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Integrative transcriptomics reveals P

association of abscisic acid and lignin pathways
with cassava whitefly resistance
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Abstract

Background Whiteflies are a global threat to crop yields, including the African subsistence crop cassava (Manihot
esculenta). Outbreaks of superabundant whitefly populations throughout Eastern and Central Africa in recent years
have dramatically increased the pressures of whitefly feeding and virus transmission on cassava. Whitefly-transmitted
viral diseases threaten the food security of hundreds of millions of African farmers, highlighting the need for develop-
ing and deploying whitefly-resistant cassava. However, plant resistance to whiteflies remains largely poorly character-
ized at the genetic and molecular levels. Knowledge of cassava-defense programs also remains incomplete, limiting
characterization of whitefly-resistance mechanisms. To better understand the genetic basis of whitefly resistance

in cassava, we define the defense hormone- and Aleurotrachelus socialis (whitefly)-responsive transcriptome of white-
fly-susceptible (COL2246) and whitefly-resistant (ECU72) cassava using RNA-seq. For broader comparison, hormone-
responsive transcriptomes of Arabidopsis thaliana were also generated.

Results Whitefly infestation, salicylic acid (SA), jasmonic acid (JA), ethylene (ET), and abscisic acid (ABA) transcrip-
tome responses of ECU72 and COL2246 were defined and analyzed. Strikingly, SA responses were largely recipro-

cal between the two cassava genotypes and we suggest candidate regulators. While susceptibility was associated
with SA in COL2246, resistance to whitefly in ECU72 was associated with ABA, with SA-ABA antagonism observed. This
was evidenced by expression of genes within the SA and ABA pathways and hormone levels during A. socialis infesta-
tion. Gene-enrichment analyses of whitefly- and hormone-responsive genes suggest the importance of fast-acting
cell wall defenses (e.g,, elicitor recognition, lignin biosynthesis) during early infestation stages in whitefly-resistant
ECU72. A surge of ineffective immune and SA responses characterized the whitefly-susceptible COL2246's response
to late-stage nymphs. Lastly, in comparison with the model plant Arabidopsis, cassava’s hormone-responsive genes
showed striking divergence in expression.

Conclusions This study provides the first characterization of cassava’s global transcriptome responses to white-
fly infestation and defense hormone treatment. Our analyses of ECU72 and COL2246 uncovered possible whitefly
resistance/susceptibility mechanisms in cassava. Comparative analysis of cassava and Arabidopsis demonstrated
that defense programs in Arabidopsis may not always mirror those in crop species. More broadly, our hormone-
responsive transcriptomes will also provide a baseline for the cassava community to better understand global
responses to other yield-limiting pests/pathogens.
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Background

Cassava (Manihot esculenta) is a hardy tuber crop that
feeds 800 million people in over 100 countries world-
wide, including small shareholder farmers of sub-Saharan
Africa, who rely on the crop for subsistence [1]. However,
since the 1990’s, superabundant whitefly (Bemisia tabaci)
populations have devastated cassava yields in Africa [2,
3]. As phloem-feeders, whiteflies deplete photosynthates,
deposit mold growth-promoting honeydew and transmit
viral diseases, together slowing cassava growth and root
production [4, 5]. In South America, the whitefly Aleuro-
trachelus socialis also significantly reduces cassava yields
(60-80%) [6, 7]. A potent whitefly resistance was discov-
ered in the Ecuadorian genotype ECU72, manifesting as
nymph mortality, which prevents adult emergence and
blocks population expansion [8, 9]. ECU72’s resistance
also extends to four other whitefly species, providing
a promising control strategy [10-12]. A better under-
standing of the genetic basis of this resistance will inform
breeding efforts to select for identified resistance traits in
African cassava.

At the genetic/molecular level, plant defense against
biotic stressors begins with recognition of the attacker
[13]. Generic molecular signatures derived from patho-
gens (pathogen-associated molecular patterns, PAMPs),
insect herbivores (herbivore-associated molecular pat-
terns, HAMPs), or from ‘debris’ from damaged host cells
(damage-associated molecular patterns, DAMPs) are
recognized by extracellular receptors to elicit a defense
response via defense signals [14, 15]. Such signals are
numerous and include the two major defense hormones
SA (salicylic acid) and JA (jasmonic acid), as well as
emerging defense signals ethylene (ET), abscisic acid
(ABA) and reactive oxygen species (ROS) among others.
Multiple signals are often necessary for basal immunity
and resistance [16].

While whiteflies affect the yields of numerous crops
[17], strong, fast-acting resistance specific to whiteflies
has only been identified in cassava and alfalfa result-
ing in reduced egg deposition or mortality of early-stage
nymphs [8, 18, 19]. Broad spectrum to moderate resist-
ance to whiteflies has also been found in Solanaceous
crops and their wild relatives among others [20-22].
Previous studies have provided some insight into the
plant-defense signals elicited during responses to white-
fly infestation. In whitefly-resistant lines of tomato,
cotton, and cabbage, SA, JA/ET and ABA responses,
respectively, are primarily elicited by whiteflies [23-25].

In whitefly-susceptible plant species, SA levels increase
and SA or JA/ET signaling can increase [26—28]. In addi-
tion, basal resistance to whiteflies can also be promoted
by JA or ABA [29-31]. To date, the molecular mecha-
nisms underlying resistance remain largely uncharacter-
ized. Our previous work showed that during infestation,
whitefly-susceptible cassava genotypes elicit Pathogene-
sis-related (PR) genes involved in cell wall processes [32].
A complementary metabolomics study, which assessed
cell wall phenolics in cassava genotypes ECU72 and
COL2246 suggested constitutive whitefly-resistance in
ECU?72 to involve cell wall reinforcement [33].

To obtain a more global understanding of resistant
and susceptible responses of cassava to whiteflies at the
transcript level, we define the transcriptomes of whitefly-
resistant ECU72 and whitefly-susceptible COL2246 in
response to A. socialis infestation, SA, JA, ET, and ABA.
Hormone-responsive transcriptomes in cassava were
analyzed at the genome-scale and as subsets of defense-
hormone-pathway genes. These data sets were compared
to Arabidopsis and also integrated with whitefly-respon-
sive transcriptomes to reveal the genotype-depend-
ent biological processes occurring during infestation.
Together, our integrative transcriptomics approach,
supported by metabolomics analyses, identified an asso-
ciation of higher ABA levels and induction of ABA- and
lignin-pathway and cell-wall-related genes with whitefly-
resistance in ECU72. Additionally, higher SA levels and
induction of SA-pathway genes were associated with
whitefly-susceptibility in COL2246.

Results

A fast transcript-level response to SA revealed

in whitefly-resistant cassava

To define the defense hormone-responsive transcrip-
tomes of cassava, we profiled the response of cassava
genotypes ECU72 (whitefly-resistant) and COL2246
(whitefly-susceptible) to SA, JA, ET, and ABA at seven
times post treatment (hpt) (Fig. 1). Differentially
expressed genes (DEGs) were identified by tempo-
ral comparisons within a genotype (“temporal” DEGs,
tDEGs) (Fig. 1a). The number of tDEGs varied sub-
stantially by hormone (Fig. 1a; Additional file 1: Tables
S1-S8). While the responses to ET or ABA were similar,
ECU72 and COL2246 had distinct temporal responses to
SA and JA. Notably, as early as 0.5 to 1 h post SA or JA
treatment, 5- to 65-fold more tDEGs were induced and
repressed in ECU72 versus COL2246 (Fig. 1a; Additional
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file 2: Table S13). Comparison of ECU72 and COL2246
transcriptomes at each time point identified “genotype”
DEGs (gDEGs) (Fig. 1b; Additional file 1: Tables S9-512).
SA elicited 1.5-2.8-fold more gDEGs than any other hor-
mone treatment and had a bimodal temporal program of
gene expression with gDEGs peaking at 0.5 and 12 hpt
(Fig. 1b; Additional file 2: Table S14).

Principal component analyses (PCAs) performed with
reads detected in the SA, JA, ET, and ABA time courses
revealed that while all responses had a temporal compo-
nent, only SA and JA responses showed a clear distinc-
tion between genotypes (Fig. 1c; Additional file 3: Figure
S1). PCAs resolved the two temporal phases, here called
early and late. All COL2246 hormone responses followed
the same early (0-2 hpt) and late (4—12 hpt) phases
with a return to basal expression at 24 hpt. In contrast,
ECU72’s late phase of SA responses initiated earlier and
lasted longer (2-24 hpt). Furthermore, PCA and heat-
maps of temporal gene expression showed reciprocity
in ECU72’'s and COL2246’s responses to SA (Fig. 1c,d).
Additionally ECU72’s late phase clustered with the 0-h
time point indicating a significant difference in constitu-
tive expression of JA-responsive genes between the geno-
types (Fig. 1c).

Pearson correlation analyses using genes detected dur-
ing hormone treatments highlighted additional inter-
actions between the hormone pathways in ECU72 and
COL2246 (Additional file 4: Figure S2; Additional file 5:
Table S15). Most striking, negative correlation values
suggested antagonism between ECU72’s late SA and early
JA responses with ECU72’s responses to ET and ABA. In
contrast, most all other hormone responses were posi-
tively correlated between genotypes, suggesting gene co-
regulation (Additional file 4).

Reciprocal transcriptome responses to SA in cassava
genotypes

The temporal patterns of gDEG expression in ECU72
and COL2246 following SA, JA, ET, and ABA treatments
were visualized using heatmaps (Fig. 1d). Strikingly, most
SA- or JA-responsive gDEGs were reciprocally regu-
lated. In contrast, most ET- and ABA-responsive gDEGs

(See figure on next page.)
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had similar expression trends in ECU72 and COL2246
(Fig. 1d). To uncover the biological processes associ-
ated with hormone responses between the genotypes,
k-means clustering and functional enrichment analy-
ses of gDEGs were performed (Additional file 6: Fig-
ures S3-S6; Additional file 7: Tables S16-S19). In response
to all hormone treatments, the GO term categories
response to hormone, stimulus or biotic stimulus were
enriched, confirming the effectiveness of hormone treat-
ments in eliciting hormone responses (Additional file 6:
Figures S3-S6). Clustering also revealed that differential
response between the genotypes was attributed to recip-
rocal regulation for SA gDEGs, but was due to differ-
ing 0-h transcript levels for JA gDEGs (Additional file 6:
Figures S3-54).

Cassava and Arabidopsis hormone responses have
diverged

To place cassava’s hormone responses within a broader
context, the SA- and JA-dependent transcriptomes of
cassava were compared to those of Arabidopsis thali-
ana. Previous microarray or RNA-seq studies profil-
ing SA and JA responses in Arabidopsis utilized various
hormone concentrations and plants of different ages
resulting in marked differences in DEGs identified in
each study (Additional file 8: Figure S7a,b; Additional
file 9: Tables S20 and S21). Therefore, RNA-seq analyses
of SA- and JA- treatment time courses (0, 0.5, 1, 2, 4, 8,
12, and 24 hpt) in Arabidopsis were performed for com-
parison to cassava time courses (Additional file 10: Figure
S8a; Additional file 11: Tables S22 and S23; Additional
file 12: Table S24). Of the Arabidopsis SA and JA tDEGs
we identified, over 20% were identified by previous tran-
scriptome studies (Additional file 8: Figure S7c,d).

PCA analyses indicated that the Arabidopsis response
to SA and JA was separated into two phases similar to
cassava. However, Arabidopsis’ response timing was
more similar to COL2246, as ECU72’s biphasic response
to SA and JA was not observed (Fig. 1¢; Additional file 10:
Figure S8b). In comparing SA-, JA-, ET-, or ABA-respon-
sive genes in Arabidopsis and cassava, strikingly different
regulatory programs between the species were revealed

Fig. 1 Cassava transcriptome profiles in response to defense hormone treatments. a, b tDEG and gDEG counts in ECU72 and COL2246 during SA
and JA treatments (0.5, 1, 2, 4, 8, 12, and 24 hpt). A visual definition of tDEGs and gDEGs is provided. Number of up- and down-regulated genes

(red and blue, respectively) are displayed. Total number of DEGs for each treatment are provided. ¢ PCAs of detected gene reads prior to and after
SA and JA treatments (0, 0.5, 1, 2, 4, 8,12, 24 hpt) in ECU72 and COL2246. Clustering of time points defined distinct early (E) and late (L) response
phases in ECU72 versus COL2246 for which a visualization is provided. ECU72’s early phase (0-1 hpt) samples were more similar to COL2246's late
phase (4-12 hpt) and vice versa. Normalized read count values for three biological replicates are shown per time point. Time points and genotypes
are labeled by color and shape, respectively. d Heatmaps displaying gDEGs in ECU72 and COL2246 in response to SA, JA, ET, and ABA treatments.
Expression is displayed as log,FC values relative to 0 hpt. DEG expression values are provided in Additional file 1 and DEG counts in Additional file 2.

