts with different genetic backgrounds.
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Background

Cassava, Manihot esculenta Crantz, is a tropical crop that
is important for food security and income generation for
many poor farmers in several Asian and African countries.
Fresh tubers of cassava are suitable for consumption by
both humans and animals, and provide the most im-
portant dietary source of calories for more than a billion
people in about 105 countries, providing an estimated one
third of calorie intake [1]. Cassava’s tolerance to unfavour-
able conditions and abiotic stress make it an excellent
crop, in comparison with other cereals such as wheat, rice
and maize, for small-scale farmers with limited resources.
[2,3]. Cassava starch is being exploited for its numerous
industrial applications, including bioethanol, processing
for the paper industry, pellets for animal feed, and thick-
eners in the food industry [4].

Cassava mosaic disease (CMD) is the most important
biotic constraint of cassava production in sub-Saharan
Africa [5,6]. CMD is caused by whitefly-transmitted
viruses of the genus Begomovirus (family Geminiviridae),
including South African cassava mosaic virus-[South
Africa:99] [NCBI-AF155806] (SACMV) [7]. SACMV has
two circular DNA molecules, designated DNA-A and
DNA-B, of approximately 2.8 kb, both of which are re-
quired for systemic infection of plants. Six genes are
encoded by DNA-A, whereas two genes are encoded by
DNA-B. DNA-A viral strand encodes for the coat protein
(CP) (AV1 ORF), and AV2 which functions as a suppres-
sor of host RNA silencing, thereby modulating symptoms,
or may also be involved in host specificity. The minus
strand of DNA-A has four open reading frames (ORFs)
that encode for the Rep associated protein (AC1), a tran-
scriptional activator (TrAP/AC2), a replication enhancer
(Ren/AC3), and the AC4 protein. The AC4 ORF lies
entirely embedded within the coding region of the Rep
protein, and it is the least conserved of all the geminiviral
proteins, both in sequence and in function [8].

In past years there have been high levels of resistance/
tolerance to CMD found in several Nigerian cassava
landraces including TME3 [9-11]. By using classical gen-
etic techniques such as genetic mapping, resistance in sev-
eral cassava cultivars was thought to be attributed to the
presence of a major dominant resistance (R) gene, namely
CMD2 [10,11]. Furthermore, several molecular markers
have been associated with CMD?2, including SSRY28,
NS158 and RME1 [10]. Currently, further efforts are being
made in order to dissect the genetic architecture of cas-
sava resistance and other economically important traits
using an EST-derived SNP and SSR genetic linkage map
approach [12]. However, more recently, in addition to the
activation of effector triggered immunity by R genes, host
RNA silencing has been identified as a major antiviral de-
fence mechanism [13]. Viruses can both induce and target
RNA silencing, and have evolved a number of strategies to
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overcome RNA-silencing mediated host defence mecha-
nisms via their multifunctional proteins, some of which
can act as suppressors of RNA silencing (VSR), and which
are also able to interfere with host miRNA pathways lead-
ing to disease induction and symptoms [reviewed in 13].
Viral genome methylation has also been shown to be an
epigenetic defence against DNA geminiviruses [14]. Plants
use methylation as a defence against DNA viruses, which
geminviruses counter by inhibiting global methylation. In
a study with Beet curly top virus (BCTV) in Arabidopsis
plants, tissue recovered from infection showed hyper-
methylated BCTV DNA, and AGO4 was required for
recovery [14]. Symptom remission or ‘recovery’ is a
phenomenon reported in several plant studies, including
pepper infected with the geminivirus, Pepper golden mo-
saic virus (PepGMV) [15], and has been associated with
TGS and post-transcriptional gene silencing (PTGS) me-
chanisms [16].

