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Abstract

The mealybug, Phenacoccus manihoti, is a leading pest of cassava (Manihot esculenta
Crantz), damaging this crop globally. Although the biological control of this mealybug using
natural predators has been established, resistance breeding remains an important means of
control. Understanding plant responses to insect herbivory, by determining and identifying
differentially expressed genes (DEGs), is a vital step towards the understanding of molecu-
lar mechanisms of defence responses in plants and the development of resistant cultivars
by gene editing. Morphological and molecular analysis confirmed the mealybug identity as
Phenacoccus manihoti (Matile-Ferrero). The transcriptome response of the green mite
resistant cassava genotype AR23.1 was compared to P40/1 with no known resistance at 24
and 72 hours of mealybug infestation compared to non-infested mock. A total of 301 and
206 genes were differentially expressed at 24 and 72 of mealybug infestation for AR23.1
and P40/1 genotypes respectively, using a log2 fold change and P-value < 0.05. Gene
ontology functional classification revealed an enrichment of genes in the secondary meta-
bolic process category in AR23.1 in comparison with P40/1, while genes in the regulation of
molecular function, cellular component biogenesis and electron carrier categories were
more significantly enriched in P40/1 than in AR23.1. Biological pathway analysis, based on
KEGG, revealed a significant enrichment of plant-pathogen interaction and plant hormonal
signal transduction pathways for a cohort of up-regulated and down-regulated DEGs in both
genotypes. Defence-related genes such as 2-oxogluterate, gibberellin oxidase and terpene
synthase proteins were only induced in genotype AR23.1 and not in P40/1, and subse-
quently validated by RT-qPCR. The study revealed a difference in response to mealybug
infestation in the two genotypes studied, with AR23.1 showing a higher number of differen-
tially expressed transcripts post mealybug infestation at 24 and 72 hours. Candidate
defence-related genes that were overexpressed in the AR23.1 genotype post mealybug
infestation will be useful in future functional studies towards the control of mealybugs.
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Introduction

Cassava, tapioca or manioc (Manihot esculenta Crantz) is a woody perennial plant that feeds
over 500 million people living throughout the tropics [1-4]. It is mainly cultivated for its large
starchy roots but the leaves are also consumed as vegetable, especially in Africa. Although
native to South America, cassava is a widely cultivated tuber crop in sub-Saharan Africa and
an important food staple in terms of per capita food energy consumed [5, 6]. In South Africa,
cassava is grown in Limpopo, Mpumalanga and KwaZulu-Natal provinces as a secondary
crop. In the neighbouring South African countries such as Swaziland and Mozambique, cas-
sava is a staple food crop and often used for industrial starch production. Cassava is grown by
the resource-poor farmers in the seasonally humid regions of South Africa as a supplementary
crop to maize (Zea mays).

Important abiotic stresses known to affect cassava production and quality include poor
soils, post-harvest physiological deterioration [7], land degradation, low winter temperatures,
low and variable annual rainfall. Biotic constraints include weeds, pests and pathogens [8-12].
Apart from the well-known viral pathogens causing cassava mosaic disease (CMD) and cassava
brown streak disease (CBSD) [10], pests such as cassava green mite (Mononychellus tanajoa),
whiteflies (Bemisia tabaci and Aleurotrachelus socialis), the root mealybug (Planococcus citri),
and two species of cassava mealybug (Phenacoccus manihoti and Phenacoccus herreni) also
reduce cassava yields [13, 14]. Due to these abiotic and biotic stresses, the production of cas-
sava as a food security crop in sub-Saharan Africa and globally is currently at risk.

Phenacoccus manihoti (P. manihoti) have been reported to occur in South Africa [15, 16]
and its presence further validated using PCR [15, 16]. P. manihoti was accidentally introduced
into Africa in the 1970s, and became a major pest in most cassava growing regions [17] causing
yield losses as high as 80%. The pest causes cassava yield reductions [18, 19] by injecting toxic
saliva into the plant during feeding [20]. Initially, the control of mealybugs was undertaken
using insecticides. Biological control was later introduced using the parasitoid wasp Apoana-
gyrus lopezi with some success [18]. Regardless of the success in biological control of CMB,
growing resistant cultivars remains the most sustainable option for managing the pests.

Plant defence response to herbivorous insects is generally activated at the site of insect
infestation or herbivore feeding. Following contact with the plant’s surface, the insect can
release and inject biological components (or other elicitors) which can trigger plant immune
responses such as jasmonic acid (JA), ethylene (ET) and salicylic acid (SA) pathways, which
are the major signal cascades involved in plant defence against pathogens and pests [21-24].
The cross talk between the signal pathways results in the release of volatiles that further activate
the expression of defence-related genes. Production of JA and expression of JA-responsive
genes have been associated with an increase in response to pest feeding [25], pathogen infec-
tion, or tissue damage [26] while exogenous application of JA has been associated with expres-
sion of defence-related genes [26]. These host defence-related genes may confer resistance,
tolerance or susceptibility to pathogens and herbivores. The exact mechanisms, which herbi-
vores use to leverage SA-JA antagonism, are still poorly understood. This is especially the case
in cassava where detailed transcriptome studies are lacking. There is a wide knowledge gap in
our understanding of processes and pathways involved during mealybug-cassava interaction.
Transcriptome analysis promises to enhance our understanding of this interaction and could
lead to the identification of important candidate genes.

There are, however, a few transcriptome studies that have been reported in cassava includ-
ing the analysis of the transcriptome of landraces infected with South African cassava mosaic
virus [27] using the ABI SOLiD NGS platform. A transcriptome profile of low temperature-
treated cassava apical shoots demonstrated dynamic response to abiotic cold stress treatment
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[28] resulting in the expression of MYB and WRKY transcription factors and CYP450 and
MAP kinases, which are known to play a role in response to abiotic stress. The expression of
the aforementioned genes has also been reported during pathogen and insect attack [8, 29-31]
suggesting their involvement in plant defence. In the current study, transcriptomes were com-
pared between a susceptible (P40/1) and a resistant (AR23.1) cassava genotype pre- (0 hours)
and post- (24 and 72 hours) mealybug (P. manihoti) feeding. Differentially expressed genes
were mapped to the castor bean (Ricinus communis) reference genome in KEGG to predict
gene pathways that were involved in P. manihoti feeding. Genes that were involved in plant-
pathogen interactions and plant hormone signal transduction in early response to cassava
mealybug feeding were profiled, and compared between AR23.1 and P40/1. We identified spe-
cific candidate defence-related genes induced only in the insect resistant cassava genotype
AR23.1 and not in the susceptible genotype P40/1. These findings could contribute to future
development of new resistant cassava cultivars using gene editing methods such as CRISPR
[32].

Materials and methods
Mealybug collection and maintenance

Mealybugs were scouted randomly from cassava growing farms at Makhathini, KwaZulu-
Natal province, Malelane and Bushbuckridge, Mpumalanga province. The collected mealybugs
were transported to the Agricultural Research Council (ARC)-Vegetable and Ornamental
Plants Institute (VOPI) and maintained as independent colonies on cassava plants under con-
trolled conditions in the glasshouse. A sample of each mealybug collection was preserved in
100% ethanol and stored at room temperature for morphological and molecular identification.
Mealybug specimens were prepared for morphological and taxonomic identification as previ-
ously described [33]. The South African Authority does not require any permission for scout-
ing and/or collection of pests of any kind either from open fields or from farmers’ fields. The
current study did not involve endangered or protected species.