DEGs had |log,FC|=1 and FDR< 5%
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[34] (Fig. 2; Additional file 11; Additional file 13: Tables
S25 and S$26). Of the phytohormone-responsive genes
in Arabidopsis, only a small core were responsive to the
same phytohormone in both cassava genotypes. For these
core genes, Arabidopsis’ regulatory programs did not
always align with cassava responses. For example, many
hormone up-regulated genes in Arabidopsis were down-
regulated in ECU72 or COL2246 (Fig. 2).

Given the marked differences in the transcriptome
responses of Arabidopsis and cassava to the defense hor-
mones, we determined the expression programs of 162
Arabidopsis genes central to SA, JA, ET, and ABA bio-
synthesis, modification, transport, and signaling (encom-
passing perception, signaling and response) and their
orthologs in cassava [35-38] (Additional file 14: Fig-
ures S9-S12; Additional file 15: Tables S27-S30). Over
40% of Arabidopsis hormone-pathway genes had multi-
ple orthologs in cassava, with many displaying diverged
expression programs (Additional file 16: Table S31).

The species differences were most apparent in the
SA pathway (Additional file 14: Figure S9). Many SA-
pathway genes in Arabidopsis had regulatory trends
similar to one cassava genotype and displayed recipro-
cal regulation between the cassava genotypes. Several
of these genes (MeNPRI, MeWRKY70a-b, MeGRX480c,
MeCBP60al, and MeSARDIa) shift from up- to down-
regulation or vice versa from the early to late SA
response phases in ECU72, suggesting they may act as
transcriptional regulators for this phase shift (Addi-
tional file 14: Figure S9). Similarly, the early responses
of ET- and ABA-pathway genes were substantially dif-
ferent between the two species. For instance, the ET-
induced, single-copy gene AtPR3 had 15 orthologs in
cassava, 13 of which were undetected or repressed after
ET treatments [32] (Additional file 14: Figures S10 and
S11). In contrast, the JA-pathway genes of Arabidopsis,
ECU72 and COL2246 had overall similar responses to
JA. A notably lower or no induction of MeVSP and sev-
eral MeLOX2 genes was however observed in COL2246
(Additional file 14: Figure S12).

Genotypic differences in cassava’s responses to whitefly
infestation

To define cassava’s response to whiteflies, we analyzed the
transcriptomes of whitefly-resistant ECU72 and whitefly-
susceptible COL2246 at 0, 1 (adults/eggs), 7 (eggs), 14
(1% instars), and 22 (2"4-3'4 instars) days post infestation
(dpi) with the Latin American whitefly A. socialis (Fig. 3;
Additional file 17: Tables S32 and S33). The temporal
expression of whitefly tDEGs in ECU72 and COL2246
were distinct. At 1 dpi, when adults are feeding and eggs
are deposited, COL2246 had over fivefold more tDEGs
than ECU72. However, by 14 to 22 dpi, when nymphs are
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feeding, the magnitude of ECU72’s response exceeded
that of COL2246; in particular, ECU72 repressed over
twofold more genes than COL2246 at these later times
(Fig. 3a,b; Additional file 18: Table S35). Analysis of
gDEGs also indicated that ECU72 and COL2246 had
different transcriptomes prior to and during adult feed-
ing and oviposition (0-1 dpi), with more pronounced
differences after initiation of nymph feeding 14-22 dpi
(Fig. 3c; Additional file 17: Table S34; Additional file 18:
Table S36). PCA analyses further revealed that while
ECU72 displayed a distinct constitutive/early (0 and
1 dpi) and late (7-22 dpi) infestation response phase,
COL2246 had no clear delineation of phases (Fig. 3d).

To identify biological processes associated with white-
fly infestation gDEGs, k-means clustering and GO-term
enrichment analyses were performed (Additional file 19:
Figure S13; Additional file 20: Table S37). Of note, Cluster
2 gDEGs were enriched for GO-term categories related
to cell wall processes, and displayed higher transcript lev-
els in ECU72 versus COL2246 at 0-1 dpi followed by a
steep decline by 7 dpi. All other clusters were enriched
for GO-term categories related to defense (Additional
file 19).

Whitefly infestation of cassava triggers
phytohormone-dependent and -independent gene
expression

To gain a global understanding of the association of
hormone-responsive genes with whitefly infestation, we
classified ECU72’s and COL2246’s whitefly-regulated
DEGs by their responsiveness to a single or multiple
defense hormones (Fig. 4a-c; Additional file 21: Tables
S38 and S39). Most ECU72 and COL2246 tDEGs (29—
47%) responded to signals independent of SA, JA, ET,
and/or ABA.The tDEGs regulated by all four hormones
(12-22%) made up the next largest hormone-response
class. Many of the remaining whitefly-regulated tDEGs
were responsive to SA, JA or both SA and JA (Fig. 4a,b).
In addition, ABA appears to be an important regulator in
ECU72’s response to whitefly infestation at 14 to 22 dpi,
as the number of ABA-responsive genes (in the “Other”
category) was over twofold higher in ECU72 than in
COL2246 (Fig. 4a,b; Additional file 21: Table S38). In
contrast to tDEGs, most whitefly-responsive gDEGs
were responsive to SA (5.2-14.0%) or all hormones
(28.1-54.6%) at all infestation times (Fig. 4c; Additional
file 21: Table S39).

The levels of SA, JA, ABA, and their derivatives during
whitefly infestation (0, 0.5, 1, 7, 14, and 22 dpi) in ECU72
and COL2246 were extracted from an untargeted metab-
olomics data set [33] (Fig. 4d; Additional file 22: Tables
S40 and S41). The JA precursor 12-OPDA (12-oxo-phy-
todienoic acid) was significantly higher in COL2246 at
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treatment are provided. DEG expression values are provided in Additional file 17 and DEG counts in Additional file 18. DEGs had |log,FC|> 1

and FDR < 5%. d PCA analyses of detected genes prior to and during whitefly infestation (1, 7, 14 and 22 dpi) in ECU72 and COL2246. More variation
among biological replicates was observed in COL2246 than in ECU72. Normalized RNA-seq read count values for three biological replicates are
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0 dpi. As OPDA regulates defense genes in a JA-inde-
pendent and -dependent manner [39-41], 12-OPDA
may mediate constitutive differences in gene expression
between the genotypes. SA levels were higher at all times
in COL2246 versus ECU72, reaching statistical signifi-
cance at 22 dpi. Reciprocally, the levels of SAG (SA glu-
coside, SA’s storage form) demonstrated a trend of higher
levels in ECU72 from 0-7 dpi. In contrast, ABA levels

were higher in ECU72 with statistical significance at 0.5,
1, and 22 dpi. The highest ABA levels were reached at 0.5
dpi, preceding transcripts changes by 12 h. In addition,
the levels of the oxidation metabolite of ABA phaseic
acid (PA) followed trends similar to ABA (Fig. 4d). Corre-
lation analyses additionally showed that changes in hor-
mone levels were associated with changes in transcript
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to SA, JA, ET, and ABA. The "WF" category indicates that DEGs responded to whitefly infestation but none of the defense hormones tested. The
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levels in ECU72 and COL2246 during whitefly infestation
(Additional file 23: Figure S14c,d).

To determine the possible involvement of hormone-
pathway genes in infestation, the hormone and whitefly
responses of defense-hormone pathway genes that were
whitefly gDEGs were visualized by heatmaps (Addi-
tional file 24: Figure S15; Additional file 15). Many genes
that were whitefly-upregulated in both genotypes and
more highly expressed in COL2246 at 14-22 dpi (Clus-
ter 1) were involved in positive regulation of SA signal-
ing (MeNPRI1, MeSARD1a and MeWRKY70a-b) or SA
responses (MePRIa and b). In contrast, genes that were
induced in ECU72 but repressed in COL2246 during
infestation (Cluster 3) were predominantly involved in
ABA signaling, ET signaling or SA inactivation. These
ABA signaling genes are known co-receptors involved in
negative feedback loops in Arabidopsis [42], suggesting

0 dpi

Upregulated Upregulated
in COL2246 in ECU72
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their whitefly induction may be involved in fine-tuning
ECU72’s ABA response.

Resistant cassava deploy multiple biochemical defenses

in response to whitefly adult feeding and egg deposition

To assign biological functions to the gDEGs identified in
both whitefly and hormone treatments, GO term-enrich-
ment analyses were performed (Additional file 25: Tables
S42 and S43; Additional file 26: Tables S44 and S45).
gDEGs were grouped by infestation time point, hor-
mone responses and up- or down-regulation in ECU72
versus COL2246 during whitefly infestation. Enrich-
ment results are shown as categories in defense (Fig. 5) or
other processes (Additional file 27: Figure S16). Among
the defense-associated gDEGs that were up-regulated in
ECU?72 prior to (0 dpi) or early after infestation (1-7 dpi),
81% responded to all four hormones and were associated
with GO terms including cell wall-related and immune

1 dpi

Upregulated Upregulated
in COL2246 in ECU72

7 dpi
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in COL2246 in ECU72

cell death -
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Fig. 5 Functional enrichment of cassava gDEGs in response to whitefly and hormone treatments. GO-term enrichment was performed on whitefly
gDEGs. Numbers of genes enriched for terms linked to defense are shown. gDEGs responsive to one-three hormones, all hormones, or that are
hormone-nonresponsive (WF) are shown. Genes upregulated in ECU72 or COL2246 are displayed on the right and left sides of the x-axis,
respectively. Counts and identities of genes within each GO term category are provided in Additional file 25: Table S42 and Additional file 26:

Table S44
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system processes, glucosinolate, phenylpropanoid and
lignin metabolism, and hormone/stimulus responses
(Fig. 5).

Visualizing the RPKM expression trends for 23 genes
within these enriched GO-term categories showcased
associations between infestation and hormone regulation
(Additional file 28: Figure S17). Genes involved in cell
wall remodeling (MeXTH23, MeGUX1 and MePME31I),
cell wall biosynthesis (MeCESA4), response to fungal
cell wall elicitors (MeCADS8i) [43], and lignin biosynthe-
sis (MeCOMTf, MeCCOAMTa, MeMYB63, MeLAC4,
and MeLAC5) were more highly expressed in ECU72
versus COL2246 prior to infestation (0 dpi) and at most
times during infestation and hormone treatments. Seven
immunity genes displayed similar expression trends
(Additional file 28).

As four glucosinolate metabolism genes (MeSOT17,
MeCYP83Bla-c) [44] were more highly expressed in
ECU72 in all treatments (Additional file 28), we specu-
lated that glucosinolate levels may be altered in ECU72.
Previous publications report the ability of exogenously
expressed cassava enzymes to produce glucosinolates [45,
46]. Therefore, given that MeCYP83Bla-c were induced
in whitefly-infested ECU72, and Arabidopsis AtCYP83A1
and AtCYP83BI1 catalyze the conversion of valine, isoleu-
cine and phenylalanine aldoximes into their correspond-
ing glucosinolates, we measured their levels in cassava
leaves [44]. Desulfonated glucosinolates, the thioglucose
moieties characteristic of glucosinolate structures, or
molecular ions corresponding to glucosinolates derived
from either valine, isoleucine or phenylalanine were not
detected in cassava leaves (Additional file 29: Figure S18).
Our results suggest that glucosinolates may be at unde-
tectable levels or that cassava’s MeCYP83BI genes are
acting in alterative pathways in infested leaves.

As several genes involved in lignin biosynthesis were
identified as up-regulated gDEGs in the whitefly-resist-
ant ECU72 (Additional file 28), we identified the set of
cassava orthologs associated with this metabolic path-
way that were whitefly gDEGs (Fig. 6; Additional file 30:
Table S46). Among these ten genes, eight were more
highly expressed in ECU72 during infestation (Fig. 6).

Whitefly nymph feeding induces a surge in SA and immune
signaling in susceptible cassava

A major shift occurred at the time of nymph feeding (14—
22 dpi) when many defense-associated GO terms were
enriched among a surge in genes upregulated by infesta-
tion in COL2246 versus ECU72. Genes within these GO-
term categories were mainly regulated by all hormones
or were defense-hormone independent (Fig. 5). Visuali-
zation of 24 individual gene transcript levels exemplified
such expression trends (Additional file 31: Figure S19).
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For instance, within the immune system process cate-
gory, MePR3a, MeFMO1, NLR MeRPPS8, and MePERKIa-
¢ (receptors that perceive cell wall perturbations) were
more highly expressed in COL2246 than in ECU72 dur-
ing infestation and all hormone treatments. Four starch
catabolism and three sesquiterpenoid biosynthetic genes
also had higher expression in COL2246 versus ECU72 by
late infestation. Although sesquiterpenoid production is
known to be JA induced in plants, such as maize and rice
[47, 48], the cassava sesquiterpenoid biosynthetic gene-
swere surprisingly not regulated by SA, JA, ABA, or ET
(Additional file 31). Interestingly, for genes enriched in
processes other than defense (i.e., metabolism, carbohy-
drate metabolism, transport), a similar shift in enriched
terms from 0-7 versus 14—22 dpi was observed (Addi-
tional file 27; Additional file 26: Table S45).