Plants have developed both highly specialized defence
responses to prevent and limit disease. Many disease
responses are activated locally at the site of infection,
and can spread systemically when a plant is under
pathogen attack [17-20]. This initial response is usually
termed basal or broad immunity which may be sufficient
to combat the viral pathogen, or may lead to further spe-
cific resistant responses, namely induced resistance, often
triggered by specific recognition and interaction between
virus and host resistance proteins encoded by R genes
[21-23]. This defence activation may be to the detriment
of the plant, as fitness costs may often outweigh the bene-
fits, because energy and resources are redirected toward
defence, and normal cellular processes such as growth and
yield are affected [24]. In many cases, in the absence of a
speedy, effective and persistent basal immune response,
plants will be susceptible, unless virus-specific R genes are
present in that plant species/cultivar/variety. In order to
minimise fitness costs, signalling molecules and pathways
coordinating pathogen-specific defences are activated.
Signalling molecules are predominantly regulated by sali-
cyclic acid (SA), jasmonic acid (JA), and ethylene (ET)
pathways which are known to act synergistically or antag-
onistically with each other in order to minimise fitness
costs. Specific induced resistance is usually associated with
direct pathogen recognition, resulting in limited or inhib-
ited pathogen spread, programmed cell death, or hypersen-
sitive response (HR), often followed by systemic signalling
and systemic acquired resistance (SAR) [25]. In susceptible
hosts, basal defences are initiated but are not fast or effect-
ive enough to limit pathogen growth, allowing the patho-
gen to replicate and spread systemically. Activated defence
responses result from several possible signalling pathways,
including reactive oxygen species (ROS), signalling mol-
ecules, and pathogenesis-related proteins (PR proteins),
which lead to biochemical and morphological alterations
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in the host plant such as cell-wall reinforcement and trans-
membrane reconfiguration [26,27]. The outcome between
susceptibility and resistance depends on the pathogen-host
genotype combination [28], speed of host response, and
specific virus pathogenicity determinants which recog-
nize and interact with host-specific proteins [23,29]. As
mentioned previously, with plant viruses, including gemi-
niviruses, the pathogen has to suppress basal immune sys-
tems such as RNA silencing. Many virus-encoded proteins
act as host defence response suppressors such as HC-PRO
of potyviruses and AC2, AC3 and AC4-ORF-encoded pro-
teins of geminiviruses [30-32].

Following virus infection, transcriptional reprogram-
ming takes place at a global level, both temporally and
spatially within the plant leaves and other organs, and
depending on the collective outcome, a resistance or sus-
ceptible response is initiated [19,33-35]. Disease is usually
manifested due to virus-induced physiological changes
and direct interaction between virus and host proteins.
Once a virus has successfully entered and completed
replication in initial cells, it spreads via plasmodesmata
through the leaf tissue or other tissues, and colonizes distal
tissues in the plant, leading to a susceptible interaction,
with disease as the final outcome [36,37]. Geminivirus
proteins have been shown to interact with a diverse set of
host factors in Arabidopsis thaliana, Solanum lycopersicum
and Nicotiana benthamiana [18,38,39] (reviewed in Jeske,
2009) [40]. Geminiviruses have been implicated in many
host-responsive processes such as transcriptional regula-
tion, DNA replication, control of the cell cycle, cell prolif-
eration and differentiation, and macromolecular trafficking
in whole plants [31,41,42]. In addition, the geminivirus
AC2, AC3 or AC4 —encoded proteins have been implicated
as a pathogenicity factor that assists in infection [24,31,32]
and AC3 has been shown to affect transcriptional activa-
tion of a NAC transcription factor [32]. In particular, the
geminivirus, Tomato yellow leaf curl virus (TYLCV) has
been shown to interact with a NAC domain protein
in a yeast two-hybrid system, where overexpression of
the NAC transcription factor causes enhanced viral
replication [43].