Confirmation of mealybug identity

Total DNA was extracted from individual intact specimens using the blood and body fluid
protocol of the DNeasy DNA extraction kit (Qiagen, Valencia, CA), with modifications
according to Sethusa et al. [16]. DNA concentrations were quantified using Qubit (Invitrogen/
Life Technologies Inc., Carlsbad, CA, US) and verified on a 1% agarose gel. Barcoding primers
of the 28S ribosomal RNA (rRNA) region, s3660 (F- 5’ GAGAGTTMAASAGTACGIGAAA
C3’) [34] and 28S (R- 5’/ TCGGAAGGAACCAGCTACTA3') [35]; and the 18S rRNA
region, 2660 (F- 5’ CTGGTTGATCCTGCCAGTAG3’) [36]and 18S (R- 5’ CCGCGGCT
GCTGGCACCAGA3' ) [37] were used to amplify genomic regions of mealybug samples. Gene
fragments were amplified using a touchdown protocol that included initial denaturation at
94°C for 5 min followed by 14 cycles of 94°C for 30 sec, 56°C for 30 sec and 72°C for 2 min,
with 1.0°C decreasing temperature from 56 to 42°C for 30 sec every cycle. The remaining 18
cycles were performed at 94°C for 30 sec, 42°C for 30 sec and 72°C for 2 min, with the final
elongation at 72°C for 7 min. PCR products (700 bp) were purified using the QIAquick PCR
purification kit (Qiagen, Valencia, CA). After PCR amplification, the products were verified
on 1% agarose gel electrophoresed in 1xTAE buffer.

Sequencing of PCR products was outsourced to Inqaba Biotec (Gauteng, South Africa).
Resultant sequences were assembled using Pregap4 and Gap4 programs within the molecular
biology software STADEN package [38]. Consensus sequences were subjected to BLASTn on
NCBI (www.ncbi.nlm.nih.gov/BLAST) to retrieve known homologous sequences as species
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Table 1. Cassava genotypes selected for mealybug infestation and transcriptome experiments.

Genotype Origin
AR23.1 CIAT, Colombia
P40/1 ARC, South Africa

https://doi.org/10.1371/journal.pone.0202541.t001

Table 2. Description of experimental samples.

Tissue

Non-Infested tissue harvested at 24 h
Infested tissue harvested at 24 hpi
Non-Infested tissue harvested at 72 h
Infested tissue harvested at 72 hpi
Non-Infested tissue harvested at 24 h
Infested tissue harvested at 24 hpi
Non-Infested tissue harvested at 72 h
Infested tissue harvested at 72 hpi

https://doi.org/10.1371/journal.pone.0202541.t1002

Source Other information
ARC-VOPI Stay green, grow fast in vitro and in glasshouse, multiple disease and green mite resistance
ARC-VOPI No known resistance

identification references. The molecular evolutionary genetics analysis package (MEGA v.6.0)
was used for multiple sequence alignment and phylogenetic analysis. Non-parametric maxi-
mum likelihood (ML) bootstrapping with heuristic searches of 10,000 replications was per-
formed to assess branch support in phylogenetic trees generated. Values of 95% or larger were
regarded as evidence that the groupings were of the same species, while values of 70% - 94%
were regarded as groupings of a related species.

Cassava collection, multiplication and hardening

Cassava genotypes AR23.1 and P40/1 were sourced from the Agricultural Research Council-
Vegetable and Ornamental Plant Institute (ARC-VOPI, South Africa) and multiplied through
tissue culture (Table 1) in Murashige and Skoog (MS) medium [39] in a growth room at 21°C
(16 h light and 8 h darkness) until the plants developed roots and leaves (7 weeks). In vitro
plantlets were later transferred to 20 cm diameter pots under glasshouse conditions at 27 +
2°C day and night temperature, grown in a medium mix of 60% topsoil, 20% sand and 20%
vermiculite. Plants were watered once daily, and supplemented with nutrients (Multifeed,
Makro, SA) for a period of seven weeks.

Mealybug infestation experiments and scoring

Plant leaves that were seven weeks old were infested with the third stage instar mealybugs.
Nine plants were divided into groups of 3, each representing a biological replicate. Plants were
prepared separately for both phenotypic evaluation and RNA-sequencing under the same con-
ditions. Two fully expanded leaves (second leaves from the bottom) were infested with 15
mealybugs by gently brushing the insects on the leaves using a fine paintbrush. Non-infested
controls were plants from which leaf tissues were harvested at zero-time point prior to infesta-
tion. Mealybugs were removed from the infested leaves using a paintbrush before harvesting
plant tissues for RNA-sequencing. Leaves infested with mealybugs or mock-infested (leaves
were wiped with sterile distilled water using a sterile paintbrush) were harvested at 24 and 72
hours (Table 2).

Leaf tissues were pooled from each plant per replicate (6 leaves per biological replicate),
snap frozen in liquid nitrogen and stored at -80 °C. The plants were further monitored weekly

Description Genotype RNA-seq dataset
Non-infested mock AR23.1 AR23-24-mock
Experimental tissue AR23.1 AR23-24-inf
Non-infested mock AR23.1 AR23-72-mock
Experimental tissue AR23.1 AR23-72-inf
Non-infested mock P40/1 P40-24-mock
Experimental tissue P40/1 P40-24-inf
Non-infested mock P40/1 P40-72-mock
Experimental tissue P40/1 P40-27-inf
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post infestation (7, 14, 21, 28 and 35 dpi) to assess and record the extent of damage and the
number of mealybugs per surviving plant. Phenotypic data variations between the replicates,
different time points and genotypes were detected using ANOVA [40].

Screening and scoring were done according to the method of the Collaborative Study of
Cassava in Africa [41] on the 7%, 14™, 21 28™, and 35" days post-infestation by comparing
mealybug-infested with mock-infested leaves. Symptom severity was evaluated per plant on a
scale of 0 (resistant, no observable symptoms) to 4 (a candlestick-like appearance, internode
length reduced, curved/complete defoliation of young portion of shoots, >200 mealybugs and
severe symptoms). Plants that had 200<mealybugs>100 with moderate symptoms were
scored as moderately susceptible (score 3) while those with 100<mealybugs>50 were scored
as moderately resistant/tolerant (score 2). Plants with less than 50 mealybugs, and slight symp-
toms were scored as partially resistant (score 1).

RNA isolation and quantification

Leaf tissues (100 mg) from infested and non-infested (mock) plants from each biological repli-
cate (6 leaves from 3 plants were pooled) and time point were ground in liquid nitrogen. RNA
was isolated using RNeasy Plant Mini kit (Qiagen, Valencia, CA) according to the manufactur-
er’s instructions. RNA was digested with DNase using the RNase-Free DNase kit (Qiagen,
Valencia, CA), subsequently eluted in 50 pl RNase-free water, and stored in -80 °C until ready
for use. RNA concentration was quantified using a Qubit® (Invitrogen/Life Technologies
Inc., Carlsbad, CA, US), and agarose gel electrophoresis to view RNA quality. After quantifying
concentrations using Qubit, all RNA samples were adjusted to the same concentration for
reverse-transcription reactions and sequencing.