Given the reciprocal regulation of SA-responsive
genes in ECU72 and COL2246 (Fig. 1d) and detection of
many SA-pathway genes in the enriched GO-term cat-
egories (Fig. 5), we examined 23 whitefly gDEGs identi-
fied in our annotation of the cassava SA pathway and/
or identified in our enrichment analyses (Fig. 7; Addi-
tional file 15: Table S27). Of these genes, 15 were sign-
aling genes, and all but one, were more highly expressed
in COL2246 versus ECU72 at 14—-22 dpi. Notably, four
were SA-responsive gDEGs (MeEDSIla, MeWRKY41,
MeNPRI, and MeWRKY70a) and four were gDEGs
that responded to both SA and JA (MeSARDIa and b,
MeNPR3, and MeWRKY70b). At one or more early infes-
tation times (0-7dpi), MeSMTa, MeSMTb and MeSAMTa
were more highly expressed in ECU72; these enzymes
convert SA into the mobile signal of systemic resist-
ance, MeSA (methyl salicylate). In contrast, two of the
three MelIGT74F1 genes, which encode for enzymes that
convert SA into its storage forms SAG (SA glucoside) or
SGE (SA glucose ester), were more highly expressed in
COL2246 at 0-7 dpi (Fig. 7). Higher expression of these
SA-modifying genes may reflect an attempt of COL2246
to modulate its high levels of free SA that occur early
after infestation.

Discussion

Divergent hormone responses in cassava

versus Arabidopsis

In comparing the hormone-responsive transcriptomes
of cassava and Arabidopsis, we found significant differ-
ences in gene expression both globally and within hor-
mone pathways (Fig. 2; Additional file 14). Additionally,
the numbers of hormone-pathway genes present were
often expanded or contracted between species (Addi-
tional file 16). As neofunctionalization is often observed
in polyploid species [49], such expansions may sug-
gest adapted functions in defense. For example, the PR3
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Fig. 6 Cassava’s lignin biosynthetic pathway. Expression of whitefly-infestation gDEGs during whitefly and SA, JA, ABA, and ET treatments are
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and hormone-treatment time points. Expression is displayed as log,FC values in ECU72 as compared to COL2246 with ECU72 upregulated (red)
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in white. Time points from left to right during infestation are 0, 1, 7, 14, and 22 dpi and during hormone treatments are 0.5, 1, 2, 4, 8, 12, and 24 hpt.

Gene loci are provided in Additional file 30

chitinase gene family is expanded in cassava, tomato and
Eucalyptus relative to Arabidopsis [32, 50, 51], suggest-
ing an adaptive response to insect/pathogen-derived chi-
tin [52]. Finally, we found that many canonical markers
of SA, JA, ET, or ABA signaling in Arabidopsis are not
sentinels of phytohormone pathways in cassava, similar
to some tomato PR genes [53]. This includes the classi-
cal Arabidopsis PR genes [32], as well as the JA-induced
Arabidopsis marker AtVSPI.

Hormone responses of whitefly-resistant and -susceptible
cassava

Our comparison of ECU72’s and COL2246’s hormone
levels and hormone-responsive transcriptomes revealed
several key findings. While COL2246 responded similarly
to all hormones, ECU72 showed evidence of antagonism
between its SA and JA versus ET and ABA responses
(Additional file 4). Most striking, while ECU72 and
COL2246 displayed similar temporal responses to JA,

ET and ABA, they showed largely reciprocal regulation
by SA. In cacao, a similar reciprocity of some SA-respon-
sive genes was seen in fungus-resistant versus -suscep-
tible genotypes [54]. Also similar to our findings, van
Leeuwen et al. [55] reported that Arabidopsis ecotypes
showed variable responses to SA and Proietti et al. [56]
showed variation in the degree of SA antagonism with
JA in Arabidopsis accessions. These findings suggest hor-
mone responses may vary considerably between and even
within plant species.

Our finding that ECU72 displays a faster-acting and
more prolonged SA response than COL2246 also sug-
gests that a master transcriptional regulator may facili-
tate this phase shift. The SA-signaling genes MeNPRI,
MeWRKY70a-b, MeGRX480c, MeCBP60al, and
MeSARDI1a are possible candidates as their expres-
sion profiles change during this early to late phase shift
in ECU72 (Additional file 14: Figure S9). In Arabidop-
sis, AtNPRI1, AtWRKY70 and AtGRX480 promote SA
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responses important for resistance to biotrophic patho-
gens, while suppressing JA/ET responses important
for resistance to insect herbivores (like whiteflies and
caterpillars) and necrotrophic pathogens [28, 57-59].
AtWRKY70 is also known to suppress ABA-induced
stomatal closure [60]. As MeNPRI1, MeWRKY70 and
MeSARDIa were more highly induced at 14 dpi in
COL2246 (Fig. 7), it is tempting to speculate that one
or more of these transcription factors enact an inef-
fectual SA response in response to whitefly infestation
in COL2246. Conversely, their fine-tuned regulation
in ECU72 may allow for an ABA-mediated resistance
response to whitefly in ECU72.

Resistance to whitefly adults and eggs is associated

with ABA and cell wall defenses

Our integration of whitefly and hormone transcriptome
and metabolite data sets highlighted the association of
ABA and SA with whitefly resistance and susceptibility
in ECU72 and COL2246, respectively (Fig. 4; Additional
file 24). The observed association of high ABA and low
SA levels in ECU72 could possibly have been achieved
through SA-ABA antagonism, something that has been
previously described in Arabidopsis-pathogen interac-
tions [16]. Furthermore, ECU72’s lower levels of free
SA and higher levels of SAG (SA’s vacuolar storage form
of SA) at 0.5-7 dpi [61] also suggests SA modification
mechanisms may be important for quelling ineffective SA
responses in ECU72 during early infestation.

The role of ABA in ECU72’s fast-acting resistance
phenotype is intriguing as increases in ABA is an early
response to PAMPs that promotes stomatal closure to
interfere with pathogen access to a leaf’s interior spaces
[62]. With limited evidence for hemipteran-plant inter-
actions, in whitefly-resistant ECU72, ABA-mediated
stomatal closure could slow phloem feeding by decreas-
ing transpiration rate, or, it could decrease the release
of whitefly-attracting plant volatiles. Alternatively, ABA
may promote stomatal opening to improve gas exchange
for resumption of basal photosynthesis rates after initial
responses to whitefly attack [63]. Several studies have
shown either ABA or osmotic stress responses to be
important for plant resistance to whiteflies [24, 29, 30]
and other insect pests [64], however the overall role of
ABA in defense against insects remains unclear.

Enrichment analyses additionally showed that during
early infestation (0-7 dpi), few defenses were mounted
in COL2246. In contrast, cell wall defenses like lignin
biosynthesis were already active in ECU72 (Figs. 5 and
6). The importance of cell-wall based defenses against
whiteflies discovered here is corroborated by our find-
ings of higher basal and whitefly-induced leaf lignin lev-
els in ECU72 versus COL2246 by Perez-Fons et al. [33],
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as well as observed cell wall-based defenses in cotton
responses to whiteflies [25, 65, 66]. Our analyses addi-
tionally pointed to the importance of cell wall fortifica-
tion and the sensing of cell wall damage during ECU72’s
early infestation response (Additional file 28). Strength-
ening the cell wall by enhancing lignin biosynthesis to
deter the probing of whitefly stylets and the perception
of damage through cell wall elicitorsyDAMPs may be
important components of ECU72’s defense during early
stages of infestation [67-69]. It is also interesting to note
that by late infestation (14-22 dpi) even though fewer
nymphs are present on ECU72, it has a higher magni-
tude response than COL2246. This suggests that ECU72
is able to prompt prolonged whitefly defenses even with
minimal insect signals.

Susceptibility to whitefly nymphs is associated with a rise
in SA and immune signaling

A marked shift in the cassava transcriptome was
observed at the times of voracious phloem feeding by
first to third instar nymphs (14-22 dpi) when a surge
in SA and immune responses in COL2246 was initiated
(Fig. 5; Additional files 24 and 31). Per our direct observa-
tions, at this time, the susceptible plant has a heavy load
of developing 2"\ and 3"- instar nymphs. In contrast, on
the resistant plant, the majority of nymphs have ceased
development or perished thereby reducing the quantity
of effectors/elicitors being delivered to the resistant plant;
this may explain the absence of a burst in SA responses in
ECU72, as was observed in COL2246. Indeed, it is known
that an insect’s developmental stage influences plant
responses at the transcriptome and metabolome level
[32, 33, 70]. The role of SA in plant-whitefly interactions
has been shown to vary based on the plant and pest spe-
cies [71]. However, like COL2246, SA responses mounted
during whitefly infestation do not interfere with but they
promote whitefly performance on whitefly-susceptible
Arabidopsis, tobacco and lima bean [26, 28, 72].

Starch catabolism and sesquiterpenoid biosyn-
thetic genes were additionally more highly expressed in
COL2246 at 14-22 dpi (Additional file 31). As observed
in other plants, the breakdown of starch may be a strategy
to mobilize stored energy to compensate for photosyn-
thate depletion due to insect infestation [73]. Emission
of terpenoid volatiles has also been previously found in
response to aphids, whiteflies and other insects for var-
ied purposes including attracting or deterring insects or
their natural predators or signaling responses in nearby
plants [63, 74-76].

Lastly, it is important to note that a large portion of
whitefly-responsive genes were responsive to all or none
of the hormones tested indicating that they may be con-
trolled by other defense signals. One possibility is that
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reactive oxygen species (ROS) underlie the different
SA levels and responses seen in ECU72 and COL2246,
as ROS can regulate SA pathway crosstalk via redox-
regulated transcription factors like GRX480 and NPRI
[77-79].

Conclusions

Here, we provide the first global analysis of cassava’s
response to whitefly infestation, as well as to the defense
hormones SA, JA, ET, and ABA, in the whitefly-resistant
and whitefly-susceptible cassava genotypes ECU72 and
COL2246. Comparisons of hormone-dependent tran-
scriptomes in cassava and the model plant Arabidopsis
revealed a striking divergence in expression programs.
We suggest that such interspecies divergence may be
more common than currently understood, and caution
the assumptive adoption of commonly used Arabidopsis
defense sentinel genes in other plant species.

Comparisons of hormone-responsive transcriptomes
and findings in the Arabidopsis literature suggested sev-
eral possible SA-signaling genes that may facilitate the
observed SA-ABA antagonism in ECU72, ECU72’s fast-
acting SA response involving a phase shift, and the result-
ing largely reciprocal response of ECU72 and COL2246
to SA treatment. However, additional genetic testing in
gene-edited or transgenic cassava is necessary to deter-
mine a possible role of these genes in defense against
whiteflies. Such observed intraspecies variation in phyto-
hormone responses, while understudied, may reflect fine
tuning to the suites of pests, pathogens or conditions to
which each genotype has adapted.

Our integrative analyses together suggest that
COL2246’s late infestation response to large numbers
of actively feeding nymphs occurs due to the absence
of effective early control strategies and ineffective SA-
mediated defenses. In contrast, ECU72’s faster response
to whitefly adults and eggs via ABA-mediated responses
and lignin-based cell wall defenses may underlie its resist-
ance to whitefly infestation. A possible link between ABA
and stomatal responses to whitefly in ECU72 remains
unclear and requires further investigation. Additionally,
as many whitefly-regulated genes were unresponsive to
tested hormones, further studies are required to identify
remaining unknown signals important for regulating cas-
sava’s response to whitefly infestation.

Hormone-responsive transcriptomes generated in this
study will serve as a valuable resource to the cassava
defense community. This genetic material could also be
used for the construction of introgression populations,
elucidating QTLs with the potential to contribute to the
reduction in yield-loss resulting from whitefly and other
vector-borne disease states.
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Materials and methods

Plant growth, insect rearing, and infestation experiments
In vitro-grown cassava (M. esculenta) genotypes ECU72
and COL2246 [80, 81] from the CIAT collection were
grown for 3 months before use in whitefly-infestation
and hormone-treatment experiments as described in
Irigoyen et al. [32]. The Aleurotrachelus socialis Bondar
colony used for cassava infestation experiments were
maintained at CIAT as described by Bellotti et al. [8].