Gene expression technologies, such as microarrays
represent a well-established technology and have been
widely exploited in the last years leading to a vast amount
of gene expression information, particularly in the area of
host-pathogen interactions [33,44-46]. To date, only two
comprehensive full-genome microarray studies have
been performed in Arabidopsis with geminiviruses, namely
Cabbage leaf curl virus (CaLCuV) at 12 dpi [31], and more
recently SACMYV at 14, 24 and 36 dpi [47]. More recently,
a third global microarray study was conducted in to-
mato using Agilent Tomato Gene Expression Microarrays,
where the transcriptional changes induced by the phloem-
limited geminivirus Tomato yellow leaf curl Sardinia virus
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(TYLCSV) was investigated [48]. In another geminivirus
study by Eybishtz et al. [49], a reverse genetics approach
was applied to identify genes involved in Tomato yellow
leaf curl virus (TYLCV) resistance. Approximately 70 dif-
ferent cDNAs, representing genes preferentially expressed
in a resistant (R) tomato line compared to a susceptible
line from the same breeding program, were identified.
Furthermore, a hexose transporter gene LeHT1 was shown
to be up-regulated upon infection in R plants and its silen-
cing in R plants led to the collapse of resistance [50]. In
another recent study, the transcriptome reprogramming in
leaves of susceptible (S) and R plants at 0 and 7 dpi after
TYLCV inoculation, using a 60-mer oligonucleotide mi-
croarray was investigated [51]. Upon TYLCYV infection, the
genes differentially expressed in So versus Ro plants
(before infection) were also those differentially expressed
in Si vs Ri (after infection) plants. In Ro plants, the highly
expressed genes were related to biotic stress, jasmonic
acid and ethylene biosynthesis, signal transduction, and
RNA regulation and processing. Furthermore, upon infec-
tion of R plants (Ro versus Ri), the number of differentially
expressed genes was reported to be three times higher
compared to the number of differentially expressed genes
upon infection of S tomatoes (So versus Si) pointing to a
strong response of R plants to the virus, which may be
related to the resistance phenotype.

In recent years, the introduction of next-generation
sequencing (NGS) has provided new and innovative
ways to speed up the identification of large numbers of
genes in many plant and animal species, particularly
those under biotic and abiotic stresses [13,15,52,53].
NGS has become the new method of choice for gene
expression experiments as it is an extremely sensitive
technique which has allowed for global analyses of ex-
ceptionally large datasets from transcriptomic, proteomic,
metabolic, regulatory and developmental pathways to cre-
ate networks that categorize interactions and function of
organs or molecules at varying complexity levels [52].
Several NGS platforms have emerged, including Roche
454, Tllumina GA, and ABI SOLID [54-57]. GS-454 se-
quencing for example was used recently to analyse the
transcriptome of symptomatic and recovered leaves of
pepper infected with the geminivirus PepGMV [15].

Several recent studies have been reported in cassava
using genomic tools. EST and cDNA libraries have been
constructed in cassava for identification of abiotic/biotic
responsive genes [58-62] or to analyse gene expression
in response to the bacterial pathogen Xanthomonas
axonopodis [63]. For example, a transcriptome analysis
using an oligomicorarray representing +20,000 cassava
genes revealed 1300 abiotic drought stress related genes
up-regulated in cassava [64]. A draft cassava genome is
now publically available through phytozome (http://www.
phytozome.net/cassava) [65]. Moreover, the function of
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homologous genes in Arabidopsis (http://www.arabidopsis.
org/) can be used to predict the function of cassava
genes. Cassava belongs to the family Euphorbiaceae, and
its genome comprises an estimated 770 Mb [66]. A draft
genome assembly and partial annotation of cassava from a
single accession AM560-2 was released at the end of
2009 [65]. The genome assembly is in 12, 977 scaffolds,
with a total scaffold length of 532.5 Mb. Ninety six percent
of the putative transcripts from the publically available
cassava EST database (http://cassava.igs.umaryland.edu/
cgi-bin/index.cgi) can be mapped to the genome, making
this a powerful tool for functional genomic studies. To
date 30,666 protein-coding loci have been predicted, and
the cassava genome can easily be aligned to soybean,
castor bean, Arabidopsis, and rice. In addition to the cas-
sava draft genome, there are also a number of additional
cassava EST resources available through different data-
bases (reviewed in [67]). Some of these include the avail-
ability of more than 80 000’s ETS through Genbank as
well as two further large EST libraries containing be-
tween 20 000 and 30 000 Sanger reads which was
generated as a collaborative effort between RIKEN
(Rikagaku Kenkyusho—Institute of Physical and Chemical
Research, Japan), and CIAT (Centro Internacional de
Agricultura Tropical).

