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Abstract. Quinolizidine alkaloids (QAs) are toxic secondary metabolites produced in lupin species that protect the
plant against insects. They form in vegetative tissues and accumulate to a different extent in the grains: high levels in ‘bitter’
narrow-leafed lupin (NLL) and low levels in ‘sweet’ NLL. Grain QA levels vary considerably, and sometimes exceed
the industry limit for food and feed purposes. We hypothesised that jasmonates regulate QA biosynthesis in response
to environmental stresses such as wounding and aphid predation, which may explain non-genetic variability in grain QA
levels. Methyl jasmonate (MeJA)-inducible genes were identified and verified in NLL. Exogenous MeJA application-
induced expression of QA biosynthetic genes and QA levels for bitter, but not sweet NLL. Although MeJA-inducible genes
responded to wounding, the expression of QA biosynthetic genes was not induced for bitter and sweet NLL. We
assessed the effect of aphid predation on QA production for two cultivars — one moderately resistant and one susceptible
to aphid predation. Although MeJA-inducible genes responded to aphid predation, no change in QA levels was found
for either cultivar. These findings offer insights into the regulation of QA biosynthesis in bitter and sweet NLL and
concludes that aphids are not a concern for increasing grain QAs in NLL cultivars.
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Introduction

Plants respond to biotic stress such as insect predation, by
the induction of plant defence signalling pathways which can
result in the accumulation of protective secondary metabolites
(Zhao et al. 2005; Bari and Jones 2009). Narrow-leafed lupin
(NLL; Lupinus angustifolius L.) is a major grain legume crop
that produces quinolizidine alkaloids (QAs) — toxic secondary
metabolites that are produced in aerial tissues and accumulate
in the grain (Wink 1987; Lee et al. 2007). Levels of QAs in the
grain must remain below 0.02% to be acceptable for food and
feed purposes (Allen 1998); however, they often exceed this
threshold and the environmental conditions that cause elevated
QA levels are not well understood (Cowling and Tarr 2004).
Although studies have investigated the role of abiotic factors on
grain QA content in NLL, such as drought, temperature, soil pH
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and nutrient availability (Christiansen et al. 1997; Gremigni
et al. 2003; Jansen et al. 2009, 2012; Frick et al. 2018), there
are fewer reports on the impact of biotic stresses (Pilar Vilarifio
et al. 2005; Chludil et al. 2009, 2013). This is an important
consideration, as QAs protect the plant from insect pests (Wink
1992) and, therefore, their biosynthesis may be induced in
response to insect herbivory, possibly explaining why grain
QA content is highly unpredictable when only abiotic factors
are assessed (Cowling and Tarr 2004).

The literature surrounding the response of QA levels in lupins
to biotic stress provides no clear picture, and the response
may vary depending on the species or their intrinsic QA
levels. Mechanical damage increases QA levels in aerial
tissues of Lupinus polyphyllus Lindl. and Lupinus succulentus
Dougl. ex K. Koch (Wink 1983; Johnson et al. 1989) and both
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low- and high-QA NLL (Chludil et al. 2009, 2013). However,
when fed on by caterpillars, leaf QA levels did not increase in
either low- or high-QA NLL, but increased in low- and high-QA
Lupinus albus L. (Pilar Vilarifio et al. 2005). Any changes in
the expression levels of key QA biosynthetic genes in response
to biotic stresses still needs to be assessed.

The jasmonic acid (JA) plant defence signalling pathway
plays a major role in regulating defence responses to biotic
stressors and JA can induce the accumulation of a wide
variety of secondary metabolites in plants (Zhao et al. 2005;
Wasternack and Hause 2013). Jasmonic acid pathway-
associated responses to stress signals involve the rapid synthesis
and accumulation of JA, which induces the expression of
key transcription factors that modulate distinct JA-dependent
functions (Wasternack and Hause 2013). The application of
exogenous JA or methyl jasmonate (MeJA) to plants can induce
JA signalling; genes that are typically upregulated in response to
JA are those involved in its biosynthesis (e.g. LIPOXYGENASE;
LOX gene family members) (Wasternack 2007), as well as
downstream genes involved in plant defence, such as
PROTEINASE INHIBITORS (PI) (Farmer and Ryan 1990).
Jasmonic acid accumulates in response to wounding caused by
chewing insects or mechanical damage (Howe and Jander 2008),
and is involved in responses to phloem-feeding insects such as
aphids (Ellis et al. 2002; Gao et al. 2007).