Arabidopsis thaliana Col-0 seeds (sterilized with chlo-
rine gas and cold-treated for 2 d) were sown on % MS 1%
sucrose agar plates [82] and kept at room temperature
under constant light. One week after plating, seedlings
were moved to soil (autoclaved Sunshine Mix (Sun Gro
Horticulture, Agawam, MA)) supplemented with 2%
Osmocote (w/w) (The Scotts Company, Marysville, OH).
Plants were grown in a growth chamber under incan-
descent and fluorescent lights (180 WE m™ s™!) under
a short-day light cycle (6-h light/18-h dark) at 24 °C for
27 days, then adjusted to a long-day light cycle (16-h
light/8-h dark) for one day before use in hormone-treat-
ment experiments.

All of the plant propagation and experiments per-
formed with plants, hormones and/or insects complied
with relevant institutional, national, and international
guidelines and legislation.

Plant hormone treatments

Hormone treatments of ECU72 and COL2246 with SA
and MeJA were performed at CIAT as described in Iri-
goyen et al. [32]. l-aminocyclopropane-1-carboxylic
acid (200 uM ACC, 0.1% EtOH, 0.01% Tween 20) and
abscisic acid (200 uM ABA, 0.1% EtOH, 0.01% Tween
20) treatments were performed at CIAT using the same
methodology.

SA and JA treatments of 5-week-old Arabidopsis plants
were performed in separate rooms at 22-27 °C under
incandescent lights (180 uE m™> s™!) under a long-day
light cycle (16-h light/8-h dark). Rosettes were sprayed
until saturation with SA (100 uM SA, 0.1% EtOH, 0.01%
Tween 20) or MeJA (100 uM MeJA, 0.1% EtOH, 0.01%
Tween 20), with treatments beginning at 6 AM. Leaf tis-
sue was collected at 0, 0.5, 1, 2, 4, 8, 12, and 24 h post
treatment and stored at -80 °C until use. All experiments
had three biological replicates.

RNA extraction, cDNA library preparation, sequencing,

and data processing

Cassava RNA extraction was performed as described by
Behnam et al. [83]. For Arabidopsis leaves, finely-ground
frozen tissue was used for RNA extraction, which fol-
lowed a standard phenol-chloroform phase separation
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via centrifugation and LiCl precipitation of RNAs [53].
RNA quality assessment, strand-specific cDNA library
preparation and RNA-sequencing for cassava and Arabi-
dopsis samples were performed as according to Irigoyen
et al. [32]. Libraries were prepared for the three biological
replicates of each time point. For libraries from whitefly-
infestation experiments, the Illumina NextSeq500 and
[lumina HiSeq2500 platforms were used to sequence sin-
gle-end 75-bp reads (trimmed to 50-bp) and 50-bp reads,
respectively. For libraries from Arabidopsis and cassava
hormone-treatment experiments, the Illumina Next-
Seq500 platform was used to sequence single-end 75-bp
reads. Twelve to fifteen libraries were multiplexed per
lane. An average of ~30-50, ~ 13—-52 and ~ 20—38 million
reads among the three biological replicates were obtained
with reproducibility confirmed by Pearson correlation
coefficient values of 0.85-1.00, 0.73-0.99 and 0.69-0.98
for Arabidopsis hormone treatments, cassava hormone
treatments and cassava whitefly infestations, respectively
(Additional file 32: Figures S20-S23). Sequencing and
read adaptor removal was carried out at the UCR Insti-
tute for Integrative Genome Biology Genomics Core.
Following read adaptor removal, quality filtering was
performed. Reads with a Phred quality score below 20 for
more than 10 bases were removed. For cassava samples,
reads were aligned to the reference Manihot esculenta
genome version 6.1 with associated annotation informa-
tion available through Phytozome [84]. For Arabidopsis
samples, reads were aligned to the reference Arabidopsis
thaliana genome version 10 with associated annotation
information available through TAIR [85]. Read alignment
was performed using HISAT2 [86] and DEG calling using
DESeq2 [87]. Read filtering, alignment, and DEG call-
ing were performed using systemPipeR [88]. Detected
genes were defined as genes with an average of > 20 reads
across a genotype’s treatment time course. Temporal and
genotype DEGs (tDEGs and gDEGs, respectively) were
identified by comparisons of 0.5-24 hpt to 0 hpt and
transcript levels in ECU72 versus COL2246 during treat-
ment, respectively. DEGs were defined as having |log,
fold change (FC)|>1 and false discovery rate (FDR) <5%.
Expression values obtained by RNA-seq were validated
by qRT-PCR using seven tDEGs including PR and hor-
mone biosynthetic genes (Additional file 33: Figure S24;
Additional file 34: Table S47) as in Irigoyen et al. [32].

Ortholog identification

Hormone- and lignin-pathway genes (Additional files
15 and 30) in Arabidopsis thaliana (TAIR ver. 10) [85]
were assigned orthologs in the M. esculenta genome ver-
sion 6.1 obtained from Phytozome (JGI) [84] using the
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online program eggNOG-mapper version 4.5 [89, 90].
Protein sequence queries were matched with the most
similar sequence (termed a “seed ortholog’, supported by
an e-value <0.001 and a score >60) within the eggNOG
database. eggNOG orthologous groups (OGs) based on
precomputed phylogenies were also assigned. The loca-
tions of cassava seed orthologs relative to Arabidopsis
genes within an OG phylogenetic tree was used to inform
cassava ortholog nomenclature. In the case of Arabi-
dopsis genes equally distant from one or more cassava
orthologs, the Arabidopsis gene with the lowest numeral
was used for naming (Additional files 15 and 30). Plant-
specific OGs (virNOGs) were used in naming cassava
orthologs over database-wide OGs (NOGs). All other
cassava gene names were obtained from Arabidopsis
orthologs annotated for the M. esculenta genome (Phyto-
zome ver. 6.1) [84].

Principal component and correlation analyses

Principal component analyses were performed using the
R packages ggplot2 and DESeq2 [87, 91] using count val-
ues for all detected genes. Pearson correlation analyses
were performed used the R packages ggplot2 (Additional
file 32) or corrplot (Additional file 4) [92]. The strength
of correlation R-values was defined according to Evans
[93] as very weak (]0.00—0.19]), weak (]0.20—0.39]), mod-
erate (]0.40-0.59]), strong (]0.60—0.79]), or very strong
(10.80-1.00]).

Gene expression clustering and visualization

Ordering of gene expression values by k-means or hier-
archical clustering was performed using the base R stats
package v3.6.2 and the R package ComplexHeatmap [94],
respectively. Heatmaps displaying gene expression values
(mean RPKM or log,FC) were constructed using the R
package ComplexHeatmap. Boxplot or line graphs were
constructed using the R package ggplot2. Boxplot whisk-
ers represent values within 1.5 X IQR, and box values rep-
resent the first quartile, median, and third quartile values.
Arabidopsis ET and ABA microarray data sets (0.5, 1,
and 3 hpt) from Goda et al. [34] were compiled for com-
parison of Arabidopsis and cassava hormone-responsive
DEG counts. The R package VennDiagram [95] was used
to construct Venn diagrams. Gene expression data is
available in Additional files 1, 11 and 17.

Metabolite quantification and transcript correlation

Relative levels of hormones were obtained from an untar-
geted metabolomics data set previously prepared, ana-
lyzed and published by Perez-Fons et al. [33] and Drapal
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et al. [96]. The same cassava samples were used in our
study. Significant differences (p <0.05) between geno-
types ECU72 and COL2246 at each time point for each
phytohormone detected were calculated by Student’s
T-test (Additional file 22: Table S41).

The methods for detection and characterization of
putative glucosinolates were established with a pool
containing equal parts of infested ECU72 and COL2246
samples using the collection methods of Perez-Fons
et al. [33] and the standard methodologies of Crocoll
et al. [97] and Clark [98]. Dried leaf powder (30 mg)
was dissolved in 1 mL of 85% methanol and shaken for
4 min at room temperature, centrifuged at 20,000 g for
5 min and the pellet was discarded. An aliquot of 100
puL was used as crude extract and the remaining solu-
tion used for in-column sulfatase treatment. Sulfatase
(Sigma-Aldrich) solution and DEAE-Sephadex A25
column (Sigma-Aldrich) were prepared as detailed in
Crocoll et al. [97]. Briefly, a 200-uL column solution in
20 mM potassium acetate (pH 5) was loaded into 1-mL
glass pipette tip with glass wool and remaining crude
extract (900 pL) was subsequently loaded onto the col-
umn. The column was washed twice with 70% ethanol
and water (100 pL each). At this time, 20 pL of the sul-
fatase solution was added and the reaction incubated
overnight at room temperature. Reaction products
(desulfonated glucosinolates) were collected by eluting
with 200 pL of water and stored at -20° C until LC-MS
analysis. The procedure was repeated using a solution
of sinigrin and glucotropaeolin (0.5 mg/mL, 200 pL) as
references for aliphatic and phenyl derivatives of glu-
cosinolates, respectively, as positive control, and a blank
solution (70% ethanol) served as a negative control. In
a separate experiment, the samples were prepared by
extracting plant material at 100° C for 4 min to inacti-
vate any residual myrosinase activity. Both experiments
were compared and no difference in metabolite compo-
sition was observed.

For the analysis of the crude extracts and collected
fractions, an Agilent’s 1290 UPLC and a 6560 Ion mobil-
ity Q-TOF mass spectrometer equipped with an Agilent
Jet Stream (A]S) electrospray source was used in nega-
tive mode as detailed in Drapal et al. [99]. Compounds
were separated in a Zorbax RRHD Eclipse Plus C18
2.1x50 mm, 1.8 um using a two solvents gradient con-
sisting of (A) 2.5% acetonitrile in water and (B) acetoni-
trile, both solvents containing 0.03% vol. formic acid.
Gradient started at 2% B for 1 min, increase to 30% B over
5 min, stay isocratic for 1 min followed by an increase
to 90% B in two minutes and stay isocratic for another
two minutes. Initial conditions were restored and re-
equilibration lasted 3 min. The total runtime per sample
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was 15 min and flowrate was set at 0.3 mL/min. Nebu-
lizer and sheath gas temperatures were 325° and 275° C,
respectively; flowrate of drying and sheath gas (nitrogen)
were 5 and 12 L/min respectively and nebulizer pressure
35 psi. Capillary VCap, nozzle and fragmentor voltages
were set at 4000, 500 and 400 V respectively. A reference
mass solution was continuously infused to ensure mass
accuracy calibration at 24—25 K resolution. Injection vol-
ume was 1 uL. A mix solution of commercial standards of
glucosinolates (sinigrin and glucotropaeolin) were used
as reference material and for methodology validation
purposes (Additional file 29: Figure S18).

To identify hormone-pathway transcripts with expres-
sion levels strongly correlated (R > 0.60) to levels of their
corresponding metabolite to confirm metabolite classi-
fication, the in-house software Multi-Omics CoAnalysis
(MOCA v0.9.9.1, UCR) was used [100-102] (Additional
file 23).

GO term enrichment

The R package ClusterProfiler [103] was used to perform
GO-term enrichment analyses of cassava whitefly- and/
or hormone-responsive gene sets. Results of enrichment
analyses display only those terms within the “biologi-
cal process (BP)” GO category. Terms were additionally
grouped into categories based on shared ancestral GO
terms. Significant GO terms are defined as those with
adjusted p-values <0.05 and g-values <0.05.

Abbreviations

ABA Abscisic acid

BP Biological process

DAMP Damage-associated molecular pattern
DEG Differentially expressed gene

dpi Days post infestation

EIC Extracted ion chromatogram

ET Ethylene

FDR False discovery rate

FC Fold change

gDEG Genotype DEG

HAMP Herbivore-associated molecular pattern
hpt Hours post treatment

JA Jasmonic acid

MeJA Methyl jasmonate

MeSA Methyl salicylate

12-OPDA  12-Oxo-phytodienoic acid
PAMP Pathogen-associated molecular pattern
PA Phaseic acid

PCA Principal component analysis
PR Pathogenesis-related

ROS Reactive oxygen species

SA Salicylic acid

SAG SA glucoside

SGE SA glucose ester

SEM Standard error of the mean
tDEG Temporal DEG

TIC Total ion chromatogram
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Additional file 1. Expression values for hormone-regulated cassava DEGs.
Table S1. log,FC and FDR values of tDEGs in ECU72 after SA treatment.
Table S2. log,FC and FDR values of tDEGs in COL2246 after SA treatment.
Table S3. log,FC and FDR values of tDEGs in ECU72 after JA treatment.
Table S4. log,FC and FDR values of tDEGs in COL2246 after JA treatment.
Table S5. log,FC and FDR values of tDEGs in ECU72 after ET treatment.
Table S6. log,FC and FDR values of tDEGs in COL2246 after ET treatment.
Table S7. log,FC and FDR values of tDEGs in ECU72 after ABA treatment.
Table S8. log,FC and FDR values of gDEGs in ECU72 versus COL2246
after ABA treatment. Table S9. log,FC and FDR values of gDEGs in ECU72
versus COL2246 after SA treatment. Table $10. log,FC and FDR values of
gDEGs in ECU72 versus COL2246 after JA treatment. Table S11. log,FC
and FDR values of gDEGs in ECU72 versus COL2246 after ET treatment.
Table S12. log,FC and FDR values of gDEGs in ECU72 versus COL2246
after ABA treatment.