Library preparation and RNA sequencing

Total RNA was purified by the removal of rRNA using magnetic kit (www.epicentre.com) to
produce enriched mRNA that was prepared for sequencing using a TruSeq Stranded mRNA
Sample Preparation Kit (Illumina, San Diego, CA, USA). First strand cDNA was synthesized
using reverse transcriptase and random hexamers followed by the second strand synthesis.
The cDNA fragments were 3’ adenylated followed by adapter ligation with RNA adapter
indexes. PCR amplification was performed to enrich purified cDNA template. The cDNA con-
centration of the library was determined using a Qubit® (Invitrogen) according to the manu-
facturer’s instructions, and the library was further validated on a 1% 1xTAE agarose gel.
Library dilutions were prepared and loaded on a cBOT system (Illumina, San Diego, CA) for
cluster generation and further sequenced using Illumina HiSeq 2500. Each biological replicate
(3 per time point) was sequenced separately for each genotype AR23.1 and P40/1 at 24 and 72
hpi as well as for mock. An RNA-seq workflow for the methods is shown in S1 Fig.

Bioinformatics analyses
Read mapping and gene expression quantification

The quality of sequencing data was assessed using the FastQC v0.10.1 tools [42]. Data of the
biological replicates of each genotype was calculated to determine the positive correlation
within the same time-point using MS Excel. Since the three biological replicates had no signifi-
cant variation between them, data from three biological replicates were pooled together per
time-point for each genotype before analysis of differentially expressed genes. Sequences were
trimmed for quality and adaptors removed using Trimmomatic v0.30 software [43]. The se-
quences used for further analysis had a Phred score with a confidence level above 20. Trimmed
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transcript sequences were mapped to the annotated cassava reference genome (Mesculen-
ta_305_v6.1) and quantified using Tophat/Cufflinks v2.0.11 pipeline [44, 45]. Differential gene
expression in response to mealybug infestation was analysed using the Cuffdift tool [45]. Gene
expression counts were normalized using fragments per kilobase of exon per million mapped
reads (FPKM). Differentially expressed genes (DEGs) were determined with a log2 fold
change > 2.0 cut-off and an absolute P-value of < 0.05. Differentially expressed genes were
assigned functions manually using the Mesculenta_305_v6.1 annotation file, according to
their gene ID, and compared to public databases from RNA-seq analysis post infestation with
herbivores [23, 29, 30, 46, 47].

Gene ontology (GO) analysis was conducted on the differentially expressed genes using
InterProScan (http://www.ebi.ac.uk/Tools/pfa/iprscan/) with default parameters. The GO
terms associated with each DEG were then obtained for describing biological processes, molec-
ular functions and cellular components. InterProScan output file was input into BGI WEGO
program and GO annotations were plotted (http://wego.genomics.org.cn) [48]. The raw data
was submitted to the NCBI Small Read Archive (accession number SRP058748).

Pathway analysis

Pathway analysis was performed using the Kyoto Encyclopedia of Genes and Genomes
(KEGG) annotation service [49, 50]. KEGG Ontology (KO) terms were assigned to DEGs
using the M. esculenta annotation file (www.phytozome.net). Genes that were assigned KO
terms were then mapped to KEGG pathway and significantly enriched terms further identified
in comparison with the castor bean (Ricinus communis) genome background.

RT-qPCR validation of DEGs

Nine (9) candidate defence-related genes (Table 3) were selected from the DEGs for validation
using quantitative PCR. Primer pairs were designed using CLC Bio Genomics Workbench
v6.5, with the amplicon length less than 200 bp and melting temperature between 50-60 °C.
GTP binding (GTPb) [51] was used as a reference gene for the normalization of the RT-qPCR
data.

Reverse transcription (RT) of RNA was achieved using iScript Advanced first strand cDNA
synthesis kit (Bio-Rad Laboratories Inc., Hercules, CA, USA) in a total reaction volume of
20 pl containing 1 ug of total RNA according to the manufacturer’s instructions.

Table 3. Primer sequences of selected DEGs used for real-time quantitative reverse transcription-polymerase chain reaction (RT-qPCR).

Genes Primer Forward (5°-3°) Reverse (5°-3°) Product size
names

1. Ubiquitin 10 UBQ10 tgcatctcgttctccgattg gcgaagatcagtcgttgttge | 166 bp
2. GTP binding GTPb gttgccttecttttgegtttet |gcaatttgatccgtttteccat |114bp
3. 2-Oxyglutarate (20G) and FE(II)-dependent oxygenase superfamily | 20G-FE(II) | ggagttgaggttgctgaaga ggaaggaggagaagaagaaga | 146 bp
protein

4. HSP20-like chaperones superfamily protein HSP20 aaaaacccacaagcccaa ctctcactttctcttcatette | 190 bp
5. Myb domain protein 4 MYB ggtgagggtggtttaagt ctctagatttgcgtttgatg 161 bp
6. Glycosyl hydrolases family 32 GH32 gattaggcgttgaagaag gaacaggagctgaagcta 145 bp
7. Cytochrome P450, family 94, subfamily B, polypeptide 3 CYP450 actcccacttatcctacac caacgaaaccacaaccaa 120 bp
8. Alpha/beta-hydrolases protein family Alpha/B cactctctcttctacttcttet | ttttceccttgtggecctt 179 bp
9. GDSL-like Lipase/Acylhydrolase family protein GDSL ggttttgtaatggagtgg tattttgggtgtgagagg 176 bp
10. Terpene synthase 21 Terp tcttcttcttctectttecte | tccccacttacaatcccc 141 bp
11. Gibberrelin 2-oxidase 6 Gibb tgcatgattcctgactagtc catggatcagtctagaatg 150bp

https://doi.org/10.1371/journal.pone.0202541.t003
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Complementary DNA (cDNA) concentrations were quantified using Qubit® fluorometer,
and equal concentrations (40ng) were prepared for RT-qPCR reactions. Quantitative RT-
qPCRs were performed in a Roche LightCycler® 96 System (Roche Applied Science, US)
using the KAPA SYBR FAST Universal gPCR kit (KAPA Biosystems, SA) according to the
manufacturer’s instructions. Each qPCR reaction was accomplished in triplicate with negative
controls. Fluorescence values were acquired at the end of the elongation phase. A melting
curve analysis was performed after the final PCR cycle to verify primer specificity. The effi-
ciency of each primer pair was checked for each reference gene using the linear regression
method. Transcript levels were estimated using the relative quantification method, as
described by Livak and Schmittgen [52] and Pfaffl [53] by calculating the ratio of relative
expression from the efficiency (E) and threshold cycle (C,) values of an unknown sample ver-
sus a control sample. The stability of the reference genes across all samples was determined
using BestKeeper statistical algorithm [54].

Results
Identification of mealybugs

Morphological examination and comparison using the species taxonomic key pointed to the
presence of one species of the Phenacoccus genus, Phenacoccus manihoti (Matile-Ferrero).
Important diagnostic features, such as the position of the pores, ducts and setae on the dorsum,
matched the distribution patterns as depicted in the Williams & de Willink [33] illustration,
confirming the morphological identity of mealybugs in South Africa.