Although no studies have previously assessed plant
responses to JA in NLL, JA is a well-known activator of the
biosynthesis of alkaloids produced in other plant species, such
as pyridine alkaloids (Nicotiana spp.) and the monoterpenoid
indole alkaloids (Catharanthus roseus (L.) G.Don) (Aerts et al.
1994; Baldwin 1996; Huang and Kutchan 2000; Ryan et al.
2015). The application of exogenous JA or MeJA increases
the levels of these alkaloids, as well as the expression of
biosynthetic genes, transcription factors that regulate the
pathway, and genes involved in alkaloid transport throughout
the plant (Memelink et al. 2001; Shoji et al. 2009; De Boer
et al. 2011; Kato et al. 2015). Mechanical damage causes a
JA-associated increase in nicotine levels of Nicotiana
spp. leaves (Baldwin et al. 1994) and both mechanical and
herbivore damage leads to increased alkaloid levels in Atropa
acuminata Royle ex Lindl. leaves (Khan and Harborne 1990).

The main insect pest affecting NLL crops are aphids, which
cause major yield losses in susceptible cultivars by feeding
damage and the transmission of plant viruses (Berlandier and
Sweetingham 2003). Aphid resistance has been linked to QA
levels in leaf and grain tissues (Adhikari et al. 2012; Philippi
et al. 2015) and ‘sweet” NLL cultivars, harbouring the low-
QA domestication locus iucundus (iuc) (von Sengbusch 1942)
are much more susceptible to aphid predation than ‘bitter’ wild
NLL accessions that produce high QA levels (Philippi et al.
2015). The response of QA biosynthesis to predation by
phloem feeding insects such as aphids has not yet been
assessed. This response may differ to that of wounding or
chewing insects such as caterpillars as phloem-feeding insects
probe plant tissue intercellularly, minimising wounding of
the plant and resulting in distinct transcriptional responses
(Appel et al. 2014).

In the present study we assessed the response of the JA
signalling pathway and QA biosynthesis to exogenous MeJA,
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mechanical damage and aphid predation (Myzus persicae
Sulzer), to better understand how biotic stressors affect QA
levels in NLL. We assessed the response of the JA pathway
in NLL to these treatments by identifying and measuring the
expression of genes homologous to those related to JA signalling
and induced by MeJA and aphid predation in the model legume
Medicago truncatula Gaertn. (MtLOX4, MtLOXS5, and MtPI),
which served as marker genes (Gao et al. 2007). We then
measured the expression of four key QA biosynthetic genes
in response to these treatments and compared this expression to
the observed induction of the JA pathway. Although the
QA biosynthetic pathway is only partly elucidated (Frick
et al. 2017), genes that have been molecularly characterised
as having a role in QA biosynthesis include L. angustifolius
lysinelornithine decarboxylase (LaL/ODC), L. angustifolius
copper amine oxidase (LaCAO) and L. albus tigloyl-CoA:
(-)-130-hydroxymultiflorine/(+)-130-hydroxylupanine O-
tigloyltransferase (LaHMT/HLT) (Okada et al. 2005; Bunsupa
etal. 2012; Yang et al. 2017a). L. angustifolius acyltransferase
(LaAT) has also been suggested as being involved in QA
biosynthesis (Bunsupa et al. 2011). Finally, we measured QA
levels to assess how the expression of these key QA biosynthetic
genes correspond to QA levels in leaves, and in the case of
aphid predation, also in grain.

Materials and methods
NLL varieties

High (bitter) and low (sweet) QA producing NLL (accession
P27255 and cultivar Tanjil, respectively) were used to assess
the impact of exogenous MeJA on QA production, as these
accessions have also been used to create genomic and
transcriptomic resources for the crop (Kamphuis ez al. 2015;
Hane et al. 2017). Tanjil also shows moderate insect resistance
(Edwards et al. 2003). As only specialised aphids use bitter
NLL as host plants which are not found in Australia (Wink and
Witte 1991; Philippi et al. 2015), cultivars Kalya and Tallerack
were used to assess the impact of aphid feeding in sweet NLL;
Kalya is moderately resistant to aphids, whereas Tallerack
is susceptible (Berlandier and Sweetingham 2003; Edwards
et al. 2003).

Growth conditions

Seeds of cultivars Kalya and Tallerack were treated with P-Pickle
T fungicide treatment and two seeds were planted in pots
(115 mm diameter, 120 mm height) filled with steam-sterilised
sandy soil, treated with Rhizobium group G and beneficial soil
microbes (GOGO juice). Plants were grown at 20/16°C day/
night cycle and 12 h of light and watered twice a week. At 14 days
after sowing (DAS), plants were trimmed to one plant per pot.
At 31 DAS, plants were watered with half-strength Thrive
liquid fertiliser. Plants at this stage were used to assess the
responses in leaves to aphid predation, while growth was
continued for those used to assess the response in grain.

For bitter accession P27255 and cultivar Tanjil, growth
was carried out as outlined above, except seeds were scarified
using sharp pliers before sowing, and sown in square pots
(85 mm width, 180 mm height) and grown with 14 h of light.
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Aphids

The green-peach aphid (Myzus persicae Sulzer) is one of three
common aphid species found on NLL (Sandow 1987). A colony
of green-peach aphid clone C61 was maintained on radish
(Raphanus sativus L.) plants. The green-peach aphids were
transferred to the experimental plants with a fine paintbrush.