Additional file 2. Numbers of DEGs identified in cassava after hormone
treatments. Table $13. Numbers of up- and down-regulated tDEGs in
ECU72 and COL2246. Table S14. Numbers of up- and down-regulated
gDEGs in ECU72 versus COL2246 during hormone treatments.

Additional file 3: Figure S1. ET and ABA responses in whitefly-resistant
(ECU72) and -susceptible (COL2246) cassava. PCAs of detected gene
expression prior to and after ET and ABA treatments (0,05, 1, 2,4, 8, 12,

24 hpt) in ECU72 and COL2246. Clustering of time points defining early

(E) and late (L) response phases in ECU72 versus COL2246 are shown.
Detected genes were defined as having an average of 20 RNA-seq reads
or more across a hormone-treatment time course. Normalized read count
values for three biological replicates per time point are shown. Time points
and genotypes are labeled by color and shape, respectively.

Additional file 4: Fig. S2. Correlation of SA, JA, ET, and ABA responses in
ECU72 and COL2246. (a-b) Correlation matrices of early and late SA, JA, ET,
and ABA responses in ECU72 (a) and COL2246 (b). Response phases are
defined in Fig. 1c and Additional file 3: Figure S1. Correlation values are
based on average log,FC values of detected genes in ECU72 and COL2246
and are shaded according to the scale of R-values provided in (b). Non-
significant correlation values (p>0.05) are not shaded (white). R- and
p-values are provided in Additional file 5.

Additional file 5: Table S15. Pearson correlation R and p-values for
ECU72 and COL2246 hormone treatments.

Additional file 6. Clustering and functional enrichment of gDEGs in
ECU72 versus COL2246 during hormone treatment displayed as k-means
clusters. Figure S3. SA gDEGs. Figure S4. JA gDEGs. Figure S5. ET gDEGs.
Fig. S6. ABA gDEGs. SA gDEGs mainly differed due to reciprocal regula-
tion, while reciprocity in JA responses was primarily due to differences in
transcript levels at 0 hpt (i.e,, Clusters 1, 5 and 6). 71% of gDEGs (4,856 of
6,810 genes) identified in the JA response were gDEGs at 0 h (Additional
file 1: Table S10). Differential responses of ECU72 and COL2246 to JA, ET,
or ABA was largely attributed to differences in the transcript levels of
gDEGs. Categories of significantly enriched (p < 0.05) GO terms ranked

by adjusted p-value are provided for each cluster in Additional file 7.
gDEGs were identified by comparisons of transcript levels in ECU72 versus
COL2246 during SA treatments and had |log,FC| > 1 and FDR < 5%. Box-
plot whiskers represent values within 1.5 x IQR, and box values represent
the first quartile, median, and third quartile values. Outliers (points beyond
whiskers) are not displayed. Lines display average expression values
(RPKM) at 0 to 24 hpt.

Additional file 7. Enriched GO terms for cassava hormone expression
clusters. Table S16. Enriched GO terms (biological process) in ECU72 ver-
sus COL2246 during SA treatment as displayed in Additional file 6: Figure
S3. Table S17. Enriched GO terms (biological process) in ECU72 versus
COL2246 during JA treatment as displayed in Additional file 6: Figure

S4. Table S18. Enriched GO terms (biological process) in ECU72 versus
COL2246 during ET treatment as displayed in Additional file 6: Figure

S5. Table S19. Enriched GO terms (biological process) in ECU72 versus
COL2246 during ABA treatment as displayed in Additional file &: Figure S6.

Additional file 8: Figure S7. Overlap of Arabidopsis SA or JA tDEGs found
in this and external studies. (a-b) Venn diagrams comparing Arabidopsis
SA-and JA-responsive tDEGs identified by previous studies that used
plants of different ages and different hormone concentrations [103, 104,
105-110]. Identities of DEGs identified in previous studies are provided in
Additional file 9. (c-d) Venn diagrams comparing Arabidopsis SA- and JA-
responsive tDEGs identified by our current study and by previous studies.
dag = days after germination. DEG identities are provided in Additional
files9and 11.

Additional file 9. Expression values for Arabidopsis SA and JA hormone-
treatment tDEGs derived from the literature. Table $20. SA tDEGs identi-
fied in Arabidopsis from the literature. Table S21. JA tDEGs identified in
Arabidopsis from the literature.

Additional file 10: Figure S8. Temporal responses of Arabidopsis to SA
and JA treatments. (a) Arabidopsis tDEG counts during SA and JA treat-
ments (0.5, 1, 2,4, 8,12, and 24 hpt). Number of up- and down-regulated
genes (red and blue, respectively) are displayed and total number of
DEGs for each treatment are provided. Treatment DEGs were identified
by comparisons of 0 hpt and 0.5-24 hpt and had |log,FC| > 1 and FDR

< 5%. DEG expression values are provided in Additional file 11 and DEG
counts in Additional file 12. (b) PCAs of detected gene expression prior to
and after SA and JA treatments (0, 0.5, 1, 2, 4, 8, 12, 24 hpt) in Arabidopsis.
Clustering identified distinct early (E)- and late (L)-response phases with
both responses returning to the basal state (0 hpt) by 24 hpt. Detected
genes were defined as having an average of 20 reads or more across a
hormone-treatment time course. Normalized read count values for three
biological replicates are shown per time point. Time points and genotypes
are labeled by color and shape, respectively.

Additional file 11. Expression values for SA- and JA-regulated Arabidopsis
DEGs. Table $22. log,FC and FDR values of tDEGs in Arabidopsis after SA
treatment. Table $23. log,FC and FDR values of tDEGs in Arabidopsis after
JA treatment.

Additional file 12: Table $S24. Numbers of up- and down-regulated
tDEGs in Arabidopsis during hormone treatments

Additional file 13. Expression values of ET- and ABA-regulated DEGs in
Arabidopsis after ET or ABA treatment from external datasets. Table $25.
log,FC and p-values or signal ratio values of tDEGs in Arabidopsis after
ET treatment from the Goda et al. [34] microarray data sets. Table S26.
log,FC and p-values or signal ratio values of tDEGs in Arabidopsis after
ABA treatment from the Goda et al. [34] microarray data sets.

Additional file 14. Hormone-pathway gene expression in Arabidopsis
and two cassava genotypes. Figure S9. SA-pathway genes. Many species
differences were observed, including weaker induction of MelCST than
AtICST and reciprocal regulation of genes between Arabidopsis and

one of the two genotypes (biosynthesis gene MePAL1a-c and signaling
genes MeCBP60a1, MeCBP60b1-2, MeSMTb-c, MeGRX480a and ¢, MeNPR1,
MeSARD1a, MeWRKY70a-b, and MeEDS5a-c). Figure S10. ET-pathway
genes. Many species differences were observed, including differing
regulation of the ACS family biosynthesis genes and key JA/ET pathway
signaling gene AtERF1. Figure S11. ABA-pathway genes. Many species dif-
ferences were observed, including reciprocal regulation of genes between
Arabidopsis and one of the two genotypes (biosynthesis genes: MePDS,
MeABA4, MeNCED2a, MeNCED3a and b; modification genes: CYP707A1a
and b; and signaling genes: MeAGH3a, MeATHB7a and b, MeHAITa and

b, and MeNACO19c). Figure S12. JA-pathway genes. Species generally
responded similarly. Genes involved in biosynthesis, modification, trans-
port and in transducing or responding to the hormone (signaling) were
identified from the literature and cassava orthologs were identified (Addi-
tional file 15). Expression of hormone-pathway genes detected during
hormone treatment in Arabidopsis, ECU72 and COL2246 are presented as
log,FC values. Biosynthetic genes are ordered by their approximate step
in the pathway, while other genes are ordered alphabetically. To enable
comparison, orthologous genes in Arabidopsis and cassava are denoted
by box color. Undetected genes are shown in grey.
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Additional file 15. Hormone-pathway gene nomenclature for cassava.
Table S27. Cassava’s SA-pathway gene nomenclature. Table $28.
Cassava's JA-pathway gene nomenclature. Table $29. Cassava’s ET-
pathway gene nomenclature. Table S30. Cassava’s ABA-pathway gene
nomenclature.

Additional file 16: Table S31. SA-, JA-, ET- and ABA-pathway gene num-
bers in Arabidopsis and cassava.

Additional file 17. Expression values for whitefly-regulated cassava DEGs.
Table $32. log,FC and FDR values of tDEGs in ECU72 after whitefly infesta-
tion. Table $33. 1og,FC and FDR values of tDEGs in COL2246 after whitefly
infestation. Table S34. log,FC and FDR values of gDEGs in ECU72 versus
COL2246 after whitefly infestation.

Additional file 18. Numbers of DEGs identified in cassava after whitefly
treatment. Table $35. Numbers of up- and down-regulated tDEGs in
ECU72 and COL2246 during whitefly infestation. Table S36. Numbers of
up- and down-regulated gDEGs in ECU72 versus COL2246 during whitefly
infestation.

Additional file 19: Figure S13. Clustering and functional enrichment of
genes differentially expressed in ECU72 versus COL2246 during whitefly
infestation. Whitefly-responsive gDEGs were grouped into six k-means
clusters. For each cluster, enriched GO term categories (p < 0.05) were
ranked by adjusted p-value (Additional file 20). Cluster 1 and 2 had similar
temporal regulatory programs, while Clusters 3-6 were distinct. Cluster 2
genes were enriched for cell-wall-related processes while all other cluster
were enriched for processes related to defense such as response to biotic
stimulus, response to stimulus, or immune system process. gDEGs were
identified by comparisons of transcript levels in ECU72 versus COL2246
during whitefly infestation and had |log,FC| > 1 and FDR < 5%. Boxplot
whiskers represent values within 1.5 x IQR, and box values represent the
first quartile, median, and third quartile values. Outliers (points beyond
whiskers) are not displayed. Lines display average expression values
(RPKM) at 0 to 22 dpi.

Additional file 20: Table S37. Enriched GO terms (biological process) in
ECU72 versus COL2246 during whitefly infestation displayed in Additional
file 19: Figure S13.

Additional file 21. Numbers and percentages of hormone-regulated
whitefly-responsive cassava DEGs. Table S38. Numbers and percents of
hormone-regulated whitefly-responsive tDEGs in ECU72 and COL2246.
Table S39. Numbers and percents of hormone-regulated WF-responsive
gDEGs in ECU72 vs COL2246.

Additional file 22. Metabolite measurements in whitefly-infested cassava
leaves. Table $40. Identification of defense hormones and their deriva-
tives by untargeted metabolomics in whitefly-infested cassava. Table S41.
Student’s T-test p-values comparing identified hormone levels in ECU72
versus COL2246 during whitefly infestation.

Additional file 23: Figure S14. Metabolite-transcript correlations in

the SA, JA and ABA pathways. Correlations of SA, SAG, MeJA, 12-OPDA,
ABA, or PA levels with cassava hormone pathway transcripts expressed
during whitefly infestation were identified using the in-house software
Multi-Omics CoAnalysis (MOCA). All panels display relative abundance
(measured as EIC area) of a hormone during whitefly infestation and
expression levels (RPKM) of genes correlated to that hormone belonging
to the associated hormone pathway. (a) SA and correlated SA-pathway
genes. (b) SAG and correlated SA-pathway genes. (c) MeJA and correlated
JA-pathway genes. (d) 12-OPDA and correlated JA-pathway genes. (e) ABA
and correlated ABA-pathway genes. (f) PA and correlated ABA-pathway
genes. SA, SAG, MeJA, 12-OPDA, ABA, and PA were moderately (040 <R
< 0.59) to very strongly correlated (0.80 < R < 1.00) with 994, 1,138, 1,146,
1,401, 1,211, and 3,978 transcripts that were responsive to A. socialis infes-
tation. In particular, transcript levels of several genes belonging to the SA,
JA and ABA pathways were correlated with changes in the levels of SA/
SAG, MeJA/OPDA, and ABA/PA, respectively, during infestation. ABA levels
in ECU72 and COL2246 were moderately correlated (040 < R < 0.59) with
transcript levels of the ABA biosynthetic gene MeAAO1d during infesta-
tion. Similarly, strong (0.60 < R < 0.79) to very strong correlations (0.80

< R <1.00) were detected between jasmonates and their biosynthetic

gene MeLOX2a. Only significant moderate to strong correlations with R >
0.40 and p-value < 0.05 are displayed. The mean and individual biological
replicate values are displayed with error bars representing Standard error
of the mean (S.E.M)). Asterisks (*) indicate significant difference in hor-
mone level between genotypes as identified by Student’s t-test (p < 0.05)
(Additional file 22: Table S41).