Molecular analysis further confirmed the morphological identity of the sampled mealybug
species as P. manihoti. The amplification of 18S and 28S rRNA regions of the sampled mealy-
bug species resulted in the expected 700 bp products, which were subsequently confirmed
through Sanger sequencing. Both the 18S and 28S rRNA generated sequences of the nine indi-
vidual mealybug samples clustered with known Phenacoccus manihoti sequences (JQ651008.1,
JQ651255.1 and JQ651257.1) that had been retrieved from the Genbank with 100% (Fig 1) and
99% (Fig 2) similarity respectively. Madeira mealybug (Phenacoccus madeirensis) was con-
firmed to be the closest relative to P. manihoti in both 18S and 28S rRNA analysis (Figs 1
and 2). Consensus sequences were submitted to the NCBI GenBank accession numbers
KY271370-KY271372 and MG906880- MG906885 (18S sequences); and KY271373-KY271375
and MG910449- MG910454 (28S sequences).

Cassava phenotypic responses to mealybug infestation

From the phenotypic evaluation, AR23.1 was regarded as partially resistant and P40/1 as sus-
ceptible (Table 4). Leaves of infested AR23.1 genotype were asymptomatic up to 14 days post
infestation (dpi) (Fig 3A and 3B) but subsequently showed mild morphological changes
around 21 (Fig 3C) and 28 dpi (Fig 3D). In contrast, P40/1 showed distinct symptoms with
extensive wilting and chlorosis by 21 dpi (Fig 3G). While the AR23.1 plants continued to
regenerate new leaves despite active colonization by the insects, P40/1 plants did not regener-
ate any new leaves and subsequently wilted and died (Fig 3H).

Gene expression of cassava genotypes in response to mealybug infestation

A detailed account of all sequencing reads generated per biological replicate is provided in S1
Table. High quality reads were generated, resulting in the retention of at least 85% of the
sequences after trimming (S1 Table). There was also good correlation between reads from the
different biological replicates of each genotype, with correlation values ranging from R* =
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22 AY426064.1 Chaetococcus bambusae
43 EU188581.1 Paraferrisia podocarpi
18 EU188587.1 Pseudoripersia turgipes
JQ650959.1 Planococcus ficus
97 JF965404.1 Planococcus minor
AY426038.1 Pseudococcus longispinus

JF965402.1 Pseudococcus baliteus
JQ651124.1 Pseudococcus viburni

AY426039.1 Pseudococcus calceolariae
AY426059.1 Trionymus frontalis
51 EU188575.1 Lenania africana
AY426036.1 Dysmicoccus neobrevipes

JF965408.1 Oracella acuta
79 ———— AY426079.1 Ferrisia virgata

AY426062.1 Paradoxococcus mcdanieli

LAYESSWJ Pseudococcus callitris

AY426043.1 Pseudococcus maritimus

AY426058.1 Phenacoccus solani
65 JF965407.1 Phenacoccus solenopsis
991AB439210.1 Phenacoccus sp.

ﬁi AY426025.1 Phenacoccus madeirensis
JQ651003.1 Paraco

52

77

AY426074.1 Rhizoecus gracilis

0.005

Fig 1. Classification of the South African mealybug species collected from cassava using 18S rRNA. Phylogenetic
tree of Phenacoccus species derived from the maximum likelihood analysis of 18S rRNA sequences. Mealybug samples
collected in the current study (colour-shaded) clustered with Phenacoccus manihoti 185 RNA sequence (Genbank
accession number JQ651008.1) confirming their identity. Bootstrap values were calculated from 10 000 replicates.

https://doi.org/10.1371/journal.pone.0202541.9001

0.991-0.999 (S2 Fig) for AR23.1 to R?=0.998-0.999 (S3 Fig) for P40/1. Given the significant
correlation across replicates, the reads were pooled from the three biological replicates at each
time point for each sample before mapping reads to the reference genome. Table 5 shows a
summary of pooled reads per time point for each genotype before and after trimming. On
average, 84% of the trimmed reads could be mapped to the cassava reference genome (Mescu-
lenta_305_v6.1) (Table 5) using Tophat/Cufflinks [44, 45].

A total of 301 and 206 transcripts from AR23.1 and P40/1 respectively were differentially
expressed (log2 fold change and P < 0.05) at various time points following mealybug infesta-
tion (Table 6). In both genotypes, mealybug infestation resulted in a higher number of down-
regulated than up-regulated genes between mealybug-infested and mock tissues (Table 6),
except in P40/1 between infested leaves at 24 and 72 hours of mealybug infestation, where up-
regulated genes were more than the down-regulated genes (Table 6). Venn diagrams revealed
that most of the DEGs observed were uniquely expressed at specific time points and that there
were less common DEGs between different time points in both genotypes (Fig 4). Of all the
DEGs identified, only 4 and 1 were common at 24 and 72 hours for genotype AR23.1 and P40/
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Fig 2. Classification of the South African mealybug species collected from cassava using 28S rRNA. Phylogenetic
tree of Phenacoccus species derived from the maximum likelihood analysis of 28S rRNA sequences. Mealybug species
highlighted here also clustered with Phenacoccus manihoti when 28S RNA sequences (Genbank accession number
JQ651255.1 and JQ651257.1) were used to draw the phylogenetic tree. Bootstrap values were calculated from 10 000

replicates.

https://doi.org/10.1371/journal.pone.0202541.9002

Table 4. Scoring of AR23.1 and P40/1 cassava genotypes for phenotypic responses to cassava mealybug (CMB) infestation at 7, 14, 21, 28 and 35 dpi.

AR23.1 P40/1
Days post infestation | CMB counts Symptoms CMB counts Symptoms
(dpi)
7 dpi < 50 CMB No visible symptoms > 50 CMB Slight insect nodules on leaves
14 dpi < 50 CMB Plant green with slight insect nodules + 100 CMB Moderate insect nodules
21 dpi +50 CMB Moderate insect nodules and slight change of leaf | > 150 CMB Change in leaf colour
colour
28 dpi > 50 CMB Dying of old damaged leaves > 200 CMB | Curled leaves, severe reduction of leaf tissue, Plant
dying
35 dpi <50 CMB Slight loss of leaf tissue > 200 CMB Death of a plant
Score 1 -Partially resistant 4—Susceptible

https:/doi.org/10.1371/journal.pone.0202541.t004
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Fig 3. Mealybug-induced symptoms on the plants. Cassava genotypes AR23.1 (a-d) and P40/1 (e-h) plants infested
with mealybugs (P. manihoti) in a glasshouse at ARC-VOPI, South Africa (R753 25° 59" S 28° 35" E). A clear
difference on the effect of mealybug across the two genotypes is observed from 21 days post infestation (dpi). The only
observable symptom on AR23.1 leaves at 28 dpi is yellowing on the tips (Fig 3D) while P40/1 leaves soften and show
signs of yellowing and curling at the edges at the same time point (Fig 3H).

https://doi.org/10.1371/journal.pone.0202541.9003
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1, respectively (Fig 4). There was a steady increase in the number of DEGs with increase in
time post infestation (Fig 5) suggesting an increase in mealybug defence response with prog-
ress in infestation.

Transcriptional changes in AR23.1 in response to mealybug infestation

Out of the 301 differentially expressed genes (DEGs) identified (Table 6) in AR23.1, 242 were
unique (S2 Table). We assigned GO terms for 132 out of the 242 unique DEGs (55%) for
describing biological processes, cellular components and molecular functions (Fig 6). Under
the GO functional categorization, DE genes were highly represented in the cellular process,
metabolic process, response to stimulus and response to stress in the biological process

Table 5. Summary of raw and trimmed reads generated by Illumina HiSeq 2500. Reads are presented per time point after pooling across the three biological replicates
of AR23.1 (resistant) and P40/1 (susceptible); and subsequently mapping to the cassava reference genome (Mesculenta_305_v6.1).