Most recently, a NGS (Illumina Solexa) gene profiling
study was performed on cassava infected with African
cassava mosaic virus (ACMV), and 3,210 differentially
expressed genes were identified, with the study focusing
on photosynthesis-related gene expression [68]. Despite
this report, comprehensive genome-wide expression pro-
filing data for cassava in response to viral pathogens
remains lacking, and this research provides for the first
time a full comparative analysis of global geminivirus-
responsive transcriptomes in a susceptible and tolerant
landrace, at three time points post infection. Applying
all the available genetic resources recently made available,
the aim of this study was to elucidate the gene expression
responses of susceptible (T200) and tolerant (TME3)
cassava landraces to SACMV infection at three stages
during the course of infection, namely, pre-symptom
(12 dpi), symptomatic (32 dpi) and late infection (67 dpi).
These landraces were selected as T200 is a highly suscep-
tible commercially grown South African landrace that is
high in starch (unpublished), while TME3 is an established
landrace in West Africa, known to be tolerant to cassava
begomoviruses [9]. SOLID (Applied Biosystems) transcrip-
tome profiling data from six cDNA libraries derived from
SACMV-infected apical leaf tissue, and six from Agrobac-
terium mock-inoculated controls was successfully gener-
ated. RNA-Seq data generated from the SOLID platform
was assembled and reference-based mapping against the
cassava genome was performed. In total, 4181 and 1008
differentially expressed genes (DEGs) were identified in
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T200 and TMES3, respectively, across all 3 time points,
and their biological functions were established through
gene ontology (GO) annotation and Kegg pathway
analysis. Real-time qPCR was used to validate RNA-seq
data and genes of interest selected for further analysis.
Comparisons of expression patterns between T200 and
TMES3 at three time points post inoculation (12, 32 and 67
dpi), compared to mock inoculated tissue, demonstrated
that differential responses to SACMYV infection occur be-
tween the susceptible T200 and tolerant TME3 cultivars,
and also between time points. TME3 had a significantly
lower number of altered transcripts compared with T200.
Comparisons were made to a previous study, conducted
by Pierce and Rey, 2013 [47], in the susceptible Arabidop-
sis-SACMV pathosystem, and results uncovered similar
and different global patterns or trends in differentially
expressed genes between the two hosts.