Experimental conditions
Assessing leaf responses to MeJA treatment

At 28 DAS, eight pots of accession P27255 or cultivar Tanjil
were placed in 30 L sealed containers with cotton buds soaked
in 150puL ethanol or 150 uL of ethanol with MeJA (Sigma
Aldrich) for a final concentration of 0.9 uM MeJA L air. All
leaf tissue from each plant was collected after 6, 12 and 36h,
frozen immediately in liquid nitrogen, and stored at —80°C until
further analysis. Leaf tissue was collected at the same time
each day (~1200 hours).

Assessing leaf responses to mechanical wounding

At 21 DAS, plants of accession P27255 or cultivar Tanjil
were either undamaged or wounded by rolling a fabric pattern
wheel over leaves. Leaf tissue was collected at 5, 24, 72 and
120 h after wounding, frozen immediately in liquid nitrogen
and stored at —80°C until further analysis. For the mechanical
wounding treatment, a single leaf (including all leaflets) was
damaged on each plant, and the entire leaf was collected. Single
leaves at a similar developmental stage to the wounded leaves
were collected from separate plants for the control treatment.
All leaf material was collected at the same time each day
(1400-1600 hours).

Assessing leaf responses to aphid predation

At 33 DAS, control plants of cultivars Kalya and Tallerack
were enclosed in a plastic bottle with mesh sides to allow air
flow. Aphid-infested plants were enclosed in the same type of
bottles each with 60 green-peach aphids. Aphids were allowed to
feed for 24, 48 or 72 h, and all leaf material was collected —taking
care to remove aphids — frozen immediately in liquid nitrogen
and stored at —80°C until further analysis. All leaf material was
collected at the same time each day (1400—1600 hours).

Assessing grain responses to aphid attack

At 54 DAS, plants were placed in large mesh cages in
a temperature-controlled glasshouse with natural lighting and
treated again with half-strength Thrive and beneficial soil
microbes (GOGO juice). Plants for control treatments were
placed in one cage, and Kalya and Tallerack plants for aphid
infestations were placed in two separate cages. Once plants had
begun to set pods on the main stem (73 DAS) four green-peach
aphids were placed on each plant, with an additional 30 aphids
placed on each plant a week later. One month after the initial
aphid infestation (101 DAS), all Tallerack plants were treated
with insecticide (Confidor, Yates), as plants were heavily
infested, to ensure continued seed development. At 115 DAS,
the main stem pods of both Kalya and Tallerack were mature
and plants were left to dry an additional week before collecting
seed, which was stored at room temperature until further
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analysis. For the above experiments, one biological replicate
represents material from an individual plant.

QA quantification in NLL grain and leaf tissues

Mature grain and leaf material was ground to a fine powder under
liquid nitrogen using a mortar and pestle. Tissue samples were
submitted to the ChemCentre for QA analysis by capillary gas
chromatography using 0.5 g of material and in-house method
ORG180 (Priddis 1983; Harris and Wilson 1988). The limit of
quantification for each QA is 0.001%.

RNA extraction and cDNA synthesis

Leaf tissue was ground to a fine powder under liquid nitrogen
using a chilled pestle. RNA extractions were conducted using
~100 mg of tissue (from the uppermost leaves of aphid-infested
plants or homogenised leaf material from MeJA-treated plants).
RNA extraction and cDNA synthesis were carried out as
described by Frick et al. (2018).

Primer design and quantitative real-time —PCR

Primers used in this study for quantitative real-time —PCR have
been described previously (Frick ez al. 2018). These primers are
used to amplify the quantitative real-time PCR reference gene
L. angustifolius UBC9-like (LaUBC9-like; Lup018255.1), QA
biosynthetic genes LaL/ODC (Lup009726.1) (Bunsupa et al.
2012), LaCAO (Lup000530.1) (Yang et al. 2017a) and LaHMT/
HLT (Lup022251.1) (Okada et al. 2005) and candidate
biosynthetic gene LaAT (Lup021586.1) (Bunsupa et al. 2011).

Candidate MeJA-inducible genes in NLL were chosen
based on annotated genes (Hane et al. 2017) with the highest
BLAST-sequence homology to M. truncatula MeJA-inducible
genes M. truncatula lipoxygenase 4 (MtLOX4; TC100162),
M. truncatula lipoxygenase 5 (MtLOX5; TC100513) and
M. truncatula proteinase inhibitor (MtPI, TC100490) (Gao
et al. 2007). These genes are Lup026769.1 (LaLOX4-like),
Lup003340.1 (LaLOX5-like) and Lup009615.1 (LaPl-like).
Primers were designed as outlined in Frick er al. (2018).
Primer sequences are listed in Table S1, available as
Supplementary Material to this paper.

