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Abstract

Laboratory studies have revealed that strigolatone (SL) and karrikin (KAR) signalling

mediate responses to abiotic and biotic stresses, and reshape branching

architecture that could increase reproductive performance and crop yields. To

understand the ecological function of SL and KAR signalling, transgenic lines of

wild tobacco Nicotiana attenuata, silenced in SL/KAR biosynthesis/signalling were

grown in the glasshouse and in two field plots in the Great Basin Desert in Utah

over four field seasons. Of the lines silenced in SL and KAR signalling components

(irMAX2, irD14, irKAI2 and irD14 × irKAI2 plants), which exhibited the expected

increases in shoot branching, only irMAX2 plants showed a strong leaf‐bleaching

phenotype when grown in the field. In the field, irMAX2 plants had lower sugar and

higher leaf amino acid contents, lower lifetime fitness and were more susceptible

to herbivore attack compared to wild‐type plants. These irMAX2 phenotypes were

not observed in glasshouse‐grown plants. Transcriptomic analysis revealed

dramatic responses to high‐light intensity in irMAX2 leaves in the field: lutein

contents decreased, and transcriptional responses to high‐intensity light, singlet

oxygen and hydrogen peroxide increased. PAR and UV‐B manipulations in the field

revealed that the irMAX2 bleaching phenotype is reversed by decreasing PAR, but

not UV‐B fluence. We propose that NaMAX2 functions in high‐light adaptation and

fitness optimisation by regulating high‐light responses independently of its roles in

the SL and KAR signalling pathways. The work provides another example of the

value of studying the function of genes in the complex environments in which

plants evolved, namely nature.
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1 | INTRODUCTION

Plants in nature face complex environments and phytohormones play

central roles in coordinating a plant's physiological responses to

complex suites of environmental stresses. Desert environments are

commonly characterised by intense sunlight with high fluences of

photosynthetically active radiation (PAR) and ultraviolet (UV‐B)

radiation, low water‐ and nutrient‐availability, extreme heat, wind‐

and sand‐storms, in addition to intense herbivore pressures. Nicotiana

attenuata is a tobacco, native to the Great Basin Desert of the

western USA, and hence evolved with these abiotic and biotic

stresses. Planting N. attenuata plants silenced in the biosynthesis and

perception of various phytohormones has proved to be a valuable

means of evaluating their function in adapting physiology to

environmental stresses. For instance, previous work with this species

has revealed that jasmonate (JA) hormones are critical modulators of

herbivore defence in the field: for example, N. attenuata plants

deficient in the accumulation and perception of JA are frequently

heavily attacked by Empoasca leafhoppers (Kallenbach et al., 2012).

Strigolactones (SLs) are carotenoid‐derived hormones that regulate

plant architecture by inhibiting shoot branching (Gomez‐Roldan

et al., 2008; Umehara et al., 2008). They also function as rhizosphere

signals between host plants and parasitic plants as well as symbiotic

fungi (Akiyama et al., 2005; Cook et al., 1966). DWARF 14 (D14), an α/

β‐fold hydrolase, is the receptor of SLs (Nakamura et al., 2013; Waters

et al., 2012a; Yao et al., 2016). Karrikins (KARs) are a group of smoke‐

derived chemicals that stimulate seed germination after fires. The

receptor of KARs, KARRIKIN INSENSITIVE 2 (KAI2), is a paralogue of

D14 (Waters et al., 2012b). Signalling triggered by SLs and KARs both

requires the same coreceptor, MORE AXILLARY GROWTH2 (MAX2), a

leucine‐rich‐repeat F‐box protein (Nelson et al., 2011).max2mutants in

various plant species, including Arabidopsis and rice (in which they are

called dwarf 3) are insensitive to both SL and KAR signals (Nelson

et al., 2011; Smith & Li, 2014; Zhao et al., 2014).

SL‐biosynthetic and ‐signalling mutants have been generated in

Arabidopsis, rice and petunia, and all exhibit increased branching

(Gomez‐Roldan et al., 2008; Hamiaux et al., 2012; Ishikawa et al., 2005;

Umehara et al., 2008). In addition, the SL pathway is known to regulate

additional traits that influence yield, such as the kernel weight in maize

and panicle development in rice (Guan et al., 2022; Wang et al., 2020).

SLs and KARs also play central roles in defence against biotic attackers,

such as against the larvae of stem‐boring weevils, Trichobarus mucorea

(Li et al., 2020), as well as against nematodes (Lahari et al., 2019; Xu

et al., 2019). Both SL and KAR signals improve survival under drought

and salt stress (Ha et al., 2014; Li et al., 2017) and recent studies with

tomato, revealed a role for SLs in heat and cold tolerance (Chi

et al., 2021). Together, these results suggest that SL and KAR‐signalling

could be promising targets to increase crop yields. However, the

majority of these studies have been performed in glasshouse or

laboratory environments, and the roles played by SL‐ and KAR‐

signalling in natural environments remains unresolved.

