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B-Cyanoalanine synthase protects mites against
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Abstract

Glucosinolates are antiherbivory chemical defense compounds in Arabidopsis (Arabidopsis thaliana). Specialist herbivores that
feed on brassicaceous plants have evolved various mechanisms aimed at preventing the formation of toxic isothiocyanates. In
contrast, generalist herbivores typically detoxify isothiocyanates through glutathione conjugation upon exposure. Here, we ex-
amined the response of an extreme generalist herbivore, the two-spotted spider mite Tetranychus urticae (Koch), to indole
glucosinolates. Tetranychus urticae is a composite generalist whose individual populations have a restricted host range but
have an ability to rapidly adapt to initially unfavorable plant hosts. Through comparative transcriptomic analysis of mite pop-
ulations that have differential susceptibilities to Arabidopsis defenses, we identified B-cyanoalanine synthase of T. urticae
(TuCAS), which encodes an enzyme with dual cysteine and B-cyanoalanine synthase activities. We combined Arabidopsis ge-
netics, chemical complementation and mite reverse genetics to show that TuCAS is required for mite adaptation to
Arabidopsis through its B-cyanoalanine synthase activity. Consistent with the B-cyanoalanine synthase role in detoxification
of hydrogen cyanide (HCN), we discovered that upon mite herbivory, Arabidopsis plants release HCN. We further demon-
strated that indole glucosinolates are sufficient for cyanide formation. Overall, our study uncovered Arabidopsis defenses that
rely on indole glucosinolate-dependent cyanide for protection against mite herbivory. In response, Arabidopsis-adapted mites
utilize the B-cyanoalanine synthase activity of TUCAS to counter cyanide toxicity, highlighting the mite’s ability to activate re-
sistant traits that enable this extreme polyphagous herbivore to exploit cyanogenic host plants.
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Introduction

The arms race between plants and herbivores, occurring
over millions of years, has led to reiterative evolution and di-
versification of adaptive traits in both host plants and herbi-
vores (Wheat et al, 2007). Specialist herbivores evolved a
variety of highly efficient resistance traits against a narrow
range of plant host defenses they encounter (Despres et al,
2007; Heidel-Fischer and Vogel, 2015). Generalist herbivores,
on the other hand, evolved an innate ability to feed on a
wide range of hosts. Generalists use two main strategies to
overcome plant host defenses. Broad-generalists, whose indi-
viduals have the ability to feed on the whole range of spe-
cies’ hosts, are assumed to rely on transcriptional plasticity
of genes encoding effector proteins and/or detoxification
enzymes leading to the attenuation of plant defenses and to
increased detoxification potential, respectively (Li et al,
2007; Hogenhout and Bos, 2011; Kaloshian and Walling
2016). However, resistance traits used by composite general-
ist herbivores, regarded as a sum of populations that them-
selves thrive on a subset of potential hosts, are not well
understood (Fox and Morrow, 1981; Peccoud et al, 2009;
Barrett and Heil, 2012).

Cyanogenesis is a broadly distributed chemical defense
that is reported in over 2,500 plant species (Poulton, 1990).
Cyanogenic glucosides are the most common cyanogenic
compounds that are synthesized as inactive precursors and
require modification by B-glucosidases and o-hydroxynitrile
lyases for hydrogen cyanide (HCN) release (Conn, 1987;
Frehner and Conn, 1987; Selmar et al, 1987, 1989; Poulton,
1990; Meller and Seigler, 1999; Zagrobelny et al, 2004).
Cyanide is a potent inhibitor of mitochondrial oxidative
phosphorylation (Isom and Way, 1984) and is an effective
deterrent against herbivory (Tattersall et al, 2001; Hay-Roe
et al, 2011; Wybouw et al., 2012, 2014). Herbivores that can
feed on cyanogenic plants overcome cyanide toxicity mainly
through sequestration of ingested cyanogenic glucosides and
modulation of feeding behavior that minimizes the uptake
of cyanogenic compounds (Zagrobelny et al., 2008; Pentzold
et al, 2014; Zagrobelny et al, 2014). In addition, some
arthropods have the ability to detoxify cyanide. For example,
the whitefly Bemisia tabaci modifies cyanogenic glucosides
so that they cannot be activated by plant enzymes (Easson
et al, 2021), while lepidopteran insects and mites have the
ability to detoxify cyanide by enzyme that is encoded by the
B-cyanoalanine synthase (CAS) gene (Meyers and Ahmad,
1991; Stauber et al,, 2012; Wybouw et al, 2014).

Arabidopsis (Arabidopsis thaliana) has been a useful plant
model to study plant-herbivore interactions. Glucosinolates,
amino acid-derived secondary metabolites, are considered to
be the major antiherbivory chemical defense compounds in
Arabidopsis. Among this class of secondary metabolites, ali-
phatic glucosinolates (derived from methionine) and indole
glucosinolates (derived from tryptophan [Trp]) are the most
abundant in Arabidopsis (Wittstock and Halkier, 2002;
Halkier and Gershenzon, 2006). Variations in the side-chain
length and side-chain modifications, combined with the
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hydrolysis and conjugation of glucosinolate breakdown
products with various adducts, contribute to the structural
diversity of glucosinolate-derived compounds (Rask et al,
2000; Kliebenstein et al., 2005). Among them, the isothiocya-
nates have the greatest toxicity to a wide range of herbi-
vores (Wittstock et al, 2003). Brassicaceae-specialized
herbivores have evolved various strategies to avoid isothiocy-
anate toxicity and develop glucosinolate resistance. For ex-
ample, lepidopteran specialists Plutella xylostella and Pieris
rapae express enzymes in the larval gut that modify glucosi-
nolates and prevent their hydrolysis, or redirect the synthesis
of isothiocyanates toward nitriles that are less toxic com-
pounds, respectively (Agerbirk et al, 1998, Ratzka et al,
2002; Wittstock et al,, 2004). While nitriles derived from the
aliphatic glucosinolates are directly excreted in the feces
(Jeschke et al, 2017), nitriles derived from benzylglucosino-
late are further metabolized in P. rapae, leading to the re-
lease of cyanide and its subsequent detoxification by CAS
(Stauber et al, 2012). In addition, numerous glucosinolate-
specialists sequester and excrete glucosinolates (Mdiller et al,,
2001; Aliabadi et al, 2002; Kazana et al, 2007; Yang et al,
2020). On the other hand, herbivores that are tolerant to
glucosinolate defenses, like many generalist lepidopterans
and leaf miner flies, detoxify glucosinolate-derived isothio-
cyanates by conjugating them with the tripeptide glutathi-
one (y-Glu-Cys-Gly) (Schramm et al, 2012; Gloss et al,
2014). However, this detoxification is nutritionally costly and
can lead to a depletion of cysteine that negatively affects
herbivore growth (Jeschke et al., 2016).

The two-spotted spider mite, Tetranychus urticae (Koch), is
an extreme generalist herbivore that can feed on over one
thousand plant hosts, including plants belonging to the
Brassicaceae family (Migeon and Dorkeld, 2021). Tetranychus
urticae is an example of a composite generalist herbivore
whose individual populations perform well only on a subset
of potential hosts (Fellous et al, 2014; Rioja et al, 2017).
However, mites have an ability to adapt to originally unfavor-
able hosts in just 5-25 generations and overcome initially ef-
fective plant host defenses (Gould, 1979; Fry, 1989;
Magalhaes et al,, 2007; Wybouw et al., 2015; Salehipourshirazi
et al, 2021). The expansion of gene families implicated in di-
gestion, detoxification, and transport of xenobiotics and their
dynamic expressional changes when mites shift to new plant
hosts indicate that mites, like other generalist herbivores, can
quickly reprogram their xenobiotic responses (Grbic et al,
2011; Herde and Howe, 2014; Schweizer et al, 2017
Salehipourshirazi et al, 2021). The detoxification potential of
mites is enriched with genes that have been acquired
through horizontal gene transfer (Wybouw et al, 2018). One
such gene is TuCAS encoding an enzyme with cysteine syn-
thase and B-cyanoalanine synthase activities. Its increased ex-
pression has been previously identified in mite populations
that were adapted to Phaseolus lunatus, a plant host that
accumulates cyanogenic glucosides (Wybouw et al, 2014).
The ability of recombinant TuCAS to conjugate cyanide with
cysteine, with high specificity, into B-cyanoalanine led to the
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hypothesis that increased expression of TuCAS enables
P. lunatus-adapted mites to detoxify defensive cyanide
(Wybouw et al.,, 2014).

Arabidopsis is a nonhost plant to the reference London
mite population (Grbic et al, 2011; Zhurov et al, 2014
Santamaria et al, 2017, 2019; Salehipourshirazi et al, 2021;
Widemann et al, 2021). At least two classes of jasmonic acid
(JA)-regulated defenses protect Arabidopsis plants against
mite herbivory (Figure 1A; Salehipourshirazi et al, 20271;
Widemann et al, 2021). Trp-derived indole glucosinolates are
one class of defensive compounds (Widemann et al, 2021).
They require myrosinase-catalyzed hydrolysis to form bioac-
tive products with antifeedant effects against mites
(Widemann et al, 2021). Besides indole glucosinolates, there
is another class of JA-regulated defensive compound(s) that
restrict mite herbivory on Arabidopsis. Their identity is cur-
rently not known. We recently demonstrated that a reference
London bean-reared (Phaseolus vulgaris) mite population can
adapt to Arabidopsis (Salehipourshirazi et al, 2021). In these
experiments, London mites were selected on Columbia-0
(Col-0) fully defended wild-type (WT) plants, and cyp79b2
cyp79b3 (CYTOCHROME P450, FAMILY 79, SUBFAMILY B,
POLYPEPTIDE 2 and 3, AT4G39950, and AT2G22330) plants
that are deficient in conversion of Trp to indole-3-
acetaldoxime (IAOx), lack Trp-derived compounds but display
the remaining JA-regulated defenses, resulting in Col-a and
cyp-a mite populations, respectively (Figure 1A). Here, using
these Arabidopsis-adapted mite populations, we initiated
characterization of mite host-adaptive traits, focusing on
those that enable mites to overcome indole glucosinolate-
associated Arabidopsis defenses. Among genes associated with
mite adaptation to indole glucosinolates we identified TuCAS.
We show that TuCAS is required for mite adaptation to in-
dole glucosinolates through its B-cyanoalanine synthase activ-
ity. Consistent with the role of B-cyanoalanine synthase in
detoxification of HCN, we demonstrate that upon mite her-
bivory, Arabidopsis plants release HCN. Conversely, we identi-
fied the mite’s ability to mount cyanide detoxification
counter defenses enabling mites to break Arabidopsis host
resistance.