Results and discussion

SACMV infectivity assays in T200 and TME3

Following agro-inoculation of T200 and TMES3, plantlets
were monitored over a 67 day period for symptom
development (Figures 1A-G) and concentration of virus
(Figure 1H). Based on trial infections, time points chosen
for this study represent different stages of infection where
12 dpi represents early infection (pre-symptomatic), 32
dpi represents active systemic virus replication and move-
ment (symptomatic) and 67 dpi represents a later infec-
tion stage (persistently symptomatic in T200 and recovery
in TME3). The symptom severity score index (1-5) [69]
was used as a guideline for the assessment of symptom
development in cassava plants. The mean (n = 6) symptom
severity scores calculated for T200 at 12, 32 and 67 dpi
showed increasing development of symptoms over time.
At 12 dpi, the mean symptom severity score indicated that
plants were asymptomatic (score of 1) (Figure 1A). By 32
dpi, symptoms developed uniformly in SACMV-infected
plants which displayed typical mosaic and mild leaf distor-
tion (Figure 1B) associated with CMD infection and the
mean symptom severity score of 3.5 indicated that plants
were showing moderate symptoms. At 67 dpi, plants were
fully symptomatic with severe leaf symptoms (Figure 1C)
and the mean symptom severity score of 4. West African
landrace TME3, possessing a marker-linked CMD?2 resis-
tance gene [10], is reported to exhibit resistance to CMD.
From our infectivity assay results, we observed that TME3
does not show early “resistance” but rather becomes
infected by SACMV (using agroinoculation with SACMV
infectious clones), and symptoms appear later (~1 week)
compared with T200, with plants exhibiting a recovery
phenotype after approximately 55-70 days onwards, re-
sulting in new leaves displaying asymptomatic or mild
symptoms. Symptom phenotype was confirmed by both
severity indexing of infected TME3 in addition to viral
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Figure 1 T200 and TME3 infected leave tissue was evaluated for the development of symptoms over a 67 day period. Leaves for both
T200 (A) and TME3 (D) at 12 dpi (early infection) appear symptomless. Leaves at 32 dpi for T200 (B) and TME3 (E) display characteristic mosaic,
distortion of leaf margins and leaf curling. Leaves at T200 (C) and TME3 (F) are severely reduced in size. Newer emerged leaves on some
cassava TME3 (G) plants (on average, 2 out of every 6), displayed an attenuation in symptoms and almost appear symptomless. Viral titre from
SACMV--infected T200 and TME3 leaf tissue was measure using gPCR and is reported as the mean Log concentration of DNA-A molecules/ng
TNA for 12, 32 and 67 dpi in infected leaf tissue samples (H).
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titres (described later). The mean (n = 6) symptom severity
scores were calculated for TME3 at 12, 32 and 67 dpi, and
leaves were shown to be asymptomatic at 12 dpi up
to ~21 dpi (Figure 1D). TME3 showed a different trend to
that observed in T200 plants, where leaf symptoms, while
visible at 32 dpi (Figure 1E), peaked later than 32 dpi,
showing mosaic and distortion of leaf margins from
32-55 dpi (score 3-3.5) (Figure 1E-F). At 67 dpi (Figure 1G),
TME3 plants were displaying slightly milder symptoms
as compared to T200 at the same time point. Newly
emerging leaves on plants showed either an attenuation
of symptoms and had lower symptom severity scores
(between 0 and 1) at 67 dpi (Figure 1G), or displayed no
symptoms.

Real -time qPCR measurement of SACMV viral titres in
T200 and TME3

The concentrations of SACMV DNA-A were measured
in infected and mock-inoculated T200 and TME3 plants
at 12, 32 and 67 dpi (n = 6) (Figure 1H). A technical rep-
licate was included for each biological replicate. For sus-
ceptible T200, the concentrations of DNA-A at 12 dpi
were extremely low and almost undetectable (0.14 x 10
SACMV molecules/ng total nucleic acid (TNA)), while
at 32 and 67 dpi, 2.19 x 10® and 4.43 x 10° SACMV
molecules of DNA-A/ng TNA were detected. In compari-
son, for tolerant cultivar TMES3, viral loads of DNA-A were
significantly lower (p <0.05) than those detected in T200
where no virus was detected at 12 dpi, and 1.79 x 10* and
3.23 x 10* SACMV molecules of DNA-A/ng TNA were
present at 32 and 67 dpi, respectively (Figure 1H). Overall,
viral load in T200 between 32 and 67 dpi was 10-fold
higher than that observed in TME3 at the same time
points. These concentrations correlated well with the mean
symptom severity score recorded for both cultivars. The
increase in virus titre in T200 over time may correlate with
host gene suppression. A study by Pierce and Rey (2013)
[47] using an Arabidopsis-SACMV pathosystem also
demonstrated similar trends in virus load over time, but
in cassava, SACMV replication levels were higher com-
pared with Arabidopsis [47]. The higher SACMYV replica-
tion levels observed in cassava T200 could be attributed to
the fact that T200 is a natural host to SACMYV, providing
a more favourable replication-competent environment.