The quantitative real-time PCR was conducted according
to Frick et al. (2018), performed in 10 UL reactions with 5 uL
SsoFast Evagreen Supermix, 4 UL 1: 50 cDNA reaction dilution
and 1uL primer mix containing 5SuM each of forward and
reverse primers, including a reference gene and non-template
control on each plate. Relative gene expression was calculated
using the 22T method (Livak and Schmittgen 2001) to
normalise the average C; values of technical replicates to the
reference gene LaUBCY9-like.

Statistical analyses

Statistical analyses were conducted using GENSTAT (18th edn).
Data for gene expression analyses are presented as the mean and
standard error (s.e.) of three biological replicates. A one-sided
two sample #-test was used to assess whether gene expression
of MeJA-inducible genes or QA biosynthetic genes increased
under certain conditions compared with control plants at a
certain time point. Three-way analysis of variance (ANOVA)
was used to assess the effect of aphid treatment, cultivar, time
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and their interactions on QA biosynthetic gene expression in
leaf tissue. Data for leaf QA content assessing the impact of
MeJA is presented as the mean and s.e. of five biological
replicates. Two-way ANOVA was used to assess the effect of
MelJA treatment, time, and MeJA treatment X time interaction
on QA content in leaf tissue. Data for leaf and grain QA content
assessing the impact of aphid predation is presented as the mean
and s.e. of six biological replicates. Two-way ANOVA was
used to assess the effect of NLL cultivar, aphid infestation, and
cultivar x aphid infestation interaction on QA content in leaf
and grain tissue. Means were compared at the P <0.05 level
of significance.

Results
Identification and verification of NLL MeJA-inducible genes

To identify genes that may be used as markers for JA induction in
NLL, genes were identified from the NLL gene annotation (Hane
et al. 2017) that have the highest sequence similarity to those
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related to JA signalling that are highly upregulated in
M. truncatula following treatment with exogenous MeJA and
aphid predation (Gao et al. 2007). These include two genes
encoding LOX, putatively involved in JA biosynthesis (LaLOX4-
like; Lup026769.1 and LalOX5-like; Lup003340.1), and one
encoding PI (LaPI-like; Lup009615.1), a downstream JA-
responsive gene. To assess whether these genes were indeed
MelJA-inducible, the expression of these genes was investigated
in leaves of bitter accession P27255 and sweet cultivar Tanjil
following exogenous MeJA treatment. For bitter accession
P27255, the expression of LaLOX4-like was induced at 12
and 36h after treatment with MeJA (P <0.05), LaLOX5-like
was induced at 6 and 12 h after MeJA treatment (P < 0.05), and
LaPI-like was induced at 36 h after MeJA treatment (P < 0.05)
(Fig. 1). For sweet cultivar Tanjil, LaLOX4-like was not induced
following MeJA treatment, whereas LaLOX5-like was induced
after 36 h. Although LaPlI-like had higher transcript levels in
Tanjil MeJA-treated leaves, these did not significantly differ
from the control by one-sided two-sample #-test (P < 0.05). In
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Relative expression of candidate NLL MeJA-inducible genes related to JA biosynthesis

(LOX) and plant defence response downstream of JA signalling (PI) (a) LalOX4-like
(Lup026769.1), (b) LaLOXS5-like (Lup003340.1) and (c) LaPI-like (Lup009615.1) and in leaf
tissue of bitter (P27255; left) and sweet (Tanjil; right) NLL varieties after treatment with
MeJA. The means and standard errors of three biological replicates are presented. One-sided
two-sample #-test (*, P <0.05) was used to assess whether gene expression increased in MeJA-
treated plants compared with controls at a certain time point.
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conclusion, the three genes were MeJA inducible in the bitter
accession P27255, but not all genes were induced in the sweet
cultivar Tanjil. As these genes were demonstrated as MeJA
inducible, at least in bitter accession P27255, these were
selected for use as gene markers to indicate induction of the
JA pathway in subsequent experiments and are hereafter referred
to as ‘MeJA-inducible’ genes.