RNA-seq dataset No. of raw reads Trimmed reads % Trimmed reads Mapped reads Mapped reads/million sequence reads
AR23-24-mock 81, 490,264 78,829,123 96.7 70,228,998 890,901
AR23-24-inf 85,904,324 82,499,207 96.0 68,587,064 831,366
AR23-72-mock 120,666,228 112,979,340 93.6 85,831,373 759,708
AR23-72-inf 116,142,504 104,578,982 90.0 90,357,903 864,015
P40-24-mock 88,204,836 85,273,331 96.6 76,921,462 902,057
P40-24-inf 84,905,130 79,802,477 94.0 66,220,010 829,798
P40-72-mock 98,680,132 91,365,796 93,3 74,305,354 813,273
P40-27-inf 95,190,544 90,807,902 95,4 77,618,821 854,758

https://doi.org/10.1371/journal.pone.0202541.t005
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Table 6. An overview of the number of up-regulated and down-regulated differentially expressed genes identified between non-infested mock and mealybug
infested leaves at 24 and 72 hours. In P40/1 the number of down-regulated DEGs between the infested tissues at 24 hpi versus 72 hpi was lower compared to the number

of up-regulated DEGs.

Dataset 1 Dataset 2 Time-points Up-regulated Down-regulated Total
AR23-24-mock AR23-24-inf 24 h versus 24 hpi 38 (41%) 54 (59%) 92
AR23-72-mock AR23-72-inf 72 h versus 72 hpi 42 (42%) 57 (58%) 99
AR23-24-inf AR23-72-inf 24 hpi versus 72 hpi 33 (30%) 77 (70%) 110
Total 113 (38%) 188 (62%) 301
P40-24-mock P40-24-inf 24 h versus 24 hpi 31 (46%) 36 (54%) 67
P40-72-mock P40-72-inf 72 h versus 72 hpi 27 (39%) 43 (61%) 70
P40-24-inf P40-72-inf 24 hpi versus 72 hpi 38 (55%) 31 (45%) 69
Total 96 (47%) 110 (53%) 206

https:/doi.org/10.1371/journal.pone.0202541.t006

category. Binding and catalytic functions were over-represented within the molecular function
category while the most abundant DE genes under cellular component category were the cell

and cell part (Fig 6).

We observed abundance of pathogenesis-related (PR) proteins among the differentially
expressed proteins in AR23.1, most of which were classified as resistance (R) receptor like
detection and signalling proteins (S2 Table). We also detected two Leucine-rich repeat recep-
tor-like protein kinase (LRR-PK) family proteins (Manes.03G048300, Manes.01G142200) that
were up-regulated within 24 hours of mealybug infestation, and a third one (Man-
es.01G129500) that was up-regulated at 72 hours of mealybug infestation (S2 Table). Most of
the PR proteins appeared to be induced within 24 hours of mealybug infestation including an
HSP20-like chaperone superfamily protein (Manes.02G124600), and MYB domain proteins 4
(Manes.01G147500) and 55 (Manes.01G235800). There was evidence of reduced expression
by 72 hours of mealybug infestation demonstrating a decreased expression of these proteins
after the first 24 hours of infestation with mealybugs.

AR23-24-mock

versus
AR23-24-inf

AR23-24-inf
versus
AR23-72-inf

AR23-72-mock

versus
AR23-72-inf

P40-24-mock
versus
P40-24-inf

P40-24-inf
versus
P40-72-inf

P40-72-mock

versus
P40-72-inf

Fig 4. Venn diagrams of differentially expressed genes (DEGs). A comparison of DEGs that were common across
different time points (24 and 72 hours compared to non-infested mock) in AR23.1 and P40/1 post-infestation with P.
manihoti. The Venn diagrams represent an average across all three biological replicates at respective time points. Only

transcripts with a minimum of log2 fold change and P < 0.05 were included in the data.

https://doi.org/10.1371/journal.pone.0202541.9004

PLOS ONE | https://doi.org/10.1371/journal.pone.0202541

August 22,2018

11/26


https://doi.org/10.1371/journal.pone.0202541.t006
https://doi.org/10.1371/journal.pone.0202541.g004
https://doi.org/10.1371/journal.pone.0202541

o ®
@ ) PLOS | ONE Cassava response to mealybug feeding

120

100

80 -

60 - )
% AR23.1

No of DEGs

40 - # P40/1

24 h vs. 24 hpi 72 hvs. 72 hpi 24 vs 72 hpi
Time points

Fig 5. Number of DEGs post-infestation with mealybug. Compared to non-infested mock plants, the number of
DEGs increased after mealybug infestation from 24 to 72 hours for AR23.1 and P40/1.

https://doi.org/10.1371/journal.pone.0202541.9005

However, we also observed both up- and down-regulation of some of the pathogenesis-
related proteins at 24 hours of mealybug infestation including WRKY DNA-binding protein
56 (Manes.01G252200) and WRKY family transcription factor (Manes.01G273700). Other
known insect-defence related proteins, such as Cytochrome P450 family 339 genes (Man-
€s.01G200000, Manes.15G189500, Manes.15G154400, Manes.01G178000, Manes.01G264600,
Manes.10G146700, Manes.03G138800, Manes.08G047000, Manes.02G071200) as well as
kunitz trypsin inhibitors (Manes.01G126300), were either up- or down-regulated at both 24
and 72 hours of mealybug infestation (S1 and S2 Tables).

Metabolic pathway analysis, using the KEGG database, revealed that 73 out of 244 unique
DEGs (30%) identified from AR23.1 mapped to 14 KEGG pathways (Fig 7A). There were

AR23 and P40 GO functional categories 242

/ J L/

Percent of genes
Number of genes

Cellular Component Molecular Function Biological Process

Fig 6. Analysis of enriched GO terms. Functional categorization of all unique differentially expressed genes based on
biological processes, cellular components and molecular functions for AR23.1 and P40/1 genotypes. Significant
differences observed between the DEGs of the two genotypes are highlighted using the pointing arrows.

https://doi.org/10.1371/journal.pone.0202541.g006
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Fig 7. KEGG classification. The KEGG pathway distribution of DEGs in AR23.1 (A) and P40/1 (B) in response to
cassava mealybug infection using castor bean (Ricinus communis) as the reference. The graph represents the 14 most
enriched pathways, and the number of genes per pathway. Significant differences observed between the two genotypes

are pointed with arrows.

https://doi.org/10.1371/journal.pone.0202541.9007

more down-regulated than up-regulated genes in almost all of the KEGG pathways mapped

(Fig 7A), although a high percentage of genes could not be mapped due to a lack of KO terms.

Transcriptional changes in P40/1 in response to mealybug infestation

Out of the 206 DEGs identified (Table 6) in P40/1, 154 were unique (S3 Table). We assigned
GO terms for 86 out of the 154 unique DEGs (56%) for describing biological processes, cellular
components and molecular functions (Fig 6). GO functional categorization was over-repre-
sented in the cellular and metabolic process, and response to stress in the biological process
category, binding and catalytic in the molecular function category, and cell and cell part in the
cellular component category (Fig 6). However, genes under regulation of molecular function,
electron carrier and organelle part categories were specifically enriched in the P40/1 genotype

in comparison with AR23.1.