Results

The overexpression of TuCAS is associated with mite
resistance to Arabidopsis defenses

Col-a and cyp-a mite populations were derived from an
ancestral London strain (bean-a) that was selected on Col-0
and cyp79b2 cyp79b3 Arabidopsis plants for >25 genera-
tions, respectively (Figure 1A). Both populations show simi-
lar fitness on cyp79b2 cyp79b3 Arabidopsis plants lacking
CYP79B2 CYP79B3-derived Arabidopsis defenses; however,
Col-a mites significantly outperform cyp-a mites on Col-0
plants (Salehipourshirazi et al, 2021). We reasoned that ex-
posure of Col-a mites to CYP79B2 CYP79B3-derived
Arabidopsis defenses during the selection process resulted in
development of the resistance traits that enable Col-a to
overcome their toxicity. Conversely, these resistance traits
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Figure 1 The high expression of B-cyanoalanine synthase (TuCAS)
associates with mite adaptation to Arabidopsis. A, Simplified sche-
matics of Arabidopsis induced defenses against mite feeding and selec-
tion of ancestral (Lnd, bean-a) mite population on Col-0 and cyp79b2
cyp79b3 Arabidopsis plants, deriving Col-a and cyp-a populations re-
spectively. B, A PCA of expression measures data for Col-a, cyp-a, and
bean-a mite populations when moved to bean, Col-0, and cyp79b2
cyp79b3 (cyp79b2,b3) Arabidopsis plants. C, Differentially expressed
genes upregulated in mites adapted to fully defended Col-0 plants but
not in mites adapted to cyp79b2 cyp79b3 Arabidopsis plants that lack
CYP79B2 CYP79B3-derived defense metabolites. D, Expression levels
of TuCAS in bean-a, Col-a, and cyp-a mites when fed on bean, cyp79b2
cyp79b3 (cyp79b2,b3), and Col-0 Arabidopsis plants for 24 h. RNA-Seq
experiment was performed in three biological replicates (n = 3). Data
represent the mean of Fragments per Kilobase of transcript per
Million mapped reads + st. Different letters represent significant differ-
ence between means (Tukey’s HSD test, P < 0.05).
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are expected to be absent/less efficient in the ancestral
bean-a and cyp-a populations that were not exposed to
these defense compounds. Therefore, to identify genes asso-
ciated with mite resistance to CYP79B2 CYP79B3-derived
defenses, we performed a comparative transcriptomic analy-
sis between Col-a, cyp-a, and bean-a mite populations. Prior
to sample collection, Col-a and cyp-a mites that are main-
tained on Col-0 and cyp79b2 cyp79b3 Arabidopsis plants, re-
spectively, were transferred to bean plants for two
generations to equalize the physiological effects of the rear-
ing host on mite gene expression. Subsequently, Col-a, cyp-a,
and bean-a mite populations were moved to bean, Col-0,
and cyp79b2 cyp79b3 Arabidopsis plants, and mite samples
for RNASeq analysis were collected 24 h later.

Principal component analysis (PCA) of the complete data
set consisting of 12,802 expressed genes indicated the robust
effect of both mite strain and plant host experimental fac-
tors. The first three principal components explained 69.5%
of the total data set variance (Figure 1B). The prominent ef-
fect of mite host-adaptation status as an experimental factor
is seen in PC1 versus PC2 and PC2 versus PC3 plots. The
separation of bean-a, cyp-a, and Col-a mite strains in these
graphs correlates with the extent of host plant xenobiotic
challenge to which these mite populations are adapted. The
comparison PC1 versus PC3 clearly points to the effects of
plant hosts on data set variance. As expected, Col-0 and
cyp79b2 cyp79b3 Arabidopsis plant hosts clustered together
and away from bean as a factor, indicating that a small set
of mite expressed genes is responsive to the presence of
CYP79B2 CYP79B3-derived defenses. In the analysis of differ-
ential gene expression, we assessed the effects of mite adap-
tation status (ancestral bean-a, cyp-a, and Col-a) and host
plant (bean, cyp79b2 cyp79b3, and Col-0) at absolute Log,
Fold Change (FC) of >1 and FDR-adjusted P-value < 0.05.
To identify genes associated with mite resistance to
CYP79B2 CYP79B3-derived defenses we selected genes that
are differentially expressed between Col-a and cyp-a mites
independent of the host plant, and at the same time over-
expressed in Col-a mites but not in cyp-a mites relative to
the ancestral strain. This analysis identified a limited set of
59 genes (Figure 1C and Supplemental Table S1). One of
them was TuCAS, a gene that encodes an enzyme with bi-
functional cysteine synthase and P-cyanoalanine synthase
activities (Wybouw et al, 2014). TuCAS was expressed at
comparable basal levels in Col-a, cyp-a, and bean-a mites
when they fed on bean plants for 24h (Figure 1D).
However, the expression of TuCAS increased when mites
were transferred to Arabidopsis. Its expression in the ances-
tral bean-a mite population and cyp-a mites gradually in-
creased when transferred to cyp79b2 cyp79b3 and Col-0
leaves, with FC < 2 (Figure 1D). In contrast, TuCAS exhib-
ited approximately nine- and six-fold upregulation in Col-a
mites upon transfer from bean to cyp79b2 cyp79b3 and
Col-0 plants, respectively (Figure 1D). Therefore, TuCAS is
expressed in response to Arabidopsis xenobiotics and has
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increased transcriptional plasticity in Col-a relative to cyp-a
and bean-a mites.

TuCAS is required for T. urticae adaptation to
Arabidopsis

The high expression of TuCAS in Col-a mites upon transfer
to cyp79b2 cyp79b3 and Col-0 leaves may reflect a general
increase in transcriptional plasticity of xenobiotically induced
genes in Col-a mites or may point to the specific contribu-
tion of TuCAS to the resistance of Col-a mites to
Arabidopsis defenses. To differentiate between these possi-
bilities, we utilized a recently developed and optimized
RNAI protocol (Suzuki et al, 2017a; Bensoussan et al.,, 2020)
to silence TuCAS and determine if it is required for Col-a ad-
aptation to Arabidopsis. TUCAS is a single gene in the mite
genome encoded by the tetur10g01570 locus (Grbic et al,
2011). It is constitutively expressed in adult spider mites
(Figure 2A), including digestive cells that are considered to
be the site for digestion and detoxification of dietary xenobi-
otics (Bensoussan et al,, 2018). We synthesized two nonover-
lapping dsRNA fragments, dsRNA-TuCAS (600nt) and
dsRNA-TuCAS-1  (595nt), that span a single exon and
3'-untranslated region of the TuCAS gene (Figure 2B).
BLASTn search of the T. Urticae genome using TuCAS
sequences as a query did not identify any sequences with a
continuous identity with TuCAS longer than 19nt
Therefore, TuCAS sequences are sufficiently dissimilar from
other genes in the T. urticae genome and thus, TuCAS
dsRNAs are not expected to have off-target effects. We also
synthesized a dsRNA (382 nt) complementary to a nontran-
scribed genomic region that was used as a negative control
(NC) (Figure 2B). Upon silencing, the expression of TuCAS
was reduced by 56% (dsRNA-TuCAS) and 58% (dsRNA-
TuCAS-1) in Col-a mites (Figure 2C). Reduced expression of
TuCAS resulted in a significant reduction of fecundity in
TuCAS-silenced Col-a mites fed on the Col-0 leaves (40% re-
duction in dsSRNA-TuCAS and 26% in dsRNA-TuCAS-1 treat-
ments relative to dsRNA-NC treated Col-a mites)
(Figure 2D). The similarity of RNAI effects obtained upon
the application of two independent dsRNA-TuCAS frag-
ments confirms the specificity of the requirement of TuCAS
activity for the adaptation of Col-a mites to Col-0. When
Col-a mites were treated with dsRNA-TuCAS and fed on
cyp79b2 cyp79b3 leaves, there was a modest but significant
decrease in their fecundity (14% reduction), suggesting that
Arabidopsis defenses counteracted by TuCAS are not exclu-
sively dependent on the CYP79B2 CYP79B3-dependent
pathway. Consistent with the requirement of TuCAS for
mite adaptation to Arabidopsis, reduced TuCAS expression
did not affect mite fitness when they fed on bean leaves
(Figure 2D). Overall, our data indicate that TuCAS is re-
quired for mite adaptation to Arabidopsis, enabling mites to
primarily counteract CYP79B2 CYP79B3-dependent and to a
smaller extent, CYP79B2 CYP79B3-independent Arabidopsis
defenses.
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(ANOVA **P < 0.01, **P < 0.001). Experiments were performed in ten (for Col-0 and cyp79b2 cyp79b3 plants) and five (for bean plants)
biological replicates/trial and in three independent trials (n = 30, for Col-0 and cyp79b2 cyp79b3 plants; and n = 15, for bean plants). Scale bar:

A(i, iii) = 100 pm, A(ii) = 20 um.

Cysteine synthase activity of TuCAS is not required
for mite adaptation to Arabidopsis

TuCAS is a bifunctional enzyme that has cysteine synthase activ-
ity (enabling cysteine biosynthesis from H,S and O-acetylserine)
and B-cyanoalanine synthase activity (required for the synthesis
of B-cyanoalanine from cyanide (HCN) and cysteine)
(Figure 3A). Of the two enzymatic activities, B-cyanoalanine
synthase activity is strongly favored (Wybouw et al, 2014;
Daneshian et al, 2022). Cysteine is one of the structural
amino acids of glutathione that is essential for glutathione-
S-transferase (GST)-dependent detoxification of xenobiotic
compounds. Col-0 WT plants have a greater complement of
defenses relative to cyp79b2 cyp79b3 plants. Thus, it is con-
ceivable that Col-a mites gained an ability to synthesize
greater amounts of cysteine as an adaptation to a greater re-
quirement of the glutathione conjugation of Arabidopsis
xenobiotic compounds. To test the possibility that TuCAS
protects Col-a mites from cysteine depletion, we used petiole-

infiltration to administer either 1T mM cysteine solution or
water as a control into Col-0 leaves. To ensure that supple-
mented leaves had elevated levels of cysteine relative to
water-treated leaves, whole leaf extracts were subject to
LCMS analysis. While the level of cysteine in untreated leaves
was below the level of detection of our instrumentation,
leaves with administered cysteine had 117+73 pmol-mg™’
FW cysteine equivalents (measured as cystine; see “Materials
and methods”), which is approximately seven-fold greater
than reported for WT Arabidopsis leaves (Krueger et al,
2009). Treated leaves were subsequently infested with Col-a
mites that had been treated with dsRNAs complementary to
TuCAS or the NC genomic region. If the cysteine synthase ac-
tivity of TuCAS contributes to the resistance of Col-a mites
against Arabidopsis defenses, its requirement is expected to
be relieved by the externally provided cysteine. In line with
the results shown in Figure 2D, silencing of TuCAS reduced
the fecundity of Col-a mites exposed to Col-0 defenses
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Figure 3 Cysteine synthase activity of TuCAS in Col-a mites is not associated with mite adaptation to Arabidopsis. A, Schematic representation of
TuCAS dual enzymatic functions. B, The fecundity (recorded over 2d [3 and 4 postinoculation]) of Col-a mites treated with dsSRNA-NC (NC) or
dsRNA-TuCAS (TuCAS) feeding on Col-0 leaves supplemented with cysteine ( + ) or water (-). Data represent the mean number of eggs laid by a
female mite per day =+ se. The experiment was performed in five biological replicates/trial and in three independent trials, n = 15. Significance of

dsRNA treatment detected through ANOVA, ***P < 0.001.