Response of MeJA-inducible genes to mechanical
wounding and aphid predation

The response of NLL MeJA-inducible genes was assessed
following treatment of two conditions that can induce the JA
plant signalling pathway: mechanical wounding and aphid
predation (Wasternack and Hause 2013). For both bitter
accession P27255 and sweet cultivar Tanjil, LaLOX4-like was
induced at 24 h after wounding (P <0.05), whereas LaPI-like
was induced after 24 h for P25255, but a significant induction
was not observed for Tanjil (Fig. 2). In contrast to LaLOX4-
like, LaLOX5-like expression was not strongly-induced with
wounding for either accession. For both LalOX4-like and
LaPlI-like, the strongest increase in transcript abundance was
observed at 24 h post wounding in both bitter and sweet NLL.
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After observing a response of MeJA-inducible genes
following MeJA treatment and mechanical wounding in both
bitter and sweet NLL, how these genes respond to aphid
predation was assessed as the JA plant signalling pathway is
known to play a role in the defence against phloem-feeding
insects (Ellis et al. 2002; Gao et al. 2007). As aphid species
are generally unable to infest bitter varieties of NLL (Wink and
Witte 1991; Philippi et al. 2015), the response of sweet cultivars
Kalya and Tallerack was investigated because these cultivars
have varied responses to aphids. Kalya is a moderately
aphid-resistant cultivar while Tallerack is susceptible to aphid
predation (Berlandier and Sweetingham 2003; Edwards et al.
2003). For resistant cultivar Kalya, the expression of LaLOX4-
like and LaPI-like was induced at 24, 48 and 72 h after aphid
infestation (P <0.05), whereas for susceptible cultivar
Tallerack, LaLOX4-like was only induced at 72 h after aphid
infestation (P <0.05), and LaPI-like was not induced with
aphid predation (Fig. 3a, ¢). LaLOX5-like did not increase
expression in aphid infested samples compared with controls
in either cultivar, although expression was higher for Kalya
than Tallerack (P < 0.05) (Fig. 3b). In conclusion, two of the
three candidate NLL MeJA-inducible genes were induced
to a greater extent for the NLL moderately aphid-resistant
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Fig. 2. Relative expression of MeJA-inducible genes related to JA biosynthesis (LOX) and
plant defence response downstream of JA signalling (Pl) (a) LaLOX4-like (Lup026769.1),
(b) LaLOX5-like (Lup003340.1) and (c) LaPlI-like (Lup009615.1) in wounded leaf tissue of
bitter (P27255; left) and sweet (Tanjil; right) NLL varieties. The means and s.e. of three
biological replicates are presented. One-sided two-sample #-test (*, P <0.05) was used to
assess whether gene expression increased in wounded leaves compared with controls at a

certain time point.
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Relative expression of MeJA-inducible genes related to JA biosynthesis (LOX) and plant

defence response downstream of JA signalling (P/) (a) LaLOX4-like (Lup026769.1), (b) LaLOX5-
like (Lup003340.1) and (c) LaPI-like (Lup009615.1) in leaf tissue of aphid resistant (Kalya; left),
and susceptible (Tallerack; right) cultivars after aphid infestation. Means and s.e. of three biological
replicates are presented. One-sided two-sample #-test (*, P <0.05) was used to assess whether
gene expression increased in infested plants compared with controls at a certain time point.

cultivar Kalya than the aphid-susceptible cultivar Tallerack
upon aphid predation.

Response of QA biosynthetic genes to MeJA

Having indicated how the JA signalling pathway in NLL was
responding to exogenous MeJA application, wounding and
aphid predation, how this relates to the expression of genes
involved in QA biosynthesis was then assessed, as alkaloids
produced in other plant species are regulated by the JA signalling
pathway (Aerts et al. 1994; Baldwin 1996; Huang and Kutchan
2000; Ryan et al. 2015). Following MeJA treatment, three of
the four QA biosynthetic genes (LaL/ODC, LaCAO and LaAT)
displayed similar expression patterns and were induced in
leaf tissue of bitter accession P27255 at 12h and/or 36 h after
MeJA treatment (P <0.05) but were not induced in sweet
cultivar Tanjil (Fig. 4a—c). The expression of LaHMT/HLT
was induced at 6 and 36h after MeJA treatment for bitter
accession P27255 (P <0.05). Although a small significant
increase in transcript abundance of LaHHMT/HLT was observed
36h after MeJA treatment compared with the control for
cultivar Tanjil (P <0.05), this abundance was far lower than

the levels observed in the P27255 MeJA-treated and control
leaf samples at 36h (Fig. 4d). In conclusion, for bitter
accession P27255, all four QA biosynthetic genes were
upregulated following MeJA treatment, whereas no strong
induction was observed in the sweet cultivar Tanjil.

MeJA induces QA levels in bitter NLL but not sweet NLL

After observing a differential response of both MeJA-inducible
and key QA biosynthetic genes to exogenous MeJA application
in bitter and sweet NLL, with the expression of key QA
biosynthetic genes being induced for bitter but not sweet
NLL, we investigated the effect of MeJA application on leaf
QA levels. For bitter accession P27255, total QA levels
increased by 22% following MeJA treatment, independent of
whether the plants were treated with MeJA for 12 or 36h
(P <0.05) (Fig. 5). This was largely due to a 42% increase in
lupanine levels after MeJA treatment (P < 0.05). Angustifoline
and 13-hydroxylupanine levels increased for P27255 after
MeJA treatment (P <0.05) (16 and 18% respectively), and
13-hydroxylupanine also increased over time (P <0.05).
Levels of a-isolupanine increased for P27255 over time
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Fig. 4. Relative expression of QA biosynthetic genes (a) LaL/ODC (Lup009726.1), (b) LaCAO
(Lup000530.1), (¢) LaAT (Lup021586.1) and (d) LaHMT/HLT (Lup022251.1) in leaf tissue of
NLL treated with MeJA for bitter NLL accession P27255 (left) and sweet NLL cultivar Tanjil
(right). The means and standard errors of three biological replicates are presented. One-sided
two-sample #-test (*, P <0.05) was used to assess whether gene expression increased in MeJA-
treated plants compared with controls at a certain time point.