Similar to the genotype AR23.1, we observed up-regulation of the Leucine-rich repeat
receptor-like protein kinase family protein (Manes.02G150200) and leucine-rich repeat
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transmembrane protein kinase family protein (Manes.03G048300) within 24 hours of mealy-
bug infestation. Other pathogenesis related (PR) proteins such as IAA-leucine resistant (ILR)-
like 2 (Manes.01G196200) genes were only up-regulated at 72 hours of mealybug infestation.
The same disease resistance gene (Manes.02G205700) belonging to the TIR-NBS-LRR class of
R genes, that was found to be down-regulated at 72 hours of mealybug infestation in a resistant
genotype AR23.1 (S2 Table), was also down-regulated in susceptible genotype P40/1 (S3
Table) at the same time point. Moreover, two other disease resistance family proteins (TIR
NBS LRR; Manes.11G156500, Manes.14G165100) were also down-regulated in mealybug-
infested tissues harvested at 24 hours compared with mealybug infested tissues harvested at 72
hours. Since the TIR NBS LRR R-genes are involved in the division of signalling pathways
leading to disease resistance, their down-regulation suggest that P. manihoti feeding may have
suppressed the activation of their immune response in cassava.

Most of the pathogenesis-related proteins in P40/1 were down-regulated except two
HSP20-like chaperones superfamily proteins (Manes.02G124800, Manes.02G124700), which
were highly up-regulated in mealybug infested tissues harvested at 24 hpi compared with
mealybug infested tissues at 72 hpi (S3 Table). These two HSP20-like chaperones superfamily
proteins were different from those that were up-regulated in AR23.1 above. We also observed
up-regulation of a WRKY DNA-binding protein 27 (Manes.02G017100) when mealybug
infested tissues harvested at 24 hpi were compared with infested tissues at 72 hpi. This observa-
tion suggested a later (after 24 hours) induction of the two HSP20-like chaperones superfamily
proteins (Manes.02G124800, Manes.02G124700) and WRKY DNA-binding protein 27
(Manes.02G017100).

We further observed the up-regulation of UDP-glucosyl transferase 74B1 (Man-
es.01G196500) when tissues harvested at 24 hours were compared with those harvested at 72
hours of mealybug infestation, suggesting a later induction of the gene during insect attack.
The same gene was found to be up-regulated when mealybug infested tissues harvested at 24
hpi were compared with non-infested mock tissues at the same time further confirming a the-
ory of late induction of the gene. UDP- glucosyl transferases have been reported to be respon-
sible for the last step in the biosynthesis of linamarin and lotaustralin, which are the major
cyanogenic glucosides in cassava [55].

KO terms could be assigned to 52 out of the 206 (25.2%) DEGs identified, and were subse-
quently mapped to 12 KEGG pathways (Fig 7B). DE genes that were mapped to the plant-path-
ogen interactions pathway were down-regulated (Fig 7B) while those that were mapped to the
plant hormone signal transduction pathways were both up- (MAP kinase substrate 1, Auxin
efflux carrier 17 family protein, Jamonate-zim-domain protein 8, Highly ABA-393 induced
PP2C gene 3) and down-regulated [(pathogenesis-related thaumatin superfamily protein,
Pathogenesis-related 4) (Fig 7B)]. It is important to note that due to lack of representative KO
terms, not all genes were mapped and therefore the output from KEGG analysis would not be
representative of all the DEGs.

Comparison of expression patterns between AR23.1 and P40/1

Gene expression was further compared between AR23.1 and P40/1 to determine whether
there were any genotype-specific expression patterns. Within the GO functional classification,
genes under secondary metabolic process category were significantly enriched in AR23.1 in
comparison with P40/1 (Fig 6). On the other hand, genes under regulation of molecular func-
tion, cellular component biogenesis and enzyme regulator categories were more significantly
enriched in P40/1 than in AR23.1 (Fig 6). Under the metabolic pathway analysis using the
KEGG database, genes under ABC transporters and MAPK signalling pathways, both of which
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Table 7. Differentially expressed genes in AR23.1 and P40/1 that were mapped to plant-pathogen interactions and plant hormone signal transduction KEGG

pathways.

AR23.1—Plant pathogen interaction

Up-regulated

Down-
regulated

Gene ID

Manes.01G147500
Manes.02G075400
Manes.01G235800
Manes.02G051000
Manes.01G142200

Manes.02G124600
Manes.01G252200
Manes.01G235800
Manes.02G125200
Manes.01G119000
Manes.02G124700
Manes.01G189000
Manes.01G273700
Manes.01G203500

P40/1—Plant pathogen interaction

Gene annotation Gene ID Gene annotation

Myb domain protein 4

Calmodulin like 23 N/A

Myb domain protein 55

Cyclic nucleotide-regulated ion channel family protein

Leucine-rich repeat receptor-like protein kinase family Manes.01G241000 | 3-ketoacyl-CoA synthase 1

protein

HSP20-like chaperones superfamily protein Manes.01G119000 | HSP20-like chaperones superfamily protein
WRKY DNA-binding protein 56 Manes.01G042200 | Heat shock protein 21

Myb domain protein 55 Manes.01G116700 | Calmodulin like 23

HSP20-like chaperones superfamily protein Manes.02G017100 | WRKY DNA-binding protein 27
HSP20-like chaperones superfamily protein Manes.02G124700 | HSP20-like chaperones superfamily protein
HSP20-like chaperones superfamily protein Manes.01G203500 | Calmodulin-like 11

WRKY DNA-binding protein 72
WRKY family transcription factor
Calmodulin-like 11

AR23.1—Plant hormone signal transduction

Up-regulated

Down-
regulated

Gene ID

Manes.02G099700
Manes.01G085400
Manes.02G115200
Manes.01G050400
Manes.02G105300

P40/1—Plant hormone signal transduction

Gene annotation Gene ID Gene annotation
MAP kinase substrate 1 Manes.02G176600 | MAP kinase substrate 1
ethylene responsive element binding factor 1 Manes.02G115200 | Auxin efflux carrier family protein
Auxin efflux carrier family protein
Pathogenesis-related thaumatin superfamily protein
Pathogenesis-related thaumatin superfamily protein Manes.02G105400 | Pathogenesis-related thaumatin superfamily
protein
Manes.02G105300 | Pathogenesis-related thaumatin superfamily

https://doi.org/10.1371/journal.pone.0202541.t007

protein

have been reported to be involved in plant defence, were only present in AR23.1 and not in

P40/1 (Fig 7). There were both down- and up-regulated genes that were mapped to the plant-
pathogen interactions and plant hormone signal transduction pathway (Table 7) in genotype
AR23.1, while in P40/1, there were no up-regulated genes classified under plant-pathogen
interactions pathway (Table 7). It must be noted that the genes shown in Table 7 are an under-
representation of all plant-pathogen interactions and plant-hormone signal transduction
genes that were found to be differentially expressed in both AR23.1 and P40/1 due to lack of
representative KO terms.