(Figure 3B). However, mite fecundity was comparable when
dsRNA-treated Col-a mites fed on leaves supplemented with
cysteine or water (Figure 3B), suggesting that the cysteine syn-
thase activity of TuCAS is not required for mite adaptation to
Arabidopsis.

Col-a mites have greater tolerance to cyanide

To test if the high expression of TuCAS in Col-a mites con-
fers their tolerance to HCN we compared the susceptibility
of the ancestral bean-a and Col-a mite populations to
cyanide. Using direct delivery of KCN to mites (Ghazy et al,
2020), we determined the susceptibility of bean-a and Col-a
mites to a range of KCN concentrations. Both bean-a and
Col-a mites were insensitive to 1 and 25mM KCN
(Figure 4A). Higher KCN concentrations caused a dose-
dependent increase in mite mortality that reached 100% at
>20mM in both bean-a and Col-a mite populations
(Figure 4A). However, the dose-dependent mortality was
shifted toward higher KCN concentrations in Col-a relative
to bean-a mites, indicating that Col-a mites have greater tol-
erance to cyanide (Figure 4A). If increased cyanide resistance
in Col-a mites requires a high level of TuCAS expression,
then silencing of TuCAS should restore their cyanide sensi-
tivity. To test this hypothesis, we used the leaf coating
method of HCN delivery, previously shown to enable com-
pound delivery to mites through ingestion (Suzuki et al,
2017b). As leaf coating is a less efficient way of compound
delivery relative to direct mite exposure used in Figure 4A,
we first identified the highest asymptomatic KCN concentra-
tion using mite fecundity as a fitness parameter. As seen in
Figure 4B, the fecundity of Col-a mites was significantly re-
duced on bean leaf discs coated with 10 and 20mM KCN.
However, the application of 5mM KCN did not affect mite
fecundity. Both dsRNA treatment and KCN application had
a highly significant effect on Col-a mite fecundity (ANOVA,
P < 0.001). Consistent with data shown in Figure 2D, silenc-
ing of TuCAS had no effect on fecundity on water-treated
bean leaf disks. While feeding on 5mM KCN treated disks
was asymptomatic (no decrease in NC-mite fecundity),
silencing of TuCAS at this KCN concentration had a

dramatic 25% reduction in fecundity, suggesting that TuCAS
[-cyanoalanine synthase activity is required for cyanide tol-
erance of Col-a mites. Increasing concentrations of KCN
resulted in a linear decrease in mite fecundity. At these
higher KCN concentrations the contribution of TuCAS
knockdown on mite fecundity was not significant.

TuCAS protects Col-a mites against indole
glucosinolate-dependent cyanide

If B-cyanoalanine synthase activity of TuCAS is required for
mite adaptation to CYP79B2 CYP79B3-dependent Arabidopsis
defenses, then mites should be exposed to cyanide upon their
interaction with Arabidopsis. However, the existence and the
potential source of cyanide that may protect Arabidopsis
against mite herbivory are not known. We first tested if
cyanide levels in Col-0 leaves change in response to mite
feeding. As seen in Figure 5A, untreated Col-0 leaves
accumulate basal levels of cyanide that significantly
increase upon infestation by bean-a mites. Furthermore, an
~80% reduction of cyanide basal levels and lack of the
additional cyanide accumulation upon bean-a mite feeding
on cyp79b2 cyp79b3 relative to Col-0 leaves (Figure 5B), in-
dicate that cyanide release requires CYP79B2 CYP79B3-
dependent pathway(s). Camalexin, indole-3-carbonylnitrile
(ICN) and indole-3-carboxylic acid (ICA) are CYP79B2
CYP79B3-dependent pathways that were previously impli-
cated in cyanide formation (Figure 6; Bottcher et al., 2009,
2014; Rajniak et al, 2015). However, the comparable cya-
nide levels in Col-0 and cyp71a12 cyp71a13 double mutant
plants (Figures 5B and 6) indicate that formation of indole-
3-acetonitrile (IAN) via CYP71A12 and CYP71A13 and
downstream camalexin and ICN pathways are not required
for cyanide syntheses in response to mite feeding. To test
if the indole glucosinolate-dependent pathway contributes
to cyanide synthesis, we complemented cyp79b2 cyp79b3
mutant leaves with 2.4 mM 3-indolylmethyl glucosinolate
(I3M) solution, previously shown to reconstitute CYP79B2
CYP79B3-derived defenses (Widemann et al, 2021). As
seen in Figure 5C, the addition of I3M resulted in increased
cyanide levels in cyp79b2 cyp79b3 mutant leaves regardless
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Figure 4 [-cyanoalanine synthase activity of TuCAS in Col-a mites is
associated with their adaptation to Arabidopsis. A, KCN dose-re-
sponse curves with 95% confidence intervals for bean-a (London) and
Col-a mites. Mite mortality was scored 24 h after KCN treatment. The
experiment was performed in two biological replicates and three inde-
pendent trials, n = 6. Filled dots represent an average of six samples. B,
The fecundity (recorded over 2d [3 and 4 postinoculation]) of Col-a
mites treated with dsSRNA-NC (NC) or dsRNA-TuCAS (TuCAS) feeding
on bean leaf discs coated with water or 5, 10, or 20 mM KCN. Data
represent the mean number of eggs laid by a female mite per day + s.
The experiment was performed in three biological replicates and three
independent trials, n = 9. Significant interaction between KCN treat-
ment and dsRNA treatment was detected by ANOVA, P < 0.001.
Different letters represent significant difference between means
(Tukey’s HSD test, P < 0.05).

of mite challenge, demonstrating that indole glucosinolates
are sufficient for cyanide formation. If cyanide is a constitu-
ent of I3M-dependent Arabidopsis defenses against mites,
then TuCAS should enable Col-a mites to counteract cya-
nide poisoning in cyp79b2 cyp79b3 mutant leaves comple-
mented with I3M. In line with a low accumulation of
cyanide in cyp79b2 cyp79b3 plants, silencing of TuCAS
resulted in only a small nonsignificant decrease in Col-a
mite fecundity in the absence of I3M (Figure 5D). However,
upon I3M supplementation of cyp79b2 cyp79b3 leaves,
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silencing of TuCAS led to a significant decrease of Col-a
mite fitness (Figure 5D) demonstrating that TuCAS pro-
tects Col-a mites against 13M-dependent cyanide defenses.

Discussion

Glucosinolates are considered to be the main toxic com-
pounds in Arabidopsis that restrict herbivory of a wide
range of arthropods including the two-spotted spider mite,
T. urticae (Wittstock and Halkier, 2002; Wittstock et al,
2003; Zhurov et al,, 2014, Widemann et al,, 2021). Using dif-
ferential sensitivity of Col-a relative to cyp-a and bean-a
mites to CYP79B2 CYP79B3-dependent defenses (Figure 1;
Salehipourshirazi et al, 2021), we identified TuCAS—a gene
that has been independently acquired by mites and lepidop-
teran insects from bacteria via horizontal gene transfers
(Wybouw et al,, 2014; van Ohlen et al, 2016; Herfurth et al,
2017; Li et al, 2021). In both classes of herbivores, CAS ex-
pression is elevated when Arabidopsis glucosinolates are en-
countered. In lepidopteran generalists (e.g. the tobacco
budworm Heliothis virescens), like in bean-a and cyp-a mites,
CAS expression undergoes a modest increase in response to
Arabidopsis glucosinolates (Schweizer et al, 2017). However,
in a specialist (e.g. the large white Pieris brassicae) and in
Col-a mites, the exposure to glucosinolates leads to high
CAS expression (Figure 1; Schweizer et al, 2017), indicating
that Col-a mites behave like Brassicaceae-specialized herbi-
vores in regard to TuCAS responsiveness to glucosinolates.
TuCAS is a bifunctional enzyme with cysteine synthase
and B-cyanoalanine synthase activities, albeit carried out
with different efficiency (Figure 3A; Wybouw et al, 2014
Daneshian et al, 2022). We tested if the cysteine synthase
activity of CAS may be required to offset cysteine depletion
that may result from detoxification of xenobiotic com-
pounds through glutathione conjugation (Schramm et al,
2012; Gloss et al, 2014; Jeschke et al, 2016). However,
elevated cysteine levels did not eliminate the requirement of
TuCAS activity when Col-a mites were exposed to Col-0
defenses (Figure 3), suggesting that the cysteine synthase ac-
tivity of TuCAS is dispensable for mite adaptation to
Arabidopsis. This is consistent with the low cysteine syn-
thase activity of TuCAS (Wybouw et al, 2014; Daneshian
et al, 2022). Instead, several lines of evidence suggest
that the [-cyanoalanine synthase activity of TuCAS that
catalyzes the reaction between HCN and cysteine to form
B-cyanoalanine may be required for mite adaptation to indole
glucosinolates. First, Col-a mites have greater tolerance to ex-
ogenously supplied cyanide than bean-a mites (Figure 4).
Second, cyanide was detected in Arabidopsis leaves and its
levels increased upon mite feeding (Figure 5A). Third, in-
dole glucosinolates are sufficient for the release of cyanide
in Arabidopsis leaves (Figure 5C). Fourth, TuCAS is
required for high mite performance in the presence of the
indole glucosinolates (Figure 5D). Cumulatively, our data
suggest that indole glucosinolate-dependent cyanide pro-
tects Arabidopsis plants against mite herbivory and that in
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Figure 5 Cyanide synthesis in Arabidopsis upon mite feeding requires CYP79B2 CYP79B3-derived indole glucosinolates. A and B, Cyanide levels in
Col-0, cyp79b2 cyp79b3 (cyp79b2,b3), and cyp71al2 cyp71ail3 (cyp71a12,a13) plants with and without bean-a mite feeding. Data represent the
mean + SE. The experiment was performed in five independent trials (1 sample/treatment/trial), n = 5. In (A), the significant effect of mite feeding
detected by ANOVA is represented as an asterisk. In (B), a significant interaction between plant genotype and mite feeding was detected by
ANOVA and was followed by a Tukey’s HSD test with letters representing significant differences between means, P < 0.05. C, Cyanide levels in
cyp79b2 cyp79b3 (cyp79b2,b3) plants supplemented with 2.4 mM I3M for 24 h with and without bean-a mite infestation. Data represent the
mean £ SE. The experiment was performed in six independent trials (one sample/treatment/trial), n = 6. Significant effects of I13M supplementa-
tion detected by ANOVA are represented by different letters at o = 0.05. D, The fecundity (recorded on Day 3 postinoculation) of Col-a mites
feeding on cyp79b2 cyp79b3 (cyp79b2,b3) leaves supplemented with 2.4 mM I13M (for 24 h). Col-a mites were treated with either dsSRNA-NC or
dsRNA-TuCAS. Data represent the mean number of eggs laid by a female mite per day + se. The experiments were performed in five biological rep-
licates/trial and in three independent trials, n = 15. No interaction between I13M and dsRNA treatment was detected by ANOVA, but main effects
of 13M supplementation (represented by different letters) and dsRNA were significant at o = 0.05. Differences between dsRNA treatments within