(P <0.05) but did not increase with MeJA treatment. The QAs
in sweet NLL cultivar Tanjil were at levels below the limit
of quantification at 36 h after MeJA treatment. However, 13-
hydroxylupanine was detectable in both MeJA-treated and
control plants (Table S2). Overall, leaf QA levels increased
following MeJA treatment for bitter accession P27255, while
no significant changes were observed for Tanjil.

Wounding and aphid predation does not affect the
expression of QA biosynthetic genes

Following mechanical wounding, none of the four QA
biosynthetic genes was induced in either bitter accession
P27255 or sweet cultivar Tanjil, although LaL/ODC, LaCAO,
and LaAT displayed higher basal expression levels in P27255
compared with Tanjil (see Fig. S1, available as Supplementary
Material to this paper). This was consistent with the higher
expression levels of these genes in P27255 than Tanjil
observed in the MeJA treatments (Fig. 4).

Following aphid predation, the expression of QA biosynthetic
genes LalL/ODC, LaCAO and LaHMT/HLT did not change in
leaf'tissue of both moderately aphid-resistant cultivar Kalya and
aphid-susceptible cultivar Tallerack (Fig. S2). The expression of
LaL/ODC and LaCAO was also similar between cultivars, and
LaHMT/HLT expression was higher in Kalya (P <0.05) than
Tallerack. LaAT expression was barely detected or absent in all
samples (data not shown). In conclusion, genes involved in
QA biosynthesis appear to be responsive to MeJA treatment
in bitter NLL material but not in sweet cultivars. Furthermore,
both wounding and aphid predation does not induce the
expression of QA biosynthetic genes in sweet cultivars.

Aphid predation does not induce QA levels in moderately
aphid-resistant or aphid-susceptible sweet NLL cultivars

While no response of QA biosynthetic gene expression was
observed following aphid predation for both moderately
aphid-resistant cultivar Kalya and aphid-susceptible cultivar
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Fig.5. QAlevelsin leaftissue collected from bitter NLL accession P27255

treated with methyl jasmonate (MeJA) at 12 and 36 h after treatment. The
means and s.e. of five biological replicates are presented, and standard errors
represent total QA levels. Two-way ANOVA was used to test for significant
differences in total QA content to assess the effect of MeJA, time and the
MeJA x time interaction. QA levels differed significantly between control
and MeJA treated leaves, independently of time sampled (P <0.05) as
denoted by different letters.

Table 1. QA levels in leaf material infested with aphids 72 h after
infestation in two sweet NLL cultivars: one moderately aphid resistant
(Kalya) and one susceptible (Tallerack)

Sweet cultivars were investigated as aphids are generally unable to use
bitter NLL as host plants. Means and s.e. of six biological replicates are
presented. Two-way ANOVA was used to test for significant differences
in total QA content to assess the effect of cultivar, aphid infestation and
the cultivar x aphid infestation interaction. QA levels between cultivars
were found to differ significantly (P <0.05) as denoted by different
letters. Note: levels in Tallerack leaves were below the limit of
quantification (0.001%)

Cultivar Kalya (resistant) Tallerack
(susceptible)
Control Infested Control Infested
Mean (% weight) 0.00167a 0.00200a <0.001b <0.001b
s.e. 0.00033 0.00082 N/A N/A

Tallerack (Fig. S2), QA levels in leaf and grain were assessed
because QA levels may be affected by factors other than the
expression of key QA biosynthetic genes. The impact of aphid
feeding on leaf QA levels was assessed at 72 h after infestation,
however, no effect of aphid feeding for either cultivar was
found. Leaf QA levels for Kalya were significantly higher
than for Tallerack (P <0.05), with QA levels in Tallerack
below the limit of quantification and not detected for most
samples (Tables 1, S3). For cultivar Kalya, only 13-
hydroxylupanine was present at levels above the limit of
quantification (Table S3).
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Fig. 6. QA levels in grain collected from aphid-infested NLL cultivars
that are moderately resistant (Kalya) or susceptible (Tallerack) to aphids.
Means and s.e. of six biological replicates are presented, and standard
errors represent total QA levels. Two-way ANOVA was used to test for
significant differences in total QA content to assess the effect of cultivar,
aphid infestation and the cultivar x aphid infestation interaction. QA
levels between cultivars were found to differ significantly (P <0.05) as
denoted by different letters.