SOLiD Transcriptome data for analysis of SACMV-infected
cassava

Sequence reads were obtained using the SOLID v4
sequencing platform in order to generate a gene expres-
sion profile of T200 and TME3 infected with SACMV.
The sequencer was run in the paired end mode with
50 bp forward (F3) and 35 bp reverse (F5) tags. Forward
and reverse pairs were mapped to reference genome
Manihot esculenta 147 available through phytozome
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(www.phytozome.net/cassava) and percentages were
calculated for each F3 and F5 mapping combination
for T200 and TMES3 libraries (Additional file 1). The BAM
files generated for the T200 and TME3 libraries are all
publically available through the Sequence Read Achive
(SRA, (http://www.ncbi.nlm.nih.gov/sra) using the BioPro-
ject accession number: PRINA255198 [70].

In general, for the TME3 tolerant library, an average of
23.41% of both the forward and reverse reads mapped to
the reference sequence, 22.74% of the forward F3 reads
mapped, but only 6.50% of the reverse F5 read mapped.
Furthermore, 47.19% of F3 + F5 reads did not map at all.
Similarly, for T200, an average of 23.79% of both the
forward and reverse reads mapped to the reference se-
quence, 22.19% of the forward F3 reads mapped but only
5.91% of the reverse read mapped. For T200, 48.11% of
F3 + F5 reads did not map at all. The difference in F3 ver-
sus F5 mapping results from the actual SOLiD sequencing
protocol which leads to a much higher percentage of F3
mapped reads compared to F5. Because the F5 reads are
of lower quality, the aligner (Lifescope) preferentially uses
the F3 quality scores in mapping to the reference genome.
The fraction of unmapped reads may be due to the incom-
pleteness of current cassava genome assembly in which
thousands of scaffolds are still not interconnected, and
also the lower quality of the F5 reads, as mentioned
previously. Despite incomplete assembly of the cassava
genome, the current status of gene annotation for the
assembled scaffolds on phytozome is reliable, which makes
this assembly useful for RNA sequencing alignment and
analysis.

Normalization was carried out as an averaging geomet-
ric mean of replicates for each library. Normalized data
was then imported into DESeq R software package where
the counts for differentially expressed genes were calcu-
lated using the negative binomial distribution estimated
from the complete dataset. Cassava transcripts identified
as differentially expressed were annotated using the “M.
esculenta_147_annotation_info” file available from phy-
tozome and blasting against the Arabidopsis database
(Additional file 2).

Global gene expression profiling of T200 and TME3 in
response to SACMYV infection