I13M supplementation regimes were detected by unpaired Student’s t tests (*P < 0.05).

response, Col-a mites utilize the B-cyanoalanine synthase
activity of TuCAS to counter cyanide toxicity.

CYP79B2 CYP79B3 convert Trp into IAOx that is further
processed by CYP71A12, CYP71A13 and CYP83B1 to initiate
the biosynthesis of camalexin, ICN, ICA, and indole glucosi-
nolates, respectively (Figure 6; Halkier and Gershenzon, 2006;
Rauhut and Glawischnig, 2009; Rajniak et al, 2015; Mdller
et al, 2019; Pastorczyk et al, 2020). CYP71A12 and
CYP71A13 direct IAOx toward the synthesis of IAN that is
then used as a substrate by CYP71A12, CYP71A13, and
CYP71B6 to derive camalexin, ICN, and ICA, respectively,
through pathways predicted to lead to cyanide release
(Figure 6). For example, the final conversion of the IAN-
cysteine conjugate to camalexin by CYP71B15 is expected to
release equimolar amounts of cyanide (Bottcher et al., 2009).
Likewise, the spontaneous hydrolysis of ICN and 4-OH-ICN
yielding ICA and 4-OH-ICA is predicted to produce HCN
(Rajniak et al, 2015). In addition, cyanide release, at least
in vitro, occurs upon the conversion of IAN to its oxidized
derivatives indole-3-carbaldehyde and ICOOH/ICA in reac-
tions carried out by CYP71B6 (Bottcher et al, 2014; Miiller
et al, 2015, 2019). However, CYP71A12 and CYP71A13 are
dispensable for Arabidopsis defenses against mite herbivory
(Widemann et al, 2021) and for the synthesis of mite-induced
cyanide (Figure 5B). Instead, the reconstitution of cyanide re-
lease in cyp79b2 cyp79b3 leaves by I3M supplementation indi-
cates that mite-induced cyanide is indole glucosinolate-
dependent (Figure 5B). If indole glucosinolate-dependent cya-
nide is formed by any of the above-mentioned pathways, then
the breakdown of indole glucosinolates should lead to the

production of IAN at the expense of indol-3-yl-methyl isothio-
cyanate. In that case, Arabidopsis nitrile specifier proteins
(NSPs; Burow et al, 2009; Wittstock and Burow, 2010) and/or
acidification of the cytosol potentially resulting from the for-
mation of reactive oxygen species upon mite feeding
(Santamaria et al, 2018) will enable the formation of IAN
from indole glucosinolates (Latxague et al, 1991). Consistent
with this possibility, the analysis of indole glucosinolate break-
down products in Col-0 leaves upon mite feeding (Widemann
et al, 2021) identified features that may correspond to
ICOOCIc and 6-GIcO-ICOOH (Widemann et al, 2021), raising
the possibility that indole glucosinolate breakdown in mite-
infested Col-0 leaves could lead to the formation of IAN and
the synthesis of ICA, with the concomitant release of cyanide.
Cyanide release in planta is also expected as a by-product of
ethylene biosynthesis (Peiser et al, 1984; Yip and Yang 1988).
Ethylene-dependent cyanide release is expected in both Col-0
and c¢yp79b2 cyp79b3 leaves and could account for the
CYP79B2 CYP79B3-independent requirement of TuCAS in Col-
a mites (Figure 2). Given that TuCAS has broader enzymatic
activities beyond utilization of cyanide as a substrate
(Daneshian et al, 2022), we cannot exclude the possibility that
some other plant compounds (eg upstream Trp-derived
metabolites that may accumulate in cyp79b2 cyp79b3 leaves)
are detoxified by TuCAS.

Alternatively, the glucosinolate-dependent cyanide could
be generated in the mite gut, similarly to cyanide formation
reported for Brassicaceae specialists belonging to the
Pieridae family, for example, P. rapae and P. brassicacae
(Stauber et al, 2012). These herbivores express the NSP,



TuCAS counteracts Arabidopsis defenses PLANT PHYSIOLOGY 2022: 189; 1961-1975 1969

O\_oH
NH2
N
H
Trp
CYP79B2
CYP79B3 N-OH
/
N\
H
indole-3-  CYP83B1 13M
acetaldoxime == = =3 RIIITEI
4MO-I13M
(IAOx)
CYP71A12
CYP71A13 $gg;
S
SH c//
. NH2 =N ( d
N [?/OH ©:§/ { NOSO,H (
N\ 4 § "
indole-3- Indol-3-yl- indol-3-yl
- 'I" . <« CYP71A13 acetonitrile (L acetothip — e— methyl
indole-3- (IAN) low pH hydroxamate- isothiocyanate
acetonitrile-

cysteine O-sulfonate

CYP71A1y
CYP71B15| M HeN /
=N

N [ | A 0\ —-OH
H
2 indole-3 e indole-3- "
H o carboxylic acid
camalexin carbonyinitrile (ICA) \HOO
H

(ICN)
/ \ ascorbigen

OH
HQ OH
0
OH 4 OH
O OH
H
N\
H

dihydroascorbigen
hexoside

CYP71B6
HCN oH

0-Gle OH
\
H Glc-0 H
ICOOGIc 6-GlcO-ICOOH
(ICAGIc) (60GICICA)

Figure 6 Model of the biosynthetic network of indolic metabolites in Arabidopsis. Indole glucosinolates, I3M, and its derivatives 1-methoxy-13M
and 4-methoxy-13M (1MO-13M and 4MO-13M) are circled in blue. Indole glucosinolate biosynthetic and breakdown pathways are marked by light
and dark green arrows, respectively. Metabolites that were putatively identified as indole glucosinolate breakdown products in Arabidopsis leaves
upon mite feeding (Widemann et al, 2021) are marked in blue. Proposed cyanogenic pathways, dependent on CYP71A12 and/or CYP71A13 lead-
ing to the synthesis of camalexin and ICN are colored in gray. Reactions expected to lead to cyanide release are marked as orange arrows
(Bottcher et al., 2009; Bottcher et al, 2014; Rajniak et al., 2015). Multiple arrows indicate multiple enzymatic reaction steps. NSP, nitrile specifier
protein; TGG1/2, THIOGLUCOSIDE GLUCOHYDROLASE 1 and 2 myrosinases.

which when combined with plant myrosinases redirects glu- benzylglucosinolate undergo further metabolism in the cat-
cosinolate hydrolysis toward nitrile instead of isothiocyanate  erpillars’ gut, during which they release cyanide that is sub-
formation (Wittstock et al, 2004). Nitriles derived from the sequently detoxified by CAS (Stauber et al, 2012). Mite
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feeding induces de novo synthesis of indole glucosinolates in
Col-0 leaves and triggers their in planta myrosinase break-
down (Widemann et al, 2021). Plant or mite-generated
nitriles may undergo further metabolism in the mite gut to
derive cyanide. In that case, TuCAS protects mites from self-
generated cyanide produced from the indole glucosinolate-
derived nitriles.

Besides HCN, other indole glucosinolate breakdown prod-
ucts are known to have defensive effects against herbivores
(Kim et al,, 2008). The supplementation of cyp79b2 cyp79b3
leaves with indole glucosinolates generates HCN (Figure 5C),
as well as 192 other potential breakdown products and
derivatives whose function in Arabidopsis defense against
mites remains to be demonstrated (Widemann et al, 2021).
We hypothesize that multiple indole glucosinolate break-
down products and derivatives may contribute to
Arabidopsis defense against mites. In addition, we have iden-
tified a prominent role of CYP79B2 CYP79B3-independent
defenses that protect Arabidopsis against mite herbivory
(Widemann et al, 2021). Consequently, our expectation is
that TuCAS is not the only enzyme ensuring mite adapta-
tion to Arabidopsis. We have previously identified the re-
quirement of both GST and in particular cytochrome P450
monooxygenase enzymatic activities for mite adaptation to
Arabidopsis (Salehipourshirazi et al., 2021). Thus, the genetic
complexity of mite adaptation to Arabidopsis is expected to
mirror the complexity of Arabidopsis defenses that mites
must overcome in order to successfully establish themselves
on this plant host. While TuCAS is encoded by a single gene
in the T. urticae genome, other resistance genes (e.g. GSTs
and CYPs) reside within gene families that have expanded in
the T. urticae genome, increasing the difficulty of their iden-
tification using an RNAI approach.

In conclusion, our data indicate that upon feeding on
Arabidopsis plants mites are exposed to indole glucosinolate-
dependent cyanide. In response, Arabidopsis-adapted mites
utilize the B-cyanoalanine synthase activity of TuCAS to
counteract cyanide toxicity. Our work highlights mite’s ability
to respond to cyanide toxicity by activating resistant traits
that enable this extreme polyphagous herbivore to exploit cy-
anogenic host plants.