We then assessed the impact of aphid predation on grain QA
content in resistant and susceptible NLL cultivars subjected to
sustained aphid predation over pod set. Although no changes
in QA biosynthesis or QA content were identified with aphid
predation in leaves, the accumulation of QAs in the grain may
be affected. However, no change in total QA levels, or levels
of'individual QAs (13-hydroxylupanine, lupanine, angustifoline
and o-isolupanine) was found in either cultivar under aphid
predation. Cultivar Kalya accumulated more total QAs than
cultivar Tallerack, as well as levels of 13-hydroxylupanine
and angustifoline (P <0.05) (Fig. 6). A significant interaction
between NLL cultivar and aphid infestation was found for
a-isolupanine (P < 0.05), such that Kalya aphid-infested grain
had higher levels than Tallerack aphid-infested grain.

Discussion

Quinolizidine alkaloids are the main anti-nutritional factor in
NLL grain and pose a problem as the grain cannot be used for
food and feed purposes if levels exceed the industry threshold
(0.02%) (Allen 1998). However, grain QA levels are highly
unpredictable when only abiotic factors are assessed (Cowling
and Tarr 2004). We hypothesised that the JA plant signalling
pathway plays a role in the regulation of QA biosynthesis in
NLL in response to biotic stresses, which may explain some
environmental variability found in grain QA content in NLL
cultivars. Jasmonic acid is involved in plant defence responses
to mechanical wounding and insect predation (Wasternack
and Hause 2013) and is known to regulate the biosynthesis of
alkaloids found in other plant species (e.g. Nicotiana spp. and
Catharanthus roseus) (Aerts et al. 1994; Baldwin 1996; Huang
and Kutchan 2000; Ryan et al. 2015). In the present study we
assessed the response of the JA plant signalling pathway and
QA biosynthesis to exogenous MeJA treatment and mechanical
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wounding, which provides new insights in the responses of both
bitter and sweet NLL to these treatments. We then assessed the
response of NLL cultivars to the green-peach aphid, a major
insect pest of NLL, to identify whether this increases QA levels.

The exogenous MeJA treatment induced the expression of
three candidate MeJA-inducible genes in bitter NLL, which
were identified based on sequence homology to M. truncatula
MeJA-inducible genes (Gao et al. 2007), demonstrating that
the JA signalling pathway was induced (Fig. 1). Three QA
biosynthetic genes (LaL/ODC, LaCAO and LaAT) were
similarly induced in bitter NLL following exogenous MeJA
treatment (Fig. 4), which corresponded to an increase in leaf
QA levels (Fig. 5). These results demonstrate a direct role of
the JA signalling pathway in the regulation of QA biosynthesis
in bitter NLL. This will assist efforts to uncover other genes
involved in QA biosynthesis, as this pathway is largely unknown
(Frick et al. 2017). For example, transcriptome profiling of
MeJA-induced bitter NLL tissues could be undertaken to
identify QA biosynthetic genes or regulatory genes regulated
in a similar manner to LaL/ODC, LaCAO and LaAT, a method
previously used to uncover genes associated with alkaloid
biosynthesis in Papaver somniferum and Nicotiana tabacum
(Gurkok et al. 2015; Yang et al. 2017D).

We have demonstrated that JA is involved in the regulation
of QA biosynthesis in bitter NLL, although QA biosynthetic
genes were not induced following mechanical wounding
(Fig. S1) despite an induction in MeJA-inducible genes
(Fig. 2). The observed induction of QA biosynthesis in bitter
NLL following exogenous MeJA treatment, but not wounding,
may due to cross-talk of the JA signalling pathway with other
plant signalling pathways that are induced after wounding,
such as abscisic acid and ethylene pathways (Leén et al.
2001). Ethylene suppresses JA-mediated alkaloid biosynthetic
gene induction in Nicotiana spp., and attack by the specialist
herbivore Manduca sexta releases ethylene, suppressing
nicotine accumulation that results from wounding alone (Shoji
et al. 2000; Winz and Baldwin 2001). The role of other plant
signalling pathways, such as ethylene, and the cross-talk
between ethylene and JA pathways in NLL and for QA
biosynthesis remains to be investigated. In summary, for bitter
NLL, both wounding and MeJA application recruit JA-
responsive genes (LaLOX4-like, LaLOX5-like and LaPI-like).
Furthermore, wounding did not upregulate QA biosynthetic
genes whereas MeJA application did (Figs 4, S1).

Additionally, although we have demonstrated an involvement
of JA in QA biosynthesis for bitter NLL, this was not the case for
sweet NLL as neither expression of QA biosynthetic genes
(Fig. 4), nor leaf QA levels (Table S2) were induced following
exogenous MeJA treatment. Moreover, MeJA-inducible genes
were also not induced, or induced to a lesser extent for sweet NLL
than bitter NLL (Fig. 1). Following mechanical wounding,
sweet NLL displayed a comparative induction of MeJA-
inducible genes to bitter NLL (Fig. 2), indicating that JA
biosynthesis is not impaired for sweet NLL. This suggests that
either the response of MeJA-inducible genes in sweet NLL was
not captured by the time points sampled, or that sweet NLL is
less responsive to exogenous MeJA treatment than bitter NLL.