Additional file 24: Figure S15. Cassava hormone-pathway gene expres-
sion during whitefly and hormone treatments. Hormone-pathway genes
that were also gDEGs during whitefly infestation are displayed as log,FC
values during whitefly infestation (1, 7, 14, and 22 dpi) and SA, JA, ET, and
ABA treatments (0.5, 1, 2,4, 8, 12, 24 hpt). Genes are clustered by whitefly
expression then hierarchically. The number of gDEGs associated with bio-
synthesis (B), modification (M), signaling (S), and transport (T) for each hor-
mone is provided on the right of each cluster. Genes that were induced in
ECU72 but repressed in COL2246 during infestation (Cluster 3) included
five ABA signaling genes (MeAHG1, MeAHG3b, MeABI1a and MeHAITa and
b), two ABA-response genes (MeABF2a and MeABF3), five ET-responsive
PR3 chitinase genes, and two SA-modification genes, which convert SA to
an inactive form (UGT74F1b-c).

Additional file 25. Enriched GO terms for whitefly and hormone gDEGs.
Table S42. Enriched GO terms (biological process) in ECU72 versus
COL2246 and in COL2246 versus ECU72 during whitefly infestation and
hormone treatment displayed in Fig. 5. Table S43. Enriched GO terms
(biological process) in ECU72 versus COL2246 and in COL2246 vs ECU72
during whitefly infestation and hormone treatment displayed in Addi-
tional file 27: Figure S16.

Additional file 26. Counts of enriched GO term IDs for whitefly and
hormone gDEGs. Table S44. Numbers of genes associated with biological
GO term categories associated with defense displayed in Fig. 5. Table S45.
Numbers of genes associated with GO-term categories (not defense-
related) displayed in Additional file 27: Figure S16.

Additional file 27: Figure S16. Functional enrichment of cassava gDEGs
in response to whitefly and hormone treatments, non-defense categories.
GO-term enrichment was performed on whitefly gDEGs. Numbers

of genes enriched for terms not linked to defense are shown. gDEGs
responsive to one-three hormones, all hormones, or that are hormone-
nonresponsive (WF) are shown. Genes upregulated in ECU72 or COL2246
are displayed on the right and left sides of the x-axis, respectively. Counts
and identities of genes within each GO term category are provided in
Additional file 25: Table S43 and Additional file 26: Table S45.

Additional file 28: Figure S17. Expression of whitefly- and hormone-
regulated gDEGs enriched in ECU72 versus COL2246 during infestation.
The expression of a selection of gDEGs from five enriched GO-term
categories (cell wall organization or biogenesis, glucosinolate metabo-
lism, lipid metabolism, small molecule metabolism, and immune system
process) from Fig. 5 are shown. Individual values (circles) and average
RPKM values (lines) are shown. Among cell-wall-related genes, several
lignin biosynthetic genes (MeCOMTF, MeCCOAMTa, MeMYB63, MeLAC4, and
MelAC5) were identified. Genes are grouped based on the magnitude of
their response (RPKM values) and denoted in different colors. Gene loci
are listed in Additional file 15 or as follows: MeGUXT (Manes.12G153100),
MeCESA4 (Manes.13G038000), Mel AC4 (Manes.08G089800), Mel ACS
(Manes.07G135400), MeXTH23 (Manes.05G108100), MeMYB63
(Manes.06G175200), MePME31 (Manes.02G048600), MeSOT17
(Manes.10G085400), MeCYP83B1a (Manes.05G150100), MeCYP83B1b
(Manes.05G139500), MeCYP83B1c (Manes.S058500), MePEPCK
(Manes.18G054700), MeOSM34a (Manes.01G064200), MeOSM34b
(Manes.01G064300), MeRPM 1 (Manes.18G117800), MePIP5KT (Manes.
5096300), MeGULLO3 (Manes.03G061900).

Additional file 29: Figure S18. Analysis of glucosinolates in cassava
leaves. (a) Scheme of sulfatase reaction and its effect on glucosinolate
structure. (b) LC-MS measurements of glucosinolates standard solu-

tions treated with sulfatase. (c) Total ion chromatograms (TIC) of leaf
extracts before (crude) and after (desulfonated) the sulfatase reaction and
extracted ion chromatogram (EIC) of thioglucose fragment, as indicator of
presence of glucosinolated structures.
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Additional file 30: Table S46. Cassava’s lignin biosynthesis pathway gene
nomenclature.

Additional file 31: Figure S19. Expression of whitefly- and hormone-
regulated gDEGs enriched in COL2246 versus ECU72 during infestation.
The expression of a selection of gDEGs from four enriched GO-term
categories (immune system process, oxidative stress, starch metabo-
lism, and terpenoid metabolism) from Fig. 5 are shown. Individual
values (circles) and average RPKM values (lines) are shown. Genes are
grouped based on the magnitude of their response (RPKM values) and
denoted in different colors. Gene loci are listed in Additional file 15 or
as follows: MeBIR1a (Manes.01G019000), MeBIRTe (Manes.13G056500),
MeFMOT (Manes.16G091800), MePEPRT (Manes.16G045200),

MeRPP8 (Manes.10G023300), MeCNL (Manes.11G053000),

MePERK1a (Manes.11G039800), MePERKTb (Manes.11G041400),
MePERK1c (Manes.11G042500), MeNDRT (Manes.03G123200),
MeWRKY41 (Manes.02G011500), MeWRKY53 (Manes.01G047200),
MePA2 (Manes.15G104300), MeSBE2.2 (Manes.09G059400),

MelSA3 (Manes.18G063500), MeSEXT (Manes.13G026800), MeSEX4
(Manes.10G053500), MeTPS21a (Manes.02G086100), MeTPS21b
(Manes.02G086300), MeTPS21c (Manes.18G101900).

Additional file 32. Replicate correlations for cassava and Arabidopsis
treatment samples. Figure $20. Arabidopsis (a) SA and (b) JA treatments.
Figure S21. (a) ECU72 and (b) COL2246 whitefly treatments. Figure S22.
ECU72 and COL2246 (a,b) SA and (c,d) JA treatments. Figure $23. ECU72
and COL2246 (a,b) ET and (c,d) ABA treatments. Pearson correlation
coefficient (R) and p-values between biological replicates (R1-R3) were
calculated for genes detected during treatments. Detected genes had
an average of 20 reads or more across a hormone-treatment or whitefly
infestation time course. Normalized read count values for three biological
replicates are shown per time point. RNA-seq read count values for each
time point are labeled by color.

Additional file 33: Figure S24. gRT-PCR validation of RNA-seq expres-
sion values. (a) The in silico and gRT-PCR relative expression values of
hormone-biosynthetic genes MePALTc, MeLOX3a, MeACS6b, and MeAAOTc
following SA, JA, ET, and ABA treatments of ECU72 and COL2246. qRT-PCR
of 0.5, 1 and 2 hpt samples confirmed the RNA-seq data. (b) The in silico
and gRT-PCR relative expression values of sentinel PR gene MePR-9e after
whitefly infestation in ECU72 at 14 and 22 dpi. Expression of MePR-9¢ in
COL2246 was previously determined [32]. (c) The in silico and gRT-PCR
relative expression values of AtPALT and AtLOX3 following SA and JA treat-
ments, respectively, were confirmed in Arabidopsis thaliana at 0.5, 1 and 2
hpt in vivo. Bargraphs display gRT-PCR sample values (overlayed points) as
well as the average and standard error (SE) of three biological replicates
(error-bar graph). For MeAAOTc in COL2246 at 1 hpt (a), only two biological
replicates are provided. Primers are provided in Additional file 34. (d) A
scatter plot with Pearson correlations demonstrated the relative expres-
sion determined by gRT-PCR and RNA-seq showed a strong and signifi-
cant positive correlation for all biological replicates displayed in panels a-c.
All expression values were normalized to MeUBQ in cassava and AtACT7 in
Arabidopsis and are relative to the treatment’s 0-h time point.

Additional file 34: Table S47. qRT-PCR primers.

Acknowledgements

We thank Thomas Girke and Daniela Cassol (UCR) for providing training on the
systemPipeR pipeline and Jaimie Van Norman (UCR) for providing Arabidopsis
seeds. We also thank members of the African Cassava Whitefly Project (cas-
savawhitefly.org) for fruitful discussions.

Authors’ contributions

LLW, PDF, LABL-L, AB-C, LP-F, and MLI determined infestation and hormone
treatment experimental design. Cassava growth, whitefly infestation, hormone
treatments, and RNA extraction were performed by AB-C. LP-F performed
metabolite analyses. MH performed transcript-metabolite correlations and
provided training to DCG on the MOCA software. cDNA library preparation
and DEG analysis was performed by MLI for whitefly-infested samples and

by DCG for hormone-treated samples. DCG performed all other informatics
analyses, analyzed results and prepared figures and tables. DCG and DM-Y

Page 19 of 22

performed gRT-PCR. DCG and LLW prepared the manuscript. All authors
reviewed and approved of the final manuscript.

Funding

This work was supported by the Bill & Melinda Gates Foundation (OPP1058938
and OPP1200124) as a subgrant from the National Research Institute,
Greenwich, UK to LABL-L, PDF, and LLW. The Foundation was not involved in
the experimental studies described here. Under the grant conditions of the
Foundation, a Creative Commons Attribution 4.0 Generic License has already
been assigned to the Author Accepted Manuscript version that might arise
from this submission.

Availability of data and materials

RNA-seq reads are deposited at the NCBI Short Read Archive (SRA) (https://
www.ncbi.nlm.nih.gov/sra) under the accession number: PRINA814249.
Metabolomics data sets of raw (areas) and processed data (normalized) are
accessible in Mendeley Data and Digital Commons Data (https://data.mende
ley.com/datasets/9y774gbp8v/1) [104] and are also made available by Drapal
et al. [96]. All data analyzed during this study are included in this published
article (and its supplementary information files).

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

'Department of Botany and Plant Sciences, University of California, Riverside,
CA 92521, USA. *Department of Biological Sciences, Royal Holloway University
of London, Egham, UK. *Alliance Bioversity International and International
Center for Tropical Agriculture (CIAT), Cali, Colombia. *Institute of Integrative
Genome Biology, University of California, Riverside, CA 92521, USA. *Present
Address: International Center of Biosaline Agriculture, Dubai, United Arab
Emirates.

Received: 11 November 2022 Accepted: 14 November 2023
Published online: 20 December 2023

References

1. FAQ. Protecting cassava, a neglected crop, from pests and diseases.
Rome: FAQ; 2019.

2. Hillocks RJ, Raya MD, Mtunda K, Kiozia H. Effects of brown streak virus
disease on yield and quality of cassava in Tanzania. J Phytopathology.
2001;149:389-94.

3. Macfadyen S, Paull C, Boykin LM, De Barro P, Maruthi MN, Otim M, et al.
Cassava whitefly, Bemisia tabaci (Gennadius) (Hemiptera: Aleyrodidae)
in East African farming landscapes: a review of the factors determining
abundance. Bull Entomol Res. 2018;108(5):565-82.

4. Byrne DN, Bellows TS. Whitefly Biology. Annu Rev Entomol.
1991:36:431-57.

5. Legg JP, Sseruwagi P, Boniface S, Okao-Okuja G, Shirima R, Bigirimana S,
et al. Spatio-temporal patterns of genetic change amongst populations
of cassava Bemisia tabaci whiteflies driving virus pandemics in East and
Central Africa. Virus Res. 2014;186:61-75.

6. Gold C, Altieri M, Bellotti A. Survivorship of the cassava whiteflies
Aleurotrachelus socialis and Trialeurodes variabilis (Homoptera: Aley-
rodidae) under different cropping systems in Colombia. Crop Prot.
1991;10(4):305-9.

7. Bellotti AC, Smith L, Lapointe SL. Recent advances in cassava pest
management. Annu Rev Entomol. 1999;44(1):343-70.

8. Bellotti A, Arias B. Host plant resistance to whiteflies with emphasis on
cassava as a case study. Crop Prot. 2001;20:813-23.


https://www.ncbi.nlm.nih.gov/sra
https://www.ncbi.nlm.nih.gov/sra
https://data.mendeley.com/datasets/9y774gbp8v/1
https://data.mendeley.com/datasets/9y774gbp8v/1

Nye et al. BMC Plant Biology

20.