Materials and methods

Plant materials and growth conditions

Arabidopsis (A. thaliana) Col-0 WT seeds were obtained
from the Arabidopsis Biological Resource Center (Ohio State
University). The seeds of cyp79b2 cyp79b3 (Zhao et al,
2002) and cyp71ai2 cyp71a13 (Miiller et al, 2015) mutants
were kindly provided by B. A. Halkier (University of
Copenhagen, Denmark) and E. Glawischnig (Technical
University of Munich, Germany), respectively. All plants
were grown under controlled growth conditions at 24°C
with 50% relative humidity and a short-day photoperiod
(10-h:14-h [light:dark]) in 100-150 umol m™ sec™' white
fluorescent light. The seeds of an acyanogenic cultivar
California Red Kidney beans (P. vulgaris) were purchased from
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Stokes, Thorold, Ontario, and were grown at 25°C with 55%
relative humidity and a 16-h/8-h (light/dark) photoperiod.

Spider mite strains and rearing conditions

The London ancestral mite population (bean-a) was main-
tained on bean plants at 25°C, 55% relative humidity, and a
16-h:8-h (light:dark) photoperiod for more than 10 years
(Grbic et al, 2011). Col-a and cyp-a mite populations,
adapted to Col-0 and cyp79b2 cyp79b3 Arabidopsis plants,
respectively (Salehipourshirazi et al, 2021), were maintained
under controlled conditions at 24°C, 50% relative humidity
and a 10-h/14-h (light/dark) photoperiod. Prior to every ex-
periment, Arabidopsis-adapted mites were reared on bean
plants alongside with London mite population for two gen-
erations, to eliminate the environmental and plant-host
physiological effects.

Transcriptome analysis by RNA-Seq

Bean-a, cyp-a, and Col-a spider mite females were transferred
from their respective plant hosts to detached bean leaves
where they were maintained for 2 weeks. Subsequently, adult
female mites from bean-reared populations were used to in-
oculate 1-week-old bean, and 4- and 5-week old cyp79b2
cyp79b3 and Col-0 plants. After 24 h, three samples of 100
spider mite females were collected for each treatment, fro-
zen in liquid nitrogen, and stored at —80°C until RNA ex-
traction. Total RNA was extracted using RNeasy Mini Kit
(Qiagen, Venlo, Limburg, Netherlands), including on-column
DNase treatment, following the manufacturer’s instructions.
The quality and quantity of the extracted RNA were deter-
mined using a Nanodrop ND-2000c spectrophotometer
(Thermo Scientificc, Waltham, MA, USA). Strand specific
paired-end (2 x 150 bp) sequencing was conducted accord-
ing to lllumina TruSeq protocol (lllumina, San Diego, CA,
USA). The transcriptome sequencing of all 27 libraries was
performed on a single sequencing lane on an lllumina
HiSeq2500 Genome Analyzer (lllumina, San Diego, CA, USA)
platform yielding 8-17 million mapped fragments per li-
brary. Reads were mapped to the reference T. urticae ge-
nome (assembly 2009-09-29; Grbic et al,, 2011) using STAR
aligner (Dobin et al, 2013) version 2.52b in a single-pass
mode with annotation allowing only unique mapping, up to
five mismatches per read mapped, a minimum intron size of
20bp, a maximum intron size of 15000bp, and
outFilterMatchNminOverLread of 0.5. Read counts were gen-
erated at the level of gene locus using HTSeq version 0.6.0
in “union” mode (Anders et al, 2015) against the T. urticae
genome annotation version 2016-06. Genes expressed at the
level at or above 1 fragment count per million (CPM) reads
in at least three samples were considered for the subsequent
analysis. Analysis of differential gene expression was per-
formed using voom/limma workflow for genes that demon-
strated expression levels of at least T CPM in at least three
samples (Law et al, 2014). Additional analysis and figures
were performed and generated using R (R Core Team, 2013)
and BioConductor (Gentleman et al., 2004).
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dsRNA preparation and application

Two nonoverlapping dsRNAs (TuCAS, 600 nt) and (Tu-CAS-
1, 595 nt) are complementary to the transcribed sequence of
TuCAS (tetur10g01570). The NC dsRNA (referred to as NC)
is complementary to the nontranscribed intergenic region
(1690614.1690995) of genomic scaffold 12 (Grbic et al, 20171;
Sterck et al., 2012). A BLAST search against the T. urticae ge-
nome confirmed that dsRNA sequences were unique
(Altschul et al, 1997). dsRNAs were synthesized according
to the protocol described in (Suzuki et al, 2017a). dsRNAs
were delivered to mites following the protocol described
previously (Bensoussan et al., 2020). Briefly, 50 newly molted
mites (Suzuki et al, 2017b) were soaked in 50 uL of dsRNA
solution (500 ng/uL) supplemented with 0.1% (v/v) tween-
20 and 6% (v/v) food-grade blue dye erioglaucine
(McCormick, Sparks Glencoe, MD, USA) at 20°C for 24h.
Subsequently, mites were washed twice with double distilled
water and allowed to recover on bean leaves. Mites that
had blue color in the posterior midgut were selected and
used for all experiments.

RT-gPCR analysis

Total RNA was extracted from a pooled sample of 40 mites
using RNeasy Mini Kit (Qiagen). Extracted RNA (1pg) was
reverse transcribed into cDNA using Maxima First Strand
cDNA Synthesis Kit (Thermo Fisher Scientific). Reverse tran-
scription quantitative PCR (RT-gPCR) was performed in
three individual technical replicates for each RNA sample
with Maxima SYBR green ROX qPCR master mix using pri-
mers listed in Supplemental Table S2. The expression of ri-
bosomal protein 49 (RP49, tetur18g03590), shown to be
uniform under our experimental conditions (Bensoussan
et al, 2020), was used to derive the relative expression of
TuCAS in dsRNA-NC and dsRNA-TuCAS treated mites.
Normalized relative quantity (NRQ) was calculated by using
NRQ = (1 + ER)®/(1 + ET)*" where ER and ET are the
primer efficiency of RP49 and TuCAS, respectively. One bio-
logical replication per treatment was collected per experi-
mental trial in six trials. For statistical analysis, NRQ values
were Log2 transformed and analyzed by a two-way ANOVA
using the variables dsRNA treatment, and experimental trial
as a blocking factor (without interaction) (Brady et al,
2015). Significance level for all statistical analyses for all
experiments was set at 0.05.

In situ hybridization

Whole-mount in situ hybridization was performed with
DIG-labeled probes (Dearden et al, 2002). A Zeiss AxioCam
HRc 412-312 camera mounted on a Zeiss Axioplan Il micro-
scope was used to capture images.

Mite fecundity assay

Mite fecundity assay on Arabidopsis leaves was performed
as described in Widemann et al. (2021). Briefly, the petiole
of fully expanded leaf from 5-week-old Arabidopsis plants
was cut and submerged in 10mL of water contained in a
small Petri plate covered with parafiim. Each leaf was
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inoculated with 10 mites and the Petri plate was closed
with a vented lid to ensure mite containment. Petri plates
were kept under standard mite rearing conditions and leaves
were replaced every other day. For fecundity assays on bean
plants, leaf discs (15mm) were cut using a hole puncher
and placed on water-soaked cotton inside the polystyrene
cups (V-9, As-one, Osaka, Japan) covered with ventilated
lids. Each disc was inoculated with ten mites and was kept
under standard mite rearing conditions. Discs were replaced
every other day. The fecundity data represent the mean
number of eggs deposited per mite over 2 d, except for data
shown in Figure 5D where eggs deposited per mite were de-
termined over 3d. Fecundity assays were performed in 10
biological replicates/trial when mites fed on Arabidopsis
leaves and in 5 biological replicates/trial when on bean leaf
disks. Experiments were replicated in at least three indepen-
dent experimental trials. Statistical analysis was performed
using a two-way ANOVA with experimental trial and
dsRNA treatments as main factors (without interaction)
(Brady et al,, 2015).

KCN toxicity bioassays

Square-cut pieces (49 mm?®) of Kimwipe placed inside the
small Petri plate were saturated with 10 pL of aqueous solu-
tions containing different concentrations of KCN (1, 2.5, 5,
7.5, 10, 15, and 20mM). Around 40 3-d-old adult female
mites were placed onto each Kimwipe and were gently ori-
ented with the dorsal side up using a fine brush. Another
piece of square-cut Kimwipe was used to cover mites and
an additional 10 uL of the solution was applied, completely
soaking the Kimwipes. Petri plates were covered with a lid,
sealed with parafilm, and incubated for 20h at 20°C.
Postincubation, Kimwipes were transferred to detached
bean leaves placed on water-soaked cotton. Mite mortality
was scored 4 h later. Mites were considered alive if they
could walk normally after they were prodded with a fine
brush. A total of six replicates (two biological replicates per
trial and in three independent trials) of six KCN concentra-
tions and water control were tested. The KCN dose-
response curve was constructed using R package drc (Ritz
et al, 2016). For fecundity assays, bean leaf discs (15mm)
were painted with KCN solutions (Suzuki et al, 2017b).
Twenty one microliters of 5, 10, and 20mM KCN solutions
with a water control were placed on water-soaked cotton
inside a polystyrene cup (V-9, As-one, Osaka, Japan) with a
ventilated lid, and were infested with ten mites each. Col-a
mites treated with dsRNA-TuCAS and dsRNA-NC were
allowed to recover on a bean leaf for 24h before being
transferred to a bean leaf disk coated with KCN. Leaf discs
were kept under standard mite rearing conditions and were
replaced every second day. The fecundity data represent the
mean number of eggs deposited per mite on the third and
fourth days of the experiment. The experiment was per-
formed in three biological replicates per trial and in three in-
dependent trials. Statistical analysis was performed using a
three-way ANOVA with experimental trial (blocking factor),
KCN treatment, and dsRNA treatment as main factors,
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including an interaction term between dsRNA treatment
and KCN treatment (Brady et al, 2015) followed by Tukey’s
honestly significant difference (HSD) test upon detection of
a significant interaction.