In order to quantify the differential expression of genes
at 12, 32 and 67 dpi in susceptible T200 and tolerant
TME3 landraces, the tag count for all genes at 12, 32
and 67 dpi versus the tag counts at the same time points
in mock-inoculated samples were computed. This allowed
the change in expression between SACMV-infected and
mock-inoculated leaf tissue samples to be calculated at all
three time points for both landraces. After statistical filter-
ing of the data (log,-fold cut-off, p < 0.05), the total number
of differentially expressed genes (DEGs) were identified as
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SACMV- responsive genes for T200 (Additional files
3, 4 and 5) and TME3 (Additional files 6, 7 and 8). These
are depicted in the Venn diagram (Figure 2). Overall, the
number of differentially expressed genes (DEGs) in toler-
ant TME3 infected with SACMV was significantly lower,
over the 67 dpi period, than that observed for susceptible
T200 plants. In T200, 632 DEGs were detected in apical
leaves at early infection (12 dpi), where 417 genes were up
regulated and 215 genes were down regulated (Additional
file 3). At 32 dpi, this number increased to 1763 where
742 genes were up regulated and 1021 genes were down
regulated (Additional file 4) and at 67 dpi, a total of 1786
DEGs were detected where 991 genes were up regulated
and 795 were down regulated (Additional file 5). In com-
parison, for early response at 12 dpi, only 251 DEGs were
detected in TME3 apical leaf tissue, where 63 were up
regulated and 188 were down regulated (Additional file 6).
At 32 dpi, 461 DEGs occurred where 294 genes were
elevated and 167 were suppressed (Additional file 7), and
at 67 dpi, 290 genes were altered where 88 genes were up
regulated and 202 genes were down regulated (Additional
file 8). In general, a shift from up-regulated genes at an
early time point (12 dpi), to down-regulated genes in fully
symptomatic leaves at 32 dpi is not uncommon in sus-
ceptible hosts, as large amounts of virus nucleic acid and
proteins produced during cellular infection cause normal
cellular processes to be redirected toward viral replication
[35]. It was also evident that SACMYV was able to maintain
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a high level of transcript repression as virus infection
persisted (67 dpi), and because cassava is a vegetatively
propagated crop, systemic infection can persist for months
until harvest. Viruses have been shown to cause host gene
shut-off in an attempt to inhibit broad spectrum defence
responses activated by the plant [20,37]. Although host
shut-off was previously described as transient, more re-
cently, Conti et al. [71] demonstrated that gene-specific
and persistent shut-off was evident in Nicotiana tabacum
upon Tobacco mosaic virus (TMV) infection, and similarly,
in the Arabidopsis-SACMYV study [47], persistent down-
regulation of many genes across 3 time points post-
infection was observed.

A comparison of consistently expressed transcripts across
the three time points, and between each two time points
was evaluated for T200 (Additional file 9) and TME3
(Additional file 10). For T200, 209 genes were consistently
altered across the three time points (Figure 2A), while in
comparison, only 5 were noted in TME3 (Figure 2B). In
T200, 252 genes were common between 12 and 32 dpi,
281 genes were common between 12 and 67 dpi and 812
genes were common between 32 and 67 dpi (Additional
file 9; Figure 2A). For TME3, the overlap was considerably
smaller, where only 30 genes were common between 12
and 32 dpi, 18 genes between 12 and 67 dpi, and 30 genes
between 32 and 67 dpi (Additional file 10, Figure 2B). Not
withstanding the different genetic backgrounds between
T200 and TME3, it was interesting to observe that very

T200
A 12dpi
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\/ 1786
32dpi &/457dpi
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c 12dpi D 32dpi
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632 ‘ 251

TME3
B 12dpi
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E 67dpi
461 1786 290

Figure 2 Venn diagrams showing the differential distribution of up-regulated (>2.0-fold) and down-regulated (<2.0-fold) transcripts in
SACMV-infected T200 (A) and TME3 (B) leaf tissues at three different time points post infection. Comparisons of differentially-expressed
transcripts between T200 and TME3 at 12dpi (C), 32 dpi (D) and 67 dpi (E). The values in the brackets indicate the number of genes downregulated
between timepoints.
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few shared genes, out of the total number altered by
SACMYV in the susceptible T200 and tolerant TME3 land-
races, were observed. At 12 dpi only 30 genes were shared
between T200 and TME3 (Figure 2C), while 84 and 43
were shared at 32 and 67 dpi, respectively. In T200,
large numbers of transcripts involved in basal defence
were down regulated, especially at 32 dpi (full systemic
infection), which resulted in persistent virus infection
and susceptibility. Some similar and different patterns
in defence-related gene expression between T200 and
SACMV-infected Arabidopsis [47] were noted, but in
the tolerant phenotype TME3, suppression of 188 (74% of
total altered) transcripts compared to T200 (34% of total
altered transcripts) appeared at an earlier time point, 12
dpi, which suggests a more rapid response to SACMV.
Also most notably at 67 dpi, 70% of transcripts were sup-
pressed in TME3, which correlated to symptom recovery
and drop in virus load (Figure 1).