22.

23.

24.

25.

26.

27.

28.

29.

(2023) 23:657

Omongo CA, Kawuki R, Bellotti AC, Alicai T, Baguma Y, Maruthi MN, et al.
African cassava whitefly, Bemisia tabaci, resistance in African and South
American cassava genotypes. J Integr Agric. 2012;11(2):327-36.

Ally HM, Hamss HE, Simiand C, Maruthi MN, Colvin J, Omongo CA,

et al. What has changed in the outbreaking populations of the

severe crop pest whitefly species in cassava in two decades? Sci Rep.
2019;9(1):14796.

Atim J. Phenotyping and genetics of whitefly, Bemsia tabaci, resistance
in African and South American cassava genotypes. London: University
of Greenwich; 2021.

Barilli DR, Wengrat APGD, Guimaraes ATB, Pietrowski V, Ringenberg

R, Garcia MS. Resistance of cassava genotypes to Bemisia tuberculata.
Arthropod-Plant Interact. 2019;13:663-9.

Jones JD, Dangl JL. The plant immune system. Nature.
2006;444(7117):323-9.

Duran-Flores D, Heil M. Sources of specificity in plant damaged-self
recognition. Curr Opin Plant Biol. 2016;32:77-87.

Kanyuka K, Rudd JJ. Cell surface immune receptors: the guardians of
the plant’s extracellular spaces. Curr Opin Plant Biol. 2019;50:1-8.
Robert-Seilaniantz A, Grant M, Jones JD. Hormone crosstalk in plant
disease and defense: more than just jasmonate-salicylate antagonism.
Annu Rev Phytopathol. 2011;49:317-43.

Alon M, Elbaz M, Ben-Zvi MM, Feldmesser E, Vainstein A, Morin S.
Insights into the transcriptomics of polyphagy: Bemisia tabaci adapt-
ability to phenylpropanoids involves coordinated expression of defense
and metabolic genes. Insect Biochem Mol Biol. 2012;42(4):251-63.
Jiang YX, Zareh N, Walker GP, Teuber LR. Characterization of alfalfa germ-
plasm expressing resistance to silverleaf whitefly, Bemisia argentifolii. J
Appl Entomol. 2003;127:447-57.

Teuber LR, Rupert ME, Gibbs LK, Taggard KL. Breeding resistant alfalfa
holds promise for silverleaf whitefly management. California Agricul-
ture. 1996;51(3):25-9.

Firdaus S, Van Heusden A, Harpenas A, Supena ED, Visser RG, Vosman B.
Identification of silverleaf whitefly resistance in pepper. Plant Breeding.
2011;130(6):708-14.

Khan MM, Khan MY, Ullah RMK; Yasir M, Khalid A, Khan MA. Morpho-
logical and biochemical characters of eggplant (Solanum melongena)
conferring resistance against whitefly (Bemisia tabaci). J Entomol Zool
Stud. 2018,6(5):915-20.

Rodriguez-Lopez MJ, Garzo E, Bonani JP, Fereres A, Fernandez-Munoz
R, Moriones E. Whitefly resistance traits derived from the wild tomato
Solanum pimpinellifolium affect the preference and feeding behavior
of Bemisia tabaci and reduce the spread of Tomato yellow leaf curl virus.
Phytopathology. 2011;101(10):1191-201.

Rodriguez-Alvarez Cl, Lopez-Climent MF, Gomez-Cadenas A, Kaloshian
I, Nombela G. Salicylic acid is required for Mi-1-mediated resistance

of tomato to whitefly Bemisia tabaci, but not for basal defense to this
insect pest. Bull Entomol Res. 2015;105(5):574-82.

Broekgaarden C, Pelgrom KTB, Bucher J, van Dam NM, Grosser K,
Pieterse CMJ, et al. Combining QTL mapping with transcriptome

and metabolome profiling reveals a possible role for ABA signaling

in resistance against the cabbage whitefly in cabbage. PLoS One.
2018;13(11):20206103.

LiJ, Zhu L, Hull JJ, Liang S, Daniell H, Jin S, et al. Transcriptome analysis
reveals a comprehensive insect resistance response mechanism in
cotton to infestation by the phloem feeding insect Bemisia tabaci
(whitefly). Plant Biotechnol J. 2016;14(10):1956-75.

Zhang PJ, Zheng SJ, van Loon JJ, Boland W, David A, Mumm R, et al.
Whiteflies interfere with indirect plant defense against spider mites in
Lima bean. Proc Natl Acad Sci U S A. 2009;106(50):21202-7.

Zhang X, Xue M, Zhao H. Species-specific effects on salicylic acid
content and subsequent Myzus persicae (Sulzer) performance by three
phloem-sucking insects infesting Nicotiana tabacum L. Arthropod-Plant
Interact. 2015;9:383-91.

Zarate S|, Kempema LA, Walling LL. Silverleaf whitefly induces salicylic
acid defenses and suppresses effectual jasmonic acid defenses. Plant
Physiol. 2007;143(2):866-75.

Esmaeily S, Amin Samih M, Izadi H. Induced eggplant resistance against
Trialeurodes vaporariorum triggered by jasmonic acid, abscisic acid, and
Nesidiocoris tenuis feeding. Bull Entomol Res. 2020;110(2):285-92.

30.

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Page 20 of 22

Esmaeily S, Samih MA, Izadi H. Induced resistance by jasmonic and
abscisic acids and Nesidiocoris tenuis feeding on Solanum lycopersicum
against Trialeurodes vaporariorum. Int J Pest Manag. 2021,67(1):46-57.
Sun YC, Pan LL, Ying FZ, Li P, Wang XW, Liu SS. Jasmonic acid-related
resistance in tomato mediates interactions between whitefly and
whitefly-transmitted virus. Sci Rep. 2017;7:7.

Irigoyen ML, Garceau DC, Bohorquez-Chaux A, Lopez-Lavalle LAB,
Perez-Fons L, Fraser PD, et al. Genome-wide analyses of cassava Patho-
genesis-related (PR) gene families reveal core transcriptome responses
to whitefly infestation, salicylic acid and jasmonic acid. BMC Genomics.
2020;21(1):93.

Perez-Fons L, Bohorquez-Chaux A, Irigoyen ML, Garceau DC, Morreel K,
Boerjan W, et al. A metabolomics characterisation of natural variation in
the resistance of cassava to whitefly. BMC Plant Biol. 2019;19(1):518.
Goda H, Sasaki E, Akiyama K, Maruyama-Nakashita A, Nakabayashi K, Li
W, et al. The AtGenExpress hormone and chemical treatment data set:
experimental design, data evaluation, model data analysis and data
access. Plant J. 2008;55(3):526-42.

Finkelstein R. Abscisic acid synthesis and response. Arabidopsis Book.
2013;11:e0166.

Stepanova AN, Alonso JM. Ethylene signaling and response:

where different regulatory modules meet. Curr Opin Plant Biol.
2009;12(5):548-55.

Wasternack C, Strnad M. Jasmonate signaling in plant stress responses
and development - active and inactive compounds. Nat Biotechnol.
2016;33(5 Pt B):604-13.

Seyfferth C, Tsuda K. Salicylic acid signal transduction: the initiation

of biosynthesis, perception and transcriptional reprogramming. Front
Plant Sci. 2014;5:697.

Ribot C, Zimmerli C, Farmer EE, Reymond P, Poirier Y. Induction of the
Arabidopsis PHO1,H10 gene by 12-oxo-phytodienoic acid but not
jasmonic acid via a CORONATINE INSENSITIVET-dependent pathway.
Plant Physiol. 2008;147(2):696-706.

Stintzi A, Weber H, Reymond P, Browse J, Farmer EE. Plant defense in the
absence of jasmonic acid: the role of cyclopentenones. Proc Natl Acad
SciUS A.2001,98(22):12837-42.

Taki N, Sasaki-Sekimoto Y, Obayashi T, Kikuta A, Kobayashi K, Ainai T,

et al. 12-oxo-phytodienoic acid triggers expression of a distinct set of
genes and plays a role in wound-induced gene expression in Arabidop-
sis. Plant Physiol. 2005;139(3):1268-83.

Wang P, Zhao Y, Li Z, Hsu CC, Liu X, Fu L, et al. Reciprocal regulation of
the TOR kinase and ABA receptor balances plant growth and stress
response. Mol Cell. 2018,69(1):100-12 e6.

Trezzini GF, Horrichs A, Somssich IE. Isolation of putative defense-
related genes from Arabidopsis thaliana and expression in fungal
elicitor-treated cells. Plant Mol Biol. 1993;21(2):385-9.

Naur P, Petersen BL, Mikkelsen MD, Bak S, Rasmussen H, Olsen CE, et al.
CYP83A1 and CYP83B1, two nonredundant cytochrome P450 enzymes
metabolizing oximes in the biosynthesis of glucosinolates in Arabidop-
sis. Plant Physiol. 2003;133(1):63-72.

Andersen MD, Busk PK, Svendsen |, Moller BL. Cytochromes P-450 from
cassava (Manihot esculenta Crantz) catalyzing the first steps in the bio-
synthesis of the cyanogenic glucosides linamarin and lotaustralin. Clon-
ing, functional expression in Pichia pastoris, and substrate specificity of
the isolated recombinant enzymes. J Biol Chem. 2000;275(3):1966-75.
Mikkelsen MD, Halkier BA. Metabolic engineering of valine- and
isoleucine-derived glucosinolates in Arabidopsis expressing CYP79D2
from cassava. Plant Physiol. 2003;131(2):773-9.

Schmelz EA, Alborn HT, Tumlinson JH. The influence of intact-plant and
excised-leaf bioassay designs on volicitin- and jasmonic acid-induced
sesquiterpene volatile release in Zea mays. Planta. 2001;214(2):171-9.
Taniguchi S, Miyoshi S, Tamaoki D, Yamada S, Tanaka K, Uji Y, et al. Isola-
tion of jasmonate-induced sesquiterpene synthase of rice: product of
which has an antifungal activity against Magnaporthe oryzae. J Plant
Physiol. 2014;171(8):625-32.

Greenham K, Sartor RC, Zorich S, Lou P, Mockler TC, McClung CR. Expan-
sion of the circadian transcriptome in Brassica rapa and genome-wide
diversification of paralog expression patterns. Elife. 2020,9:e58993.

Cao J, Tan X. Comprehensive analysis of the Chitinase family genes in
tomato (Solanum lycopersicum). Plants (Basel). 2019;8(3):52.



Nye et al. BMC Plant Biology

51

52.

53.

54.

55.

56.

57.
58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

(2023) 23:657

Tobias PA, Christie N, Naidoo S, Guest DI, Kulheim C. Identification of
the Eucalyptus grandis chitinase gene family and expression char-
acterization under different biotic stress challenges. Tree Physiol.
2017,37(5):565-82.

van Loon LC, Rep M, Pieterse CM. Significance of inducible
defense-related proteins in infected plants. Annu Rev Phytopathol.
2006;44:135-62.

Puthoff DP, Holzer FM, Perring TM, Walling LL. Tomato pathogenesis-
related protein genes are expressed in response to Trialeurodes
vaporariorum and Bemisia tabaci biotype B feeding. J Chem Ecol.
2010;36(11):1271-85.

Fister AS, O'Neil ST, Shi Z, Zhang Y, Tyler BM, Guiltinan MJ, et al. Two
Theobroma cacao genotypes with contrasting pathogen tolerance
show aberrant transcriptional and ROS responses after salicylic acid
treatment. J Exp Bot. 2015,66(20):6245-58.

van Leeuwen H, Kliebenstein DJ, West MA, Kim K, van Poecke R, Kata-

giri F, et al. Natural variation among Arabidopsis thaliana accessions

for transcriptome response to exogenous salicylic acid. Plant Cell.
2007;19(7):2099-110.

Proietti S, Caarls L, Coolen S, Van Pelt JA, Van Wees SCM, Pieterse CMJ.
Genome-wide association study reveals novel players in defense hor-
mone crosstalk in Arabidopsis. Plant Cell Environ. 2018;41(10):2342-56.
Derksen H, Rampitsch C, Daayf F. Signaling cross-talk in plant disease resist-
ance. Plant Sci. 2013;207:79-87.

LiJ, Brader G, KariolaT, Palva ET.WRKY70 modulates the selection of signaling
pathways in plant defense. Plant J. 2006;46(3):477-91.

Onkokesung N, Reichelt M, van Doorn A, Schuurink RC, Dicke M. Differential
costs of two distinct resistance mechanisms induced by different herbi-
vore species in Arabidopsis. Plant Physiol. 2016;170(2):891-906.