Cysteine and 13M supplementation assays

Fully developed leaves of 5-week-old Col-0 and cyp79b2
cyp79b3 plants were excised and their petioles were sub-
merged in aqueous solutions of 1mM cysteine (catalog
number 168149; Sigma Aldrich) for 6h and 24 mM I3M
(I3M-glucobrassicin, catalog number 2525; Extrasynthese,
France) for 24 h, respectively. Thereafter, leaves were inserted
in a small Petri plate covered with parafilm and containing
10mL of water and were inoculated with 10 mites. The
number of eggs laid by ten mites was determined after 2d
(third and fourth day of the experiment) and 3 days (sec-
ond, third, and fourth day of the experiment) for cysteine
and I13M supplementation, respectively. Data are presented
as number of eggs deposited per mite per day. The experi-
ment involving cysteine supplementation was performed in
three experimental trials (four biological replications/trial)
and analyzed by three-way ANOVA with experimental trial
(blocking factor), supplementation (£ cysteine), and dsRNA
treatment used as main effects including an interaction
term between cysteine and dsRNA treatments. The experi-
ment involving I3M supplementation for cyanide quantifica-
tion was performed in six experimental trials (one biological
replication per I3M treatment and mite treatment combina-
tion per trial) and was analyzed by three-way ANOVA using
trial (blocking factor), I3M treatment and mite treatment as
main factors including an interaction between 13M and mite
treatments. The fecundity assay of I3M supplemented leaves
with dsRNA treated mites was performed in five biological
replicates/trial and three independent trials. Data were then
analyzed by three-way ANOVA using trial (blocking factor),
I3M supplementation, and dsRNA treatment as main effects
including an interaction between I3M supplementation and
dsRNA treatment term.

Cysteine extraction and quantification

Verification of cysteine uptake by petiole infiltration was
demonstrated by supplementing fully developed leaves of
5-week-old Col-0 with 1TmM cysteine (catalog number
168149; Sigma Aldrich) or water. Following 6h of supple-
mentation, the leaves were transferred to small Petri plates
covered with parafilm containing 10 mL of water for 24 h be-
fore sample collection and weighing. Amino acids were
extracted from frozen tissues in 0.1 M HCl containing L-Trp-
(indole-ds) (25 pg mL™"; Sigma-Aldrich, 615862) as an inter-
nal standard, with a leaf fresh weight (F.W.)/buffer volume
ratio of 100 mg mL™". After manually grinding the biological
sample in the buffer with a pestle, metabolites were further
extracted by vortexing (1min) and then by sonication
(10 min). Debris was removed by two successive centrifuga-
tions at 16,160 X g and the supernatant was analyzed by
high-performance liquid chromatography on an Agilent
1260 LC system (Agilent Technologies, Santa Clara, CA,
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USA) equipped with a ZIC-HILIC column (2.1 X 100 mm,
3.5 um; Merck, Kenilworth, NJ, USA). An aliquot (20 pL) of
the prepared sample was separated at 400puL min~' and
30°C by applying the following gradient: 0 to 5min, 100% B
(90% acetonitrile v/v, 0.1% v/v formic acid in Milli-Q H,O);
13 min, 55% B, 45% A (5mM NH4Ac, pH 4); hold at 55% B
for 2min; 15.5min, 100% A; hold at 100% A for 2.5 min;
19min 100% B. An 11-min postrun equilibration was com-
pleted at 100% B between each sample. ESI-TOF parameters:
drying gas at 325°C, 12 mL/min; nebulizer at 35 PSI; Vcap at
3500 V; Fragmentor at 175 V. Spectra were collected at 1/sec
(13,701 transients/spectrum) in the 85-1,200m/z range.
Reference mass solution (121.050873 m/z and 922.009798 m/z)
was infused constantly via a second nebulizer at 15 psi.
Cysteine (cys) and cystine (cys”) were measured by mining the
data for the appropriate cys and cys” masses ((M + H] " sig-
nals at 122.0248 and 241.0283 m/z, respectively). L-Trp-4s (exact
mass 209.1213; detected as [M + H]* at 210.1285m/z) was
used as an internal standard. Peak areas were obtained using
Agilent Mass Hunter Qualitative Analysis software (VB05)
(Agilent Technologies), and converted to absolute amounts us-
ing calibration curves created with authentic cys (LOD < 1
nmol/mL) and cys> (LOD < 0.5 nmol/mL).

Cyanide quantification

The petioles of 5-week-old Col-0, cyp79b2 cyp79b3, and
cyp71a12 cyp71a13 leaves were cut and submerged in 10 mL
of water contained in a small Petri plate covered with paraf-
ilm. Four leaves were used in the preparation of one biologi-
cal replication (Petri dish). One biological replication per
plant genotype per treatment (+ mites) per trial was col-
lected in five independent trials. Each set of four leaves was
infested with ~2,000 bean-a mites (prestarved overnight)
and closed with a vented lid to confine mites. After 2h of
infestation mites were removed from leaves with a vacuum.
Leaves were quickly weighed and frozen in liquid N..
Approximately 200 mg of the frozen leaf tissue was homo-
genized in 1.5-mL Eppendorf tubes twice for 2 min at maxi-
mum speed within a Retsch ball mill (MM400; Retsch, Haan,
Germany). Metabolites were extracted in 200 uL of ammo-
nium acetate 10 mM for 10min in a thermal mixer at 25°C
and 600rpm. Samples were centrifuged 15min at
15,000 rpm at 4°C, and free HCN was derivatized by adding
50 L of sample, 50 UL of 10 MM ammonium acetate (pH
7.5), 50 L of 4 mM 2,3-naphthalenedialdehyde and 50 pL of
50 mM taurine to produce a N-substituted 1-cyano[f]benzoi-
soindole (CBI) (Garcia et al., 2010). The mixed samples were
incubated in the dark for 15min. After derivatization, the
samples were centrifuged for 5min at room temperature at
15,000 rpm and analyzed by HPLC-MS/MS. Derivatized CBI
samples were analyzed using an ExionLC AD HPLC (Sciex,
Framingham, MA, USA) with a reverse phase column
Kinetex XB-C18 RP column (100 X 4.6 mm, 2.6 um particle
size, 100 A pore size) protected by a Synergi 2.5 Fusion-RP
100A C18 (both Phenomenex, Torrance, CA, USA) guard
cartridge (10 A~2.00 mm, i.d.). Each chromatographic analy-
sis was carried out with mobile phase components of
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aqueous 10mM ammonium acetate (mobile phase A) and
10mM ammonium acetate in methanol (mobile phase B).
An aliquot (10 L) of the prepared sample was separated by
gradient flow at 250 uL min~" and 40°C. The concentration
of B, initially 50%, was increased linearly to 100% over 3 min,
held at 100% for 1min, decreased linearly to 50% over
1min, and held constant for 2 min to re-equilibrate the col-
umn between samples. A Sciex QTRAP 6500+ MS-MS
(Applied Biosystems, Foster City, CA, USA) equipped with
an electrospray ionization source operating in negative ioni-
zation mode using an ion spray voltage of —4500V. Further
ESI parameters were: curtain gas, 30 psi; low-pressure colli-
sion gas; temperature, 500°C; nebulizer gas (GS1), 40 psi;
heater gas (GS2), 60 psi. Data were acquired with Analyst
version 1.7 software in multiple reaction monitoring mode
with a detection window of 60s. The ionization adducts
measured [M-H]™ selected for identification and quantifica-
tion were 298.6m/z (Q1) and 191.0 m/z (Q3). Declustering
potential of -35.0V and collision energy of -30.0V were
used. Data were processed with Sciex OS software for peak
integration and quantification. For quantification, an exter-
nal standard curve with NDA/taurine derivative of a com-
mercial cyanide standard solution was used. Statistical
analysis was performed using a two-way ANOVA with ex-
perimental trial (blocking factor), and mite treatment as
main factors without an interaction term for the experiment
on Col-0. When more than one plant genotype was being
assessed, a three-way ANOVA was used with experimental
trial (blocking factor), mite treatment and plant genotype as
main factors with an interaction term between mite treat-
ment and plant genotype included (Brady et al,, 2015) fol-
lowed by Tukey's HSD test upon detection of a significant
interaction.

Accession numbers

Sequencing data used in this study were deposited to NCBI
SRA under BioProject PRJINA701185.

Supplemental data

The following materials are available in the online version of
this article.

Supplemental Table S1. List of T. urticae genes associated
with mite adaptation to CYP79B2 CYP79B3-derived
Arabidopsis defenses.

Supplemental Table S2. List of primers used in this
study.

Funding

This work was supported by the Government of Canada
through the Ontario Research Fund (RE08-067) awarded to
M.G. and V.G. and the Natural Sciences and Engineering
Research Council of Canada (NSERC, RGPIN-2018-04538)
awarded to V.G. This work was partially funded by USDA’s
National Institute of Food and Agriculture, award # 2020-
67014-31179 through the NSF/NIFA Plant Biotic Interactions
Program awarded to M.C, M.G, and V.G.

PLANT PHYSIOLOGY 2022: 189; 1961-1975 | 1973

Conflict of interest statement. The authors declare that they have no
conflicts of interest with the contents of this article.

References

Agerbirk N, Olsen CE, Sorensen H (1998) Initial and final products,
nitriles, and ascorbigens produced in myrosinase-catalyzed hydroly-
sis of indole glucosinolates. ] Agric Food Chem 46: 1563-1571

Aliabadi A, Renwick JAA, Whitman DW (2002) Sequestration of
glucosinolates by harlequin bug Murgantia histrionica. ] Chem Ecol
28: 1749-1762

Altschul SF, Madden TL, Schaffer AA, Zhang J, Zhang Z, Miller W,
Lipman D) (1997) Gapped BLAST and PSI-BLAST: a new genera-
tion of protein database search programs. Nucleic Acids Res 25:
3389-3402

Anders S, Pyl PT, Huber W (2015) HTSeq—a Python framework to work
with high-throughput sequencing data. Bioinformatics 31: 166—169

Barrett LG, Heil M (2012) Unifying concepts and mechanisms in the
specificity of plant-enemy interactions. Trends Plant Sci 17:
282-292

Bensoussan N, Dixit S, Tabara M, Letwin D, Milojevic M,
Antonacci M, Jin P, Arai Y, Bruinsma K, Suzuki T, et al. (2020)
Environmental RNA interference in two-spotted spider mite,
Tetranychus urticae, reveals dsRNA processing requirements for ef-
ficient RNAI response. Sci Rep 10: 19126

Bensoussan N, Zhurov V, Yamakawa S, O’Neil CH, Suzuki T,
Grbic M, Grbic V (2018) The digestive system of the two-spotted
spider mite, Tetranychus urticae Koch, in the context of the
mite-plant interaction. Front Plant Sci 9: 1206

Bottcher C, Chapman A, Fellermeier F, Choudhary M, Scheel D,
Glawischnig E (2014) The biosynthetic pathway of
indole-3-carbaldehyde and indole-3-carboxylic acid derivatives in
Arabidopsis. Plant Physiol 165: 841-853