Four genes [Gibberellin 2-oxidase 6 (Manes.01G231100), HSP20-like chaperones super-
family protein (Manes.02G124600), alpha/beta-Hydrolases superfamily protein (Man-
€s.01G274500), and GDSL-like Lipase/Acylhydrolase superfamily protein (Manes.02G189200),]
that were up-regulated in AR23.1 were down-regulated in P40/1 at 24 hours of mealybug infes-
tation. A “pectin lyase-like superfamily” protein (Manes.02G092000) that was up-regulated
(+1.73) in P40/1 at 72 hours of mealybug infestation was down-regulated in AR23.1 (-1.51)
although a different “pectin lyase-like superfamily” protein (Manes.01G231200) was up-regu-
lated in AR23.1 at the same time period (S2 and S3 Tables). We also observed the up-regulation
of a “Calmodulin like 23” (Manes.02G075400) in AR23.1 and a down-regulation of the same
family protein [“Calmodulin like 23” (Manes.01G116700)] in P40/1 (Table 6). The UDP-gluco-
syl transferase (Manes.02G054300) was also down-regulated in AR23.1, whereas in P40/1,
UDP-glucosyl transferase 74B1” (Manes.01G196500) was up-regulated.
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Fig 8. Comparative expression levels by RNA-seq and real-time RT-qPCR of nine cassava up-regulated genes in
genotype AR23.1 in response to mealybug infestation at 24 and 72 hours calculated with reference to GTPb. Error
bars on each qPCR column indicate the standard error (SE) from three biological replicates.

https://doi.org/10.1371/journal.pone.0202541.9008

Validation of expressed transcripts by RT-qPCR

The expression of nine candidate mealybug induced defence-related genes (Table 3) was vali-
dated using qQRT-PCR, with GTPD as reference gene. BestKeeper proved that GTPb was the
most stable reference gene for this analysis (54 and S5 Figs). The nine DEGs were selected based
on their likely defence role in response to herbivore infestation as reported in other plant sys-
tems [8, 31, 47, 56]. The analysis of the data provided the log2 ratios between time points in rela-
tion to reference gene GTPD (Fig 8). Consistent with RNA-seq data, 20G-FE(II) gene was
among the most highly expressed at 24 hours and 72 hours of mealybug infestation, followed by
CYP450, GH32 and Alpha/B family genes with reference to GTPB (Fig 8). Although the two
procedures (RNA-seq and gPCR) are very different, they could independently confirm the gen-
eral trend of expression of the selected genes upon mealybug infestation (Fig 8).

Discussion

Previous cassava mealybug studies in South Africa have relied on morphological identification
methods, which are often laborious and dependent on the female adult [15]. In this study, the
identification of cassava mealybug species was confirmed as P. manihoti using both morpho-
logical and molecular techniques in two South African provinces, KwaZulu-Natal and Mpu-
malanga. Important to note is that these two regions are the main cassava producing areas in
this country. Therefore, the current study serves as a baseline to conduct a more thorough
mealybug sampling strategy in KwaZulu-Natal and Mpumalanga, as well as in all cassava
growing regions in South Africa and the rest of the African continent.

The contrasting differences observed in the two cassava genotypes for resistance to mealy-
bug indicate the possibility of using genetics to develop more tolerant cassava varieties in the
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region. Tolerance/resistance in genotype AR23.1 was hallmarked by minimum colonization
by P. manihoti and a relatively long-term interaction (35 dpi) with mealybugs without showing
severe symptoms of infestation/feeding. A similar observation has been reported in soybean
(Glycine max) [57] with soybean aphids (Aphis glycine) at 28 days after infestation, as well as in
tomato (Solanum lycopersicum) plants infested with mealybug Phenacoccus solenopsis [58].
Although there have been many reports suggesting the production of toxins such as linamarin
and lotaustralin as a likely mechanism of defence to insects in cassava [55], our study did not
observe any evidence for such a mechanism. We rather observed down-regulation (-1.36 log2
fold) of UDP-glucosyl transferase (Manes.02G054300) in the resistant genotype AR23.1. This
further suggests that resistance-related genes and not the production of toxins such as lina-
marin and lotaustralin largely conferred the defence observed in AR23.1. UDP- glucosyl trans-
ferases have been reported to be responsible for the last step in the biosynthesis of linamarin
and lotaustralin, which are the major cyanogenic glucosides in cassava [55]. In the same geno-
type, we observed massive up-regulation of pathogenesis-related (PR) proteins within 24
hours of mealybug infestation in comparison with the susceptible genotype. This suggests the
involvement of PR proteins including major R genes such as the two Leucine-rich repeat
receptor-like protein kinase (LRR-PK) that were up-regulated within the first 24 hours of
mealybug infestation. These two R genes were not up-regulated in the susceptible genotype
P40/1. These results are consistent with those of similar studies done in Arabidopsis thaliana
[30], soybean (Glycine max) [59], Medicago truncatula [60], Brassica oleracea [61] and grape-
vines (Vitis vinifera) [31].

Even though more detailed studies will be required to establish the true mechanism of toler-
ance/resistance observed in AR23.1, we were able to detect the induction of specific leucine-
rich repeat (LRR) TIR-NBS-LRR and LRR receptor-like protein kinase (PK) resistance family
proteins [62] in this study. TIR-NBS-LRR are involved in the division of signalling pathways
leading to disease resistance [63, 64], while LRR-PK resistance family proteins are involved in
regulation of developmental and defence-related processes [65]. These R proteins were up-reg-
ulated in AR23.1 and were either absent or down-regulated in P40/1 (S2 and S3 Tables), sug-
gesting that the R proteins may be involved in recognizing the presence of the insect. Other
defence-associated genes such as MYB domain transcription factors, HSP20-like chaperone
superfamily proteins and calmodulin like proteins were also differentially expressed in AR23.1
and not in P40/1. Many of these induced defence-related proteins have also been observed in
several other plant-insect and plant-pathogen interaction studies [8, 27, 29, 31, 47, 66, 67]. We
did not observe consistencies in the expression pattern of some of the stress-related proteins
such as Cytochrome P450 family protein. Cytochrome P450s are involved in the metabolism
of plant allelochemicals [68] which are induced as a result of abiotic and biotic stresses [28, 29,
47, 68, 69].

Although transcriptional changes have been observed as early as 1 hpi in other studies with dif-
ferent pests including diamondback moth (Plutella xylostella) in bittercress (Barbarea vulgaris)
[47,70] and as late as 96 hpi in cotton [31] and 120 hpi in tomato [58], we relied on previous suc-
cessful transcriptomic studies [8, 31, 56, 58], majority of which settled on sampling at 24 and 72
hpi. A higher number (50 and 42 for AR23.1 and P40/1, respectively) of down-regulated genes at
24 hours of mealybug infestation compared with up-regulated DEGs (42 and 25 in AR23.1 and
P40/1, respectively) in both genotypes was observed (Table 4), demonstrating initial suppression
of certain classes of genes in response to mealybug feeding. Other studies have reported similar
results in Arabidopsis thaliana [8], tomato [56] and Barbarea vulgaris [47], where initial suppres-
sion of genes in response to pathogen attack was observed. The suppression of genes may be a
pest survival mechanism and has been reported in the interaction between sap-sucking insects
(Bemisia tabacci and Aphis gossypii) with cotton (Gossypium hirsutum) [71].
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In the present study, important evidence was also provided through the GO analysis of spe-
cific processes involved in transcriptome changes in cassava leaves in response to P. manihoti
feeding. Gene ontology (GO) annotation of DEGs expressed in response to mealybug feeding
revealed differential responses to stress, regulation of biological processes, cell and binding cat-
egories between the resistant and susceptible genotypes (Fig 6). The enrichment of the same
GO categories in response to biotic and abiotic stress is consistent with other studies [28, 47].