Gene Ontology clustering of SACMV-responsive genes in
susceptible T200 and tolerant TME3 at 12, 32 and 67 dpi,
and comparison with Arabidopsis

The Arabidopsis AGIs for the annotation of cassava tran-
scripts were used to identify the functional enrichment of
differentially expressed genes using Gene Ontology (GO)
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vocabulary available on TAIR 10 (http://www.arabidopsis.
org/tools/bulk/go/index.jsp), at each time point (12, 32
and 67 dpi) for each cultivar. Transcripts were sorted into
GoSlim term categories for molecular function, biological
processes, and cellular component, and comparisons
with a microarray expression study performed in SACMV-
infected Arabidopsis (at 14, 24 and 36 dpi) [47] was under-
taken (Figure 3A-I). Regardless of the host (cassava or
Arabidopsis) and platform (NGS or microarray), both
pathosystems displayed similar trends in differential
gene function categories representing the highest number
of transcripts (Figure 3). While infection progress in the
annual host Arabidopsis was expectedly faster compared
with the perennial host, cassava, comparisons between
equivalent early, middle and late stages revealed a similar
pattern for the two most over-represented categories in
cellular component, namely nucleus (19.6%, 14.9%, 17.1%)
and cytoplasmic component (13.4%, 11.9%, 15.7%) for
Arabidopsis (Figure 3A), T200 (Figure 3D), and TME3
(Figure 3Q), respectively. Interestingly, the plasmamem-
brane component was also highly represented in all three
plant hosts (8.7%, 11.4% and 9.9% for Arabidopsis, T200,
TMES3, respectively). For biological processes, cell organi-
zation and biogenesis, responses to stress and biotic/abi-
otic stimuli, and other metabolic and cellular processes
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Figure 3 GOSlim Functional characterisation of T200 and TME3 DEGs at 12, 32 and 67 dpi for cellular component (A,D,G), biological
process (C,F,1) and molecular function (B,E,H). Orange demarcated areas indicate the most significant changes in the percentage of DEG
categories in Arabidopsis (A,B,C), T200 (D,E,F) and TME3 (G,H,).
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were all highly represented categories (Arabidopsis, T200,
TME3; Figure 3C, E I, respectively), as well noticeable
changes in the chloroplast fraction in all three hosts.
Transferase and kinase, and other enzyme activity demon-
strated the most noticeable transcript changes for mole-
cular function (Arabidopsis, T200, TME3; Figure 3B, E, H,
respectively).

Independent validation of SOLID NGS results by
real-time-qPCR

To validate the SOLiD RNA-seq data, RT-qPCR was
performed on fifteen (12 from T200 and 3 from TME3)
genes that were significantly changed upon SACMYV infec-
tion (>2-fold, p < 0.05). The expression levels for cellulose
synthase, cyclin p4, PHE-ammonia lyase, plant invertase,
thaumatin PR protein, cytochrome P450, JAZ protein 10,
Rubisco methyltransferase, WRKY70, MAPKS3, cyclin 3B,
histone H3/H4, pectin methylesterase (PME3), lipoxy-
genase (LOX3) and TIR-NBS-LRR (Figures 4A-O) were
independently validated on cDNA samples (at 12, 32 and
67 dpi) from the SOLiD RNA-seq study. The standard
curve method [72] was used to determine expression
values for each target gene from SACMV- infected leaf
tissue at each time point in relation to the expression of
the same target in mock-inoculated leaf tissue. Relative ex-
pression values for each target gene were then expressed
as a Log, ratio of target gene expression level to UBQIO
expression level measured in the same cDNA sample.
Therefore, expression levels are presented as the relative
Log, ratio of the infected cassava leaf tissue sample com-
pared with the control mock-inoculated sample at each
time p