Bottcher C, Westphal L, Schmotz C, Prade E, Scheel D, Glawischnig
E (2009) The multifunctional enzyme CYP71B15 (PHYTOALEXIN
DEFICIENT3) converts cysteine-indole-3-acetonitrile to camalexin in
the indole-3-acetonitrile metabolic network of Arabidopsis thaliana.
Plant Cell 21: 1830-1845

Brady SM, Burow M, Busch W, Carlborg O, Denby K], Glazebrook
J, Hamilton ES, Harmer SL, Haswell ES, Maloof )N, et al. (2015)
Reassess the t test: interact with all your data via ANOVA. Plant
Cell 27: 2088-2094

Burow M, Losansky A, Miiller R, Plock A, Kliebenstein D),
Wittstock U (2009) The genetic basis of constitutive and
herbivore-induced  ESP-independent  nitrile  formation in
Arabidopsis. Plant Physiol 149: 561-574

Conn E (1981) Biosynthesis of cyanogenic glycosides. In B
Vennesland, E Conn, C Knowles, ] Westley, F Wissing, eds, Cyanide
in Biology. Academic Press, New York, NY, pp 183-196

Daneshian L, Renggli |, Hanaway R, Offermann LR, Schlachter CR,
Hernandez Arriaza R, Henry S, Prakash R, Wybouw N,
Dermauw W, et al. (2022) Structural and functional characteriza-
tion of B-cyanoalanine synthase from Tetranychus urticae. Insect
Biochem Mol Biol 142: 103722

Dearden PK, Donly C, Grbic M (2002) Expression of pair-rule gene
homologues in a chelicerate: early patterning of the two-spotted
spider mite Tetranychus urticae. Development 129: 5461-5472

Despres L, David JP, Gallet C (2007) The evolutionary ecology of in-
sect resistance to plant chemicals. Trends Ecol Evol 22: 298-307

Dobin A, Davis CA, Schlesinger F, Drenkow )}, Zaleski C, Jha S,
Batut P, Chaisson M, Gingeras TR (2013) STAR: ultrafast univer-
sal RNA-seq aligner. Bioinformatics 29: 15-21

Easson MLAE, Malka O, Paetz C, Hojna A, Reichelt M, Stein B,
van Brunschot S, Feldmesser E, Campbell L, Colvin }, et al.
(2021) Activation and detoxification of cassava cyanogenic gluco-
sides by the whitefly Bemisia tabaci. Sci Rep 11: 13244


https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac147#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac147#supplementary-data

1974 I PLANT PHYSIOLOGY 2022: 189; 1961-1975

Fellous S, Angot G, Orsucci M, Migeon A, Auger P, Olivieri |,
Navajas M (2014) Combining experimental evolution and field
population assays to study the evolution of host range breadth. |
Evol Biol 27: 911-919

Fox LR, Morrow PA (1981) Specialization: species property or local
phenomenon? Science 211: 887-893

Frehner M, Conn EE (1987) The linamarin beta-glucosidase in Costa
Rican wild lima beans (Phaseolus lunatus L.) is apoplastic. Plant
Physiol 84: 1296-1300

Fry JD (1989) Evolutionary adaptation to host plants in a laboratory
population of the phytophagous mite Tetranychus urticae Koch.
Oecologia 81: 559-565

Garcia I, Castellano J, Vioque B, Solano R, Gotor C, Romero L
(2010) Mitochondrial B-cyanoalanine synthase is essential for root
hair formation in Arabidopsis thaliana. Plant Cell 22: 3268-3279

Gentleman RC, Carey V), Bates DM, Bolstad B, Dettling M,
Dudoit S, Ellis B, Gautier L, Ge Y, Gentry ), et al. (2004)
Bioconductor: open software development for computational biol-
ogy and bioinformatics. Genome Biol 5: R80

Ghazy NA, Okamura M, Sai K, Yamakawa S, Hamdi FA, Grbic V,
Suzuki T (2020) A leaf-mimicking method for oral delivery of bio-
active substances into sucking arthropod herbivores. Front Plant
Sci 11: 1218

Gloss AD, Vassao DG, Hailey AL, Nelson Dittrich AC, Schramm K,
Reichelt M, Rast TJ, Weichsel A, Cravens MG, Gershenzon }, et
al. (2014) Evolution in an ancient detoxification pathway Is cou-
pled with a transition to herbivory in the Drosophilidae. Mol Biol
Evol 31: 2441-2456

Gould F (1979) Rapid host range evolution in a population of the phy-
tophagous mite Tetranychus urticae Koch. Evolution 33: 791-802

Grbic M, Van Leeuwen T, Clark RM, Rombauts S, Rouze P, Grbic
V, Osborne EJ, Dermauw W, Phuong CTN, Ortego F, et al.
(2011) The genome of Tetranychus urticae reveals herbivorous pest
adaptations. Nature 479: 487-492

Halkier BA, Gershenzon ) (2006) Biology and biochemistry of gluco-
sinolates. Ann Rev Plant Biol 57: 303-333

Hay-Roe MM, Meagher RL, Nagoshi RN (2011) Effects of cyano-
genic plants on fitness in two host strains of the Fall armyworm
(Spodoptera frugiperda). ) Chem Ecol 37: 1314-1322

Heidel-Fischer HM, Vogel H (2015) Molecular mechanisms of insect
adaptation to plant secondary compounds. Curr Opin Insect Sci 8:
8-14

Herde M, Howe GA (2014) Host plant-specific remodeling of midgut
physiology in the generalist insect herbivore Trichoplusia ni. Insect
Biochem Mol Biol 50: 58—67

Herfurth AM, Ohlen MV, Wittstock U (2017) B-cyanoalanine syn-
thases and their possible role in Pierid host plant adaptation.
Insects 8: 62

Hogenhout SA, Bos JI (2011) Effector proteins that modulate plan-
t—insect interactions. Curr Opin Plant Biol 14: 422-428

Isom GE, Way JL (1984) Effects of oxygen on the antagonism of cya-
nide intoxication: cytochrome oxidase, in vitro. Toxicol Appl
Pharmacol 74: 57-62

Jeschke V, Gershenzon ), Vassao DG (2016) A mode of action of
glucosinolate-derived isothiocyanates: detoxification depletes gluta-
thione and cysteine levels with ramifications on protein metabo-
lism in Spodoptera littoralis. Insect Biochem Mol Biol 71: 37-48

Jeschke V, Kearney EE, Schramm K, Kunert G, Shekhov A,
Gershenzon ), Vassao DG (2017) How glucosinolates affect gener-
alist Lepidopteran larvae: growth, development and glucosinolate
metabolism. Front Plant Sci 8: 1995

Kaloshian I, Walling LL (2016) Hemipteran and dipteran pests:
effectors and plant host immune regulators. J Integr Plant Biol 58:
350-361

Kazana E, Pope TW, Tibbles L, Bridges M, Pickett JA, Bones AM,
Powell G, Rossiter JT (2007) The cabbage aphid: a walking mus-
tard oil bomb. Proc R Soc B Biol Sci 274: 2271-2277

Dixit et al.

Kim JH, Lee BW, Schroeder FC, Jander G (2008) Identification of in-
dole glucosinolate breakdown products with antifeedant effects on
Myzus persicae (green peach aphid). Plant J 54: 1015-1026

Kliebenstein D), Kroymann J, Mitchell-Olds T (2005) The glucosi-
nolate-myrosinase system in an ecological and evolutionary con-
text. Curr Opin Plant Biol 8: 264-271

Krueger S, Niehl A, Lopez Martin MC, Steinhauser D, Donath A,
Hildebrandt T, Romero LC, Hoefgen R, Gotor C, Hesse H (2009)
Analysis of cytosolic and plastidic serine acetyltransferase mutants
and subcellular metabolite distributions suggests interplay of the
cellular compartments for cysteine biosynthesis in Arabidopsis.
Plant Cell Environ 32: 349-367

Latxague L, Gardrat C, Coustille JL, Viaud MC, Rollin P (1991)
Identification of enzymatic degradation products from synthesized
glucobrassicin by gas chromatography-mass spectrometry. |
Chromatogr 586: 166—170

Law CW, Chen Y, Shi W, Smyth GK (2014) voom: precision weights
unlock linear model analysis tools for RNA-seq read counts.
Genome Biol 15: R29

Li X, Schuler MA, Berenbaum MR (2007) Molecular mechanisms of
metabolic resistance to synthetic and natural xenobiotics. Ann Rev
Entomol 52: 231-253

Li Y, Zhou Y, Jing W, Xu S, Jin Y, Xu Y, Wang H (2021)
Horizontally acquired cysteine synthase genes undergo functional
divergence in lepidopteran herbivores. Heredity 127: 21-34

Magalhaes S, Fayard J, Janssen A, Carbonell D, Olivieri 1 (2007)
Adaptation in a spider mite population after long-term evolution
on a single host plant. ] Evol Biol 20: 2016-2027

Meyers DM, Ahmad S (1991) Link between I-3-cyanoalanine syn-
thase activity and differential cyanide sensitivity of insects. Biochim
Biophys Acta 1075: 195-197

Migeon A, Dorkeld F (2021) Spider mites web: a comprehensive
database for the Tetranychidae. http://www.montpellier.inra.fr/
CBGP/spmweb

Moller B, Seigler D (1999) Biosynthesis of cyanogenic glycosides,
cyanolipids, and related compounds. In K Singh, ed, Plant amino
acids: biochemistry and biotechnology. Marcel Dekker, New York,
NY, pp 563-609

Miiller C, Agerbirk N, Olsen CE, Boevé J-L, Schaffner U, Brakefield
PM (2001) Sequestration of host plant glucosinolates in the defensive
hemolymph of the sawfly Athalia rosae. )] Chem Ecol 27: 2505-2516

Miiller TM, Bottcher C, Glawischnig E (2019) Dissection of the net-
work of indolic defence compounds in Arabidopsis thaliana by
multiple mutant analysis. Phytochemistry 161: 11-20

Miiller TM, Bottcher C, Morbitzer R, Gotz CC, Lehmann ), Lahaye
T, Glawischnig E (2015) TRANSCRIPTION ACTIVATOR-LIKE
EFFECTOR NUCLEASE-mediated generation and metabolic analysis
of camalexin-deficient cyp71ai12 cyp71a13 double knockout lines.
Plant Physiol 168: 849-858

Pastorczyk M, Kosaka A, Pislewska-Bednarek M, Lépez G,
Frerigmann H, Kufak K, Glawischnig E, Molina A, Takano Y,
Bednarek P (2020) The role of CYP71A12 monooxygenase in
pathogen-triggered tryptophan metabolism and Arabidopsis im-
munity. New Phytol 225: 400-412