After demonstrating that JA is involved in the regulation of
QA biosynthesis in bitter NLL, we investigated the effect of
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aphid predation in NLL cultivars as aphids are the major insect
pest affecting NLL crops (Berlandier and Sweetingham 2003)
and JA is associated with resistance to some phloem-feeding
insects (Ellis et al. 2002; Gao et al. 2007). Only specialised
aphids use bitter NLL as host plants and these are not found in
Australia (Wink and Witte 1991; Philippi et al. 2015), therefore
we assessed the effect of aphid predation in two sweet NLL
cultivars — one moderately resistant (cultivar Kalya) and one
susceptible (cultivar Tallerack) to aphid predation. Following
aphid predation, the induction of MeJA-inducible genes differed
between the two cultivars, with a higher response for cultivar
Kalya than Tallerack (Fig. 3). Kalya demonstrated a greater JA
response to aphid predation than Tallerack and produced higher
intrinsic QA levels in leaves (Table 1), although no differences in
QA biosynthetic gene expression were observed, both following
aphid predation and between the two cultivars (Fig. S2).

We assessed the effect of sustained aphid predation during
pod set on grain QA levels in the two cultivars, as it is possible
that aphid predation increases grain QA levels through increased
transport to the grain, rather than increased biosynthesis in the
leaves. Surprisingly, no response in grain QA levels was found
following aphid predation, although Kalya had higher intrinsic
QA levels than Tallerack (Fig. 6). Therefore, we conclude that
aphid predation by Myzus persicae does not increase grain QA
levels in sweet NLL cultivars. However, changes in response
to other aphid species found on NLL, such as blue-green
aphid (Acyrthosiphon kondoi) and cowpea aphid (Aphis
craccivora) (Sandow 1987), require further investigation. The
aphidresistance of Kalya may be conferred by intrinsic QA levels
that do not increase with aphid predation or by other defence
mechanisms that are induced to a greater extent than for Tallerack
as induction of MeJA-inducible genes differed between the
two cultivars (Fig. 3), suggesting differential induction of the
JA signalling pathway. If the genetic mechanism underlying
aphid resistance for Kalya is, in part, unrelated to QA levels, this
would be of interest to NLL breeders.

Finally, our findings from this study, combined with our
previous findings examining QA biosynthetic gene expression
following drought and temperature stresses in NLL cultivars
(Frick et al. 2018), reinforces our conclusion that QA levels in
NLL cultivars are not controlled at the gene regulation level of
the key QA biosynthetic genes. The expression of LaL/ODC
and LaCAO does not differ between NLL cultivars producing
different leaf and grain QA levels (Figs 6, S2; Table S3) (Frick
et al. 2018). Since a clear induction of QA biosynthetic gene
expression occurs in bitter NLL following exogenous MeJA
treatment, but no differences are evident in the expression of
QA biosynthetic genes between several treatments for NLL
cultivars (Fig. S2; Frick et al. 2018), we suggest that the gene
controlling the low-QA locus iuc, harboured by all modern
NLL cultivars, is a major QA regulatory gene. The low-QA
iuc phenotype may be caused by the loss-of-function of this
regulatory gene, resulting in a low basal expression of QA
biosynthetic genes that do not respond to environmental
conditions without the action of this regulatory gene. Low
alkaloid loci for Nicotiana tabacum (nicl and nic2) positively
regulate several genes of the pyridine alkaloid biosynthetic
pathway (Hibi et al. 1994; Cane et al. 2005), and suppression
of one of the genes deleted in nic2 (NtERF189) suppresses
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MeJA-induced nicotine biosynthesis (Shoji et al. 2010).
We suggest that the NLL iuc locus functions in a similarly to
these N. tabacum low alkaloid loci and may explain why QA
biosynthesis is not induced after aphid predation in NLL
cultivars.

Conclusion

The present study is the first to assess responses of the JA plant
signalling pathway in NLL and how this pathway regulates QA
biosynthesis. Our results have demonstrated an involvement of
JA in the regulation of QA biosynthesis for bitter NLL, but this
was not observed for sweet NLL. Additionally, aphid predation
did not induce QA biosynthetic gene expression in sweet NLL
cultivars that were susceptible or moderately resistant to an
aphid pest, M. persicae, resulting in no differences in leaf nor
mature grain levels following aphid predation. One possibility
is that the gene controlling the low-QA locus iuc is a major QA
regulatory gene and the low-QA phenotype of iuc-harbouring
cultivars results in QA biosynthetic genes that do not respond to
environmental conditions or JA signalling.
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