Insect feeding has been shown to result in both constitutive and induced defence mecha-
nisms, which lead to activation of signal cascades and release of volatiles for protection [72].
The genotype AR23.1 showed a high level of enrichment for molecular and signal transducers
under GO term classification (Fig 6). The role of signal transducers such as jasmonates in
defence against insects has been extensively reported [8, 23, 29, 73]. The enrichment of signal
transducers in AR23.1 and absence of the same class in P40/1 (Table 6; S2 and S3 Tables)
strongly suggests a direct role in defence mechanisms in AR23.1 against cassava mealybug.
The specific up-regulation of signal transducers in AR23.1 (Table 6; S2 and S3 Tables) and
absence of the same in P40/1 further supports this hypothesis.

In this study, gibberellin 2-oxidase 6 (Manes.01G231100), HSP20-like chaperones super-
family protein (Manes.02G124600), alpha/beta-Hydrolases superfamily protein (Man-
es.01G274500) and GDSL-like Lipase/acylhydrolase superfamily protein (Manes.02G189200)
were up-regulated in AR23.1 but down-regulated in P40/1 at 24 hours of mealybug infestation
(S2 and S3 Tables), implicating these genes in a biotic stress [60, 67, 74-79] response to P.
manihoti infestation. Gibberellin 2-oxidase family proteins are involved in plant development
by catalysing the 2-beta-hydroxylation of biologically active gibberellins [80, 81], while
HSP20-like chaperones superfamily protein act as molecular chaperones by assisting in the
refolding of partially denatured proteins [82]. Alpha/beta-hydrolase superfamily protein func-
tion as hydrolases, hormone precursors or transporters and chaperones of other proteins [83],
while the GDSL-like lipase/acylhydrolase superfamily proteins play a role in biotic stress
response by breaking down fatty acids, lipids and isoprenoids in plants [84]. These genes have
also been associated with both abiotic and biotic stress responses in various crops including
Arabidopsis [66, 85], cotton [76], soybean [74], rice [77, 78, 84] chickpea [86] and cassava [67].

Our results also show a high level of induction of 2-oxogluterate (20G) and Fe (II)-depen-
dent oxygenase superfamily proteins and MYB domain transcription factor in AR23.1 and not
in P40/1. The 2-oxogluterate (20G) and Fe (II)-dependent oxygenase superfamily proteins
have been reported to be involved in plant defence [87] by catalysing the formation of plant
hormones while the MYB domain family proteins are involved in regulation of transcription
factors in plants [88, 89]. Previous studies have demonstrated up-regulation of these afore-
mentijoned family genes in response to herbivore infestation [31, 56, 66, 73], suggesting that
these are associated with insect feeding response. For instance, Coppola et al. [56] and Artico
etal. [29] reported up-regulation of genes such as MYB domain transcription factor and
2-oxogluterate (20G) and Fe (II)-dependent oxygenase superfamily protein post-infestation
by Macrosiphum euphorbiae in tomato and Anthonomus grandis in cotton, respectively. There
are also similar reports by Timm and Reinecke [31] in response to Phenacoccus ficus infesta-
tion in vines.

It was also interesting to note that some members of the same gene families were both
induced and supressed at the same time-points in the same genotype. For example, heat shock
proteins, gibberellin-regulated proteins and Cytochrome P450 family proteins were both up-
and down-regulated at 24 and 72 hours of mealybug infestation compared to non-infested
mock tissues in the partially resistant AR23.1 genotype (S2 Table). A similar trend was
observed in a study by Broekgaarden et al. [73], in which expressed proteins (unknown gene
proteins) were reported to be induced or repressed in cabbage Rivera and Christmas
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Drumbhead cultivars post infestation by cabbage aphid Brevicoryne brassicae. These results
point to diversity in the functions of the same gene family in response to herbivorous insects’
feeding.

Although we observed a significant number of DEGs, most of them were not assigned spe-
cific KEGG Orthology (KO) terms due to the incomplete annotation of the cassava genome,
making it difficult to use the KEGG database and establish detailed pathway analyses. Never-
theless, the DEGs that were assigned KO terms in the present study demonstrated an abun-
dance of genes playing a role in plant hormone signal transduction and plant-pathogen
interactions. The plant hormone signal transduction pathways rely on signal molecules such as
abscisic acid ABA, JA, ET, and SA which are elicited in response to insect interactions [8].
Mealybugs appeared to elicit a defence reaction based on the cross-communication of different
hormone-related signalling pathways. P. manihoti feeding suppressed more defence genes
compared with induced genes in both the susceptible P40/1 and partially resistant AR23.1 cas-
sava genotypes. Many genes involved in JA, SA, ET and GA (Table 6; S2 and S3 Tables) biosyn-
thesis were down-regulated post infestation by mealybugs at different time-points. The
suppression of JA-regulated genes and defence metabolites in tomato plants infested with Phe-
nacoccus solenopsis was also reported in a recent study by Zhang et al. [58], demonstrating the
intervention of JA pathway in defence response to Phenacoccus solenopsis feeding. Several
studies in the past have confirmed the induction of signal transduction pathways and primary
induced defence responses upon pest infestation in different plants including Arabidopsis [66],
tomato [56], soybean [59] and Medicago truncatula [90]. In addition to PAMP-triggered
immunity (PTI), effector-triggered immunity (ETI), represented by differentially expressed
transcripts “calcium binding” and “calmodulin proteins”, “heat shock” proteins and trans-
cription factors such as those of the MAPK and WRKY families among others (52 and S3
Tables) were observed in both AR23.1 and P40/1 genotypes. ET1 is also implicated, from
other transcriptome studies, in herbivore infestation and pathogen infection [29, 56, 66, 91-
94] as well as in other abiotic stress-related studies such as drought, cold stress and heat
treatments [28, 69]. Collectively, this and other studies suggest that the response to insect feed-
ing or damage in plants could be highly conserved across different plant hosts and different
insect species, and that commonalities in molecular responses with other abiotic stresses also
occurs.

The KEGG database revealed the enrichment of ABC transporters and MAPK signalling
pathways specifically in AR23.1 and not P40/1. ABC transporters play a role in organ growth,
plant nutrition, plant development and in response to abiotic and biotic stress [95], while
MAPKs play a role in signalling of a variety of abiotic and biotic stress [96], and elicitation of
transporters and signalling molecules in AR23.1 suggest an induced defence response to
mealybug feeding not observed in the susceptible genotype P40/1.

In conclusion, transcript profiling of AR23.1 and P40/1 interaction with P. manihoti in the
present study revealed that mealybug feeding induces transcriptome reprogramming associ-
ated with basal defence and abiotic stress hallmarks in cassava plants at a very early stage of
infestation. However, the link between these early hormone signalling responses and down-
stream biochemical responses, and tolerance/resistance to mealybug feeding, needs to be
established. In cassava, fewer transcriptome studies have been published in response to abiotic
and biotic stresses [27, 67, 97-103]. Reports demonstrating the involvement of secondary
metabolites in deterring insect feeding [104, 105] will require a metabolomics study to resolve
this mechanism. Our current results provide strong evidence for the induction of plant resis-
tance genes, hormonal signal transduction and basal immunity-related compounds, in
response to mealybug feeding. These results will also form a basis for more detailed future
studies on the specific role of some of the differentially expressed genes identified.
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