Peccoud ), Ollivier A, Plantegenest M, Simon JC (2009) A contin-
uum of genetic divergence from sympatric host races to species in
the pea aphid complex. Proc Natl Acad Sci U 106: 7495-7500

Peiser GD, Wang TT, Hoffman NE, Yang SF, Liu HW, Walsh CT
(1984) Formation of cyanide from carbon 1 of 1-aminocyclopropa-
ne-1-carboxylic acid during its conversion to ethylene. Proc Natl
Acad Sci USA 81: 3059-3063

Pentzold S, Zagrobelny M, Roelsgaard PS, Mgller BL, Bak S (2014)
The multiple strategies of an insect herbivore to overcome plant
cyanogenic glucoside defence. PLoS ONE 9: 91337

Poulton JE (1990) Cyanogenesis in plants. Plant Physiol 94: 401-405

Core Team R (2013) R: A language and environment for statistical
computing. R Foundation for Statistical Computing. R Core Team,
Vienna, Austria


http://www.montpellier.inra.fr/CBGP/spmweb
http://www.montpellier.inra.fr/CBGP/spmweb

TuCAS counteracts Arabidopsis defenses

Rajniak J, Barco B, Clay NK, Sattely ES (2015) A new cyanogenic
metabolite in Arabidopsis required for inducible pathogen defence.
Nature 525: 376-379

Rask L, Andréasson E, Ekbom B, Eriksson S, Pontoppidan B,
Meijer ) (2000) Myrosinase: gene family evolution and herbivore
defense in Brassicaceae. Plant Mol Biol 42: 93—-114

Ratzka A, Vogel H, Kliebenstein D), Mitchell-Olds T, Kroymann )
(2002) Disarming the mustard oil bomb. Proc Natl Acad Sci 99:
11223-11228

Rauhut T, Glawischnig E (2009) Evolution of camalexin and struc-
turally related indolic compounds. Phytochemistry 70: 1638-1644

Rioja C, Zhurov V, Bruinsma K, Grbic M, Grbic V (2017)
Plant-herbivore interactions: a case of an extreme generalist, the
two-spotted spider mite Tetranychus urticae. Mol Plant Microbe
Interact 30: 935-945

Ritz C, Baty F, Streibig JC, Gerhard D (2016) Dose-response analysis
using R. PLoS ONE 10: e0146021

Salehipourshirazi G, Bruinsma K, Ratlamwala H, Dixit S, Arbona
V, Widemann E, Milojevic M, Jin P, Bensoussan N, Gémez-
Cadenas A, et al. (2021) Rapid specialization of counter defenses
enables two-spotted spider mite to adapt to novel plant hosts.
Plant Physiol 187: 2608-2622

Santamaria ME, Arnaiz A, Velasco-Arroyo B, Grbic V, Diaz |,
Martinez M (2018) Arabidopsis response to the spider mite
Tetranychus urticae depends on the regulation of reactive oxygen
species homeostasis. Sci Rep 8: 9432

Santamaria ME, Martinez M, Arnaiz A, Ortego F, Grbic V, Diaz |
(2017) MATI, a novel protein involved in the regulation of
herbivore-associated signaling pathways. Front Plant Sci 8: 975

Santamaria ME, Martinez M, Arnaiz A, Rioja C, Burow M, Grbic
V, Diaz | (2019) An Arabidopsis TIR-Lectin two-domain protein
confers defense properties against Tetranychus urticae. Plant
Physiol 179: 1298-1314

Schramm K, Vassao DG, Reichelt M, Gershenzon ), Wittstock U
(2012) Metabolism of glucosinolate-derived isothiocyanates to glu-
tathione conjugates in generalist lepidopteran herbivores. Insect
Biochem Mol Biol 42: 174-182

Schweizer F, Heidel-Fischer H, Vogel H, Reymond P (2017) Arabidopsis
glucosinolates trigger a contrasting transcriptomic response in a gener-
alist and a specialist herbivore. Insect Biochem Mol Biol 85: 21-31

Selmar D, Lieberei R, Biehl B, Conn EE (1989) a-Hydroxynitrile ly-
ase in Hevea brasiliensis and its significance for rapid cyanogenesis.
Physiol Plant 75: 97-101

Selmar D, Lieberei R, Biehl B, Voigt ] (1987) Hevea linamarase—a
nonspecific B-glycosidase. Plant Physiol 83: 557-563

Stauber E), Kuczka P, van Ohlen M, Vogt B, Janowitz T,
Piotrowski M, Beuerle T, Wittstock U (2012) Turning the ‘mus-
tard oil bomb’ into a ‘cyanide bomb”: aromatic glucosinolate me-
tabolism in a specialist insect herbivore. PLoS ONE 7: 35545

Sterck L, Billiau K, Abeel T, Rouze P, Van de Peer Y (2012)
ORCAE: online resource for community annotation of eukaryotes.
Nat Methods 9: 1041

Suzuki T, Nunes MA, Espana MU, Namin HH, Jin P, Bensoussan
N, Zhurov V, Rahman T, De Clercq R, Hilson P, et al. (2017a)
RNAi-based reverse genetics in the chelicerate model Tetranychus
urticae: a comparative analysis of five methods for gene silencing.
PLoS ONE 12: e0180654

Suzuki T, Urizarna M, Nunes A, Zhurov V, Dermauw W, Osakabe
M, Van Leeuwen T, Grbic M, Grbic V (2017b) Protocols for the
delivery of small molecules to two-spotted spider mite,
Tetranychus urticae. PLoS ONE 12: e0180658

Tattersall DB, Bak S, Jones PR, Olsen CE, Nielsen JK, Hansen ML,
Hoj PB, Moller BL (2001) Resistance to an herbivore through engi-
neered cyanogenic glucoside synthesis. Science 293: 1826-1828

van Ohlen M, Herfurth AM, Kerbstadt H, Wittstock U (2016)
Cyanide detoxification in an insect herbivore: molecular

PLANT PHYSIOLOGY 2022: 189; 1961-1975 1975

identification of B-cyanoalanine synthases from Pieris rapae. Insect
Biochem Mol Biol 70: 99-110

Wheat CW, Vogel H, Wittstock U, Braby MF, Underwood D,
Mitchell-Olds T (2007) The genetic basis of a plant-insect coevolu-
tionary key innovation. Proc Natl Acad Sci USA 104: 20427-20431

Widemann E, Bruinsma K, Walshe-Roussel B, Rioja C, Arbona V,
Saha RK, Letwin D, Zhurov V, Gomez-Cadenas A, Bernards MA,
et al. (2021) Multiple indole glucosinolates and myrosinases de-
fend Arabidopsis against Tetranychus urticae herbivory. Plant
Physiol 187: 116-132

Wittstock U, Agerbirk N, Stauber EJ, Olsen CE, Hippler M,
Mitchell-Olds T, Gershenzon J, Vogel H (2004) Successful herbi-
vore attack due to metabolic diversion of a plant chemical defense.
Proc Natl Acad Sci USA 101: 4859-4864

Wittstock U, Burow M (2010) Glucosinolate breakdown in
Arabidopsis: mechanism, regulation and biological significance.
Arabidopsis Book 8: e0134

Wittstock U, Halkier BA (2002) Glucosinolate research in the
Arabidopsis era. Trends Plant Sci 7: 263-270

Wittstock U, Kliebenstein D), Lambrix V, Reichelt M, Gershenzon )
(2003) Glucosinolate hydrolysis and its impact on generalist and spe-
cialist insect herbivores. In JT Romeo, ed, Recent Advances in
Phytochemistry, Vol 37. Elsevier, Amsterdam, Netherlands, pp 101-125

Wybouw N, Balabanidou V, Ballhorn D), Dermauw W, Grbic M,
Vontas J, Van Leeuwen T (2012) A horizontally transferred cyan-
ase gene in the spider mite Tetranychus urticae is involved in cya-
nate metabolism and is differentially expressed upon host plant
change. Insect Biochem Mol Biol 42: 881-889

Wybouw N, Dermauw W, Tirry L, Stevens C, Grbic M, Feyereisen
R, Van Leeuwen T (2014) A gene horizontally transferred from
bacteria protects arthropods from host plant cyanide poisoning.
Elife 3: e02365

Wybouw N, Van Leeuwen T, Dermauw W (2018) A massive incor-
poration of microbial genes into the genome of Tetranychus urti-
cae, a polyphagous arthropod herbivore. Insect Mol Biol 27:
333-351

Wybouw N, Zhurov V, Martel C, Bruinsma KA, Hendrickx F,
Grbic V, Van Leeuwen T (2015) Adaptation of a polyphagous her-
bivore to a novel host plant extensively shapes the transcriptome
of herbivore and host. Mol Ecol 24: 4647-4663

Yang ZL, Kunert G, Sporer T, Kornig ), Beran F (2020)
Glucosinolate abundance and composition in Brassicaceae influ-
ence sequestration in a specialist flea beetle. ] Chem Ecol 46:
186-197

Yip WK, Yang SF (1988) Cyanide metabolism in relation to ethylene
production in plant tissues. Plant Physiol 88: 473-476

Zagrobelny M, Bak S, Moller BL (2008) Cyanogenesis in plants and
arthropods. Phytochemistry 69: 1457-1468

Zagrobelny M, Bak S, Rasmussen AV, Jergensen B, Naumann CM,
Lindberg Meller B (2004) Cyanogenic glucosides and plant—insect
interactions. Phytochemistry 65: 293-306

Zagrobelny M, Olsen CE, Pentzold S, Fiirstenberg-Hagg ),
Jorgensen K, Bak S, Moller BL, Motawia MS (2014)
Sequestration, tissue distribution and developmental transmission
of cyanogenic glucosides in a specialist insect herbivore. Insect
Biochem Mol Biol 44: 44-53

Zhao Y, Hull AK, Gupta NR, Goss KA, Alonso J, Ecker )R,
Normanly J, Chory }, Celenza JL (2002) Trp-dependent auxin bio-
synthesis in Arabidopsis: involvement of cytochrome P450s
CYP79B2 and CYP79B3. Genes Dev 16: 3100-3112

Zhurov V, Navarro M, Bruinsma KA, Arbona V, Santamaria ME,
Cazaux M, Wybouw N, Osborne EJ, Ens C, Rioja C, et al. (2014)
Reciprocal responses in the interaction between Arabidopsis and
the cell-content-feeding chelicerate herbivore spider mite. Plant
Physiol 164: 384-399