Li J, Besseau S, Toronen P, Sipari N, Kollist H, Holm L, et al. Defense-related
transcription factors WRKY70 and WRKY54 modulate osmotic stress
tolerance by regulating stomatal aperture in Arabidopsis. New Phytol.
2013;200(2):457-72.

Thompson AMG, lancu CV, Neet KE, Dean JV, Choe JY. Differences in salicylic
acid glucose conjugations by UGT74F1 and UGT74F2 from Arabidopsis
thaliana. Sci Rep. 2017,7:46629.

Cao FY, Yoshioka K, Desveaux D. The roles of ABA in plant-pathogen interac-
tions. J Plant Res. 2011;124(4):489-99.

Lin PA, Chen Y, Ponce G, Acevedo FE, Lynch JB, Anderson CT, et al. Stomata-
mediated interactions between plants, herbivores, and the environment.
Trends Plant Sci. 2022;27(3):287-300.

Nguyen D, Rieu |, Mariani C, van Dam NM. How plants handle multiple
stresses: hormonal interactions underlying responses to abiotic stress and
insect herbivory. Plant Mol Biol. 2016;91(6):727-40.

Ibrahim M, Yasmeen S, Zaman G, Bin L, Al-Qurainy F, Athar H, Shah KH, Khurs-
hid M, Ashraf M. Protein profiling analysis of Gossypium hirsutum (Malvales:
Malvaceae) leaves infested by cotton whitefly Bemisia tabaci (Homoptera:
Aleyrodidae). Appl Entomol Zool. 2016;51:599-607.

LiJ,HullJJ, Liang S,Wang Q, Chen L, Zhang Q, et al. Genome-wide analysis of
cotton miRNAs during whitefly infestation offers new insights into plant-
herbivore interaction. Int J Mol Sci. 2019;20(21):5357.

Bertea CM, Casacci LP,Bonelli S, Zampollo A, Barbero F.Chemical, physiologi-
cal and molecular responses of host plants to lepidopteran egg-laying.
Front Plant Sci. 2020;10:1768.

Gouhier-Darimont C, Stahl E, Glauser G, Reymond P. The Arabidopsis lectin
receptor kinase LecRK-1. 8 is involved in insect egg perception. Front Plant
Sci. 2019;10:623.

Oates CN, Denby KJ, Myburg AA, Slippers B, Naidoo S. Insect egg-induced
physiological changes and transcriptional reprogramming leading to gall
formation. Plant Cell Environ. 2021:44(2):535-47.

TzinV, Fernandez-Pozo N, Richter A, Schmelz EA, Schoettner M, Schafer

M, et al. Dynamic maize responses to aphid feeding are revealed by a

time series of transcriptomic and metabolomic assays. Plant Physiol.
2015;169(3):1727-43.

Walling LL, Thompson GA. Behavioral and molecular-genetic basis of resist-
ance against phloem feeding insects. In: van Bel AJ.E, Thompson GA.
(eds) Biochemistry of Phloem. Wiley-Blackwell, 2012; p 328-351

Zhang X, Sun X, Zhao H, Xue M, Wang D. Phenolic compounds induced by
Bemisia tabaci and Trialeurodes vaporariorum in Nicotiana tabacum L. and

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

92.
93.

94.

95.

96.

97.

98.

99.

Page 21 of 22

their relationship with the salicylic acid signaling pathway. Arthropod
Plant Interacts. 2017;11:659-67.

Zhou S, Lou YR, Tzin V, Jander G. Alteration of plant primary metabolism in
response to insect herbivory. Plant Physiol. 2015;169(3):1488-98.
Kaloshian I, Walling LL. Hemipterans as plant pathogens. Annu Rev Phyto-
pathol. 2005:43:491-521.

Aljbory Z, Chen MS. Indirect plant defense against insect herbivores: a
review. Insect Sci. 2018;25(1):2-23.

Zhang P-J,Wei J-N, Zhao C, Zhang Y-F, Li C-Y, Liu S-S, et al. Airborne host-
plant manipulation by whiteflies via an inducible blend of plant volatiles.
Proc Natl Acad Sci. 2019;116(15):7387-96.

Herrera-Vasquez A, Salinas P, Holuigue L. Salicylic acid and reactive oxygen
species interplay in the transcriptional control of defense genes expres-
sion. Front Plant Sci. 2015:6:171.

Noctor G,Reichheld JP, Foyer CH.ROS-related redox regulation and signaling
in plants. Semin Cell Dev Biol. 2018;80:3-12.

LiY, Loake GJ. Chapter 24 - Redox-regulated plant transcription factors. In:
Gonzales, DH, editor. Plant transcription factors. Boston: Academic Press;
2016. p. 373-84.

Bohorquez A, Tohme J, Parsa S, Becerra Lépez-Lavalle LA. Phenotyping cassava
(Manihot esculenta) resistance to whitefly (Aleurotrachelus socialis). 2013.

Parsa S, Medina C, Rodriguez V. Sources of pest resistance in cassava. Crop
Prot. 2015;68:79-84.

Murashige T, Skoog F. A revised medium for rapid growth and bio assays
with tobacco tissue cultures. Plant Physiol. 1962;473-497:473-97.

Behnam B, Bohorquez-Chaux A, Castaneda-Mendez OF, Tsuji H, Ishitani M,
Becerra Lopez-Lavalle LA. An optimized isolation protocol yields high-
quality RNA from cassava tissues (Manihot esculenta Crantz). FEBS Open
Bio. 2019,9(4):814-25.

Goodstein DM, Shu S, Howson R, Neupane R, Hayes RD, Fazo J, et al. Phyto-
zome: a comparative platform for green plant genomics. Nucleic Acids
Res. 2012;40(Database issue):D1178-86.

Berardini TZ, Reiser L, Li D, Mezheritsky Y, Muller R, Strait E, et al. The Arabi-
dopsis information resource: making and mining the “gold standard”
annotated reference plant genome. Genesis. 2015;53(8):474-85.

Pertea M, Kim D, Pertea GM, Leek JT, Salzberg SL. Transcript-level expression
analysis of RNA-seq experiments with HISAT, StringTie and Ballgown. Nat
Protoc. 2016;11(9):1650-67.

Love MI, Huber W, Anders S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol. 2014;15(12):550.
Backman TWH, Girke T. SystemPipeR: NGS workflow and report generation
environment. BMC Bioinformatics. 2016;17(1):388.

Huerta-Cepas J, Forslund K, Coelho LP, Szklarczyk D, Jensen LJ, von Mering C,
et al. Fast genome-wide functional annotation through orthology assign-
ment by eggNOG-Mapper. Mol Biol Evol. 2017;34(8):2115-22.
Huerta-Cepas J, Szklarczyk D, Heller D, Hernandez-Plaza A, Forslund SK, Cook
H, et al. eggNOG 5.0: a hierarchical, functionally and phylogenetically
annotated orthology resource based on 5090 organisms and 2502 viruses.
Nucleic Acids Res. 2019;47(D1).D309-14.

Wickman H. ggplot2: Elegant graphics for data analysis. New York: Springer-
Verlag; 2016; p.213.

WeiT, Simko V. R package “corrplot”: Visualization of a Correlation Matrix. 2017.
Evans JD. Straightforward statistics for the behavioral sciences. Pacific Grove:
Brooks/Cole; 1996.

GuZ,EilsR,Schlesner M. Complex heatmaps reveal patterns and correlations
in multidimensional genomic data. Bioinformatics. 2016;32(18):2847-9.
Chen H, Boutros PC. VennDiagram: a package for the generation of
highly-customizable Venn and Euler diagrams in R. BMC Bioinformatics.
2011;12:35.

Drapal M, Perez-Fons L, Price EJ, Amah D, Bhattacharjee R, Heider B, et al.
Datasets from harmonised metabolic phenotyping of root, tuber and
banana crop. Data Brief. 2022;42:108041.

Crocoll C, Halkier BA, Burow M. Analysis and quantification of glucosinolates.
Curr Protoc Plant Biol. 2016;1(2):385-409.

Clark DB. Glucosinolates, structures and analysis in food. Anal Methods.
2010;2(4):301-416.

Drapal M, Ovalle Rivera TM, Becerra Lopez-Lavalle LA, Fraser PD. Exploring
the chemotypes underlying important agronomic and consumer traits in
cassava (Manihot esculenta crantz). J Plant Physiol. 2020;251:153206.

Hur M, Kirkwood J. Multi-Omics CoAnalysis (MOCA): an integrative,
interactive, and informative workbench for correlative analyses. 1st



Nye et al. BMC Plant Biology =~ (2023) 23:657 Page 22 of 22

annual Metabolomics Association of North America (MANA). MANA,
Atlanta; 2019.

101, Hur M, Campbell AA, Aimeida-de-Macedo M, Li L, Ransom N, Jose A, et al. A
global approach to analysis and interpretation of metabolic data for plant
natural product discovery. Nat Prod Rep. 2013;30(4):565-83.

102. LiL, Hur M, Lee JY, Zhou W, Song Z, Ransom N, et al. A systems biology
approach toward understanding seed composition in soybean. BMC
Genomics. 2015;16(Suppl 3):S9.

103. Yu G, Wang LG, HanY,He QY. clusterProfiler: an R package for comparing
biological themes among gene clusters. OMICS. 2012;16(5):284-7.

104. Perez-Fons L. ACWP-LCMS ECU72-COL2246.V1 ed. Mendeley Data; 2021.

105. Hickman R, Van Verk MC, Van Dijken AJH, Mendes MP, Vroegop-Vos IA,
Caarls L, Steenbergen M, Van der Nagel |, Wesselink GJ, Jironkin A, Talbot
A, Rhodes J, De Vries M, Schuurink RC, Denby K, Pieterse CMJ, Van Wees
SCM. Architecture and dynamics of the jasmonic acid gene regulatory
network. Plant Cell. 2017,;29(9):2086-105.

106. Pauwels L, Morreel K, De Witte E, Lammertyn F, Van Montagu M, Boerjan
W, Inze D, Goossens A. Mapping methyl jasmonate-mediated tran-
scriptional reprogramming of metabolism and cell cycle progression in
cultured Arabidopsis cells. Proc Natl Acad Sci USA. 2008;105(4):1380-5.

107. Sawant SV, Tuli R, Srivastava R, Srivastava M, Nigam D. Expression data
from Arabidopsis seedlings treated with salicylic acid (data available at
GEO accession GSE14961); 2009.

108. Singh M, Bag SK, Bhardwaj A, Ranjan A, Mantri S, Nigam D, Sharma
YK, Sawant SV. Global nucleosome positioning regulates salicylic
acid mediated transcription in Arabidopsis thaliana. BMC Plant Biol.
2015;15:13.

109. Thibaud-Nissen F, Wu H, Richmond T, Redman JC, Johnson C, Green
R, Arias J, Town CD. Development of Arabidopsis whole-genome
microarrays and their application to the discovery of binding sites for
the TGA2 transcription factor in salicylic acid-treated plants. Plant J.
2006;47(1):152-62.

110. Yang L, Teixeira PJ, Biswas S, Finkel OM, He Y, Salas-Gonzalez |, English
ME, Epple P, Mieczkowski P, Dangl JL. Pseudomonas syringae Type |Il
Effector HopBB1 promotes host transcriptional repressor degradation
to regulate phytohormone responses and virulence. Cell Host Microbe.
2017;21(2):156-68.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Integrative transcriptomics reveals association of abscisic acid and lignin pathways with cassava whitefly resistance
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Results
	A fast transcript-level response to SA revealed in whitefly-resistant cassava
	Reciprocal transcriptome responses to SA in cassava genotypes
	Cassava and Arabidopsis hormone responses have diverged
	Genotypic differences in cassava’s responses to whitefly infestation
	Whitefly infestation of cassava triggers phytohormone-dependent and -independent gene expression
	Resistant cassava deploy multiple biochemical defenses in response to whitefly adult feeding and egg deposition
	Whitefly nymph feeding induces a surge in SA and immune signaling in susceptible cassava

	Discussion
	Divergent hormone responses in cassava versus Arabidopsis
	Hormone responses of whitefly-resistant and -susceptible cassava
	Resistance to whitefly adults and eggs is associated with ABA and cell wall defenses
	Susceptibility to whitefly nymphs is associated with a rise in SA and immune signaling

	Conclusions
	Materials and methods
	Plant growth, insect rearing, and infestation experiments
	Plant hormone treatments
	RNA extraction, cDNA library preparation, sequencing, and data processing
	Ortholog identification
	Principal component and correlation analyses
	Gene expression clustering and visualization
	Metabolite quantification and transcript correlation
	GO term enrichment

	Anchor 30
	Acknowledgements
	References