Plants are commonly grown in glasshouses or chambers to infer

development and performance in the field, but these environments

differ in important ways. For example, the glasshouse light environ-

ment is commonly only a fraction of the PAR intensity of full sunlight

and often lacking UV‐B entirely (Poorter et al., 2016; Schuman &

Baldwin, 2018). Plants growing in the Utah desert, for example, are

regularly exposed to 2000 μmol/m2/s of PAR and several hundreds

μmol/m2/s of UV‐B, conditions which are challenging to replicate in

controlled environments. Exposure to light levels that exceeds

photosynthetic capacity can result in photo‐oxidative stress and

chlorophyll damage (Li et al., 2009a), and plants have evolved

photoprotective measures that minimise the damage caused by

excess light, such as photorespiration, nonphotochemical quenching

(NPQ), and the accumulation of superoxide dismutase (SOD), and

antioxidants, such as carotenoids that prevent chlorophyll oxidation

(Ramel et al., 2012; Sánchez‐Moreiras & Reigosa, 2018). These

biochemical responses to high‐light stress are embedded in a suite of

morphological and cellular responses that include leaf movement

(Sofo et al., 2015), movement of chloroplasts within a cell (Kasahara

et al., 2002; Sztatelman et al., 2010; Zurzycki, 2017) and changes in

the molecular organisation of the thylakoid membranes (Janik

et al., 2013). Whether SL‐ and KAR‐signalling plays a role in these

excess‐light responses remains unknown.

When N. attenuata plants, silenced in SL‐ and KAR‐signalling, are

grown in the glasshouse, their reproductive performance is greater

than that of isogenic empty vector (EV) transformed plants, due to

increased branching, total biomass, floral and seed capsule produc-

tion. Moreover, their herbivore resistance was unaltered. However,

when planted into the plant's native habitat, the Great Basin Desert

of Utah, MAX2 was identified as a key gene regulating high‐light

responses. Silencing MAX2, but not D14 and KAI2, either alone or

together, resulted in leaf‐bleaching, with decreased chlorophyll

contents, photosynthetic abilities, fitness and herbivore resistance.

The bleaching phenotype of irMAX2 plants was recovered by PAR,

but not UV‐B shading in the field. The mechanisms by which MAX2

regulate excess‐light‐triggered responses was examined with tran-

scriptomic analyses and measures of sugars, amino acids, antioxidants

and peroxide levels. From these results, we infer thatMAX2 enhances

plant fitness in nature via the regulation of high‐light responses and

antioxidant accumulations, independently of SL‐ and KAR‐signalling.

2 | RESULTS

2.1 | Silencing NaMAX2 enhances fitness of
glasshouse‐grown plants

Independent lines of isogenic N. attenuata, silenced in NaMAX2,

NaD14 and NaKAI2 expression by RNA interference (RNAi) were

compared with plants transformed with an EV transformation

construct, as a control. As expected, both lines of irD14 and irMAX2

plants, but not irKAI2 plants, produced more primary branches and

were of shorter overall stature (Figure 1a, Supporting Information:

Figure S1a). irMAX2 plants were less sensitive than EV plants

regarding the inhibition of hypocotyl elongation (Li et al., 2020) in
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F IGURE 1 MAX2 silencing in glasshouse‐grown Nicotiana attenuata plants enhances growth and fitness without compromising herbivore
resistance. (a) Plant height and primary branch numbers of 3.5‐month‐old EV, irMAX2#2 and irD14#2 plants grown in the glasshouse (n = 8).
(b, c) Rosette‐stage phenotypes and relative chlorophyll amounts (n = 8) (b), contents of chlorophyll a, b and chl a/b ratio (n = 6) (c) of 30‐day‐old
indicated plants. (d) Shoot biomass, flower numbers, capsule numbers of EV, irMAX2#2 and irD14#2 plants at indicated months (n = 8–12). Data
collected at 3.5 months were used for statistical analysis. (e) Larval mass of the generalist (Spodoptera littoralis) and specialist (Manduca sexta)
Lepidopteran herbivores feeding on EV, irMAX2#1, irMAX2#2 and defenceless (irAOC) plants at the indicated days (n = 16–28). (f) Levels of JA
and JA‐Ile in EV, irMAX2#1 and irMAX2#2 leaves without (control) or with a leaf‐lamina puncture‐wound treatment after 1 h (n = 6). Statistical
analyses were performed using Turkey's multiple comparisons test (p < 0.05) (a, c, d) or two‐tailed t‐test (n.s. no significant difference) (f)
(all values are means ± SE).
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response to GR24 treatments, and the sequence used in the RNAi

constructs had no off‐target in the N. attenuata exome with an n‐mer

size of 21 bp (Supporting Information: Figure S1b). These results

revealed that N. attenuata irMAX2 plants exhibited the same growth

and branching phenotypes as other irMAX2 mutants in other plant

species, such as Arabidopsis and rice (Gomez‐Roldan et al., 2008;

Ishikawa et al., 2005; Li et al., 2016; Umehara et al., 2008).

When grown in the glasshouse, irMAX2, irD14 and irKAI2 plants

did not differ in their chlorophyll contents, including chlorophyll a and

b and the ratio of a/b in rosette leaves, compared with EV plants

(Figure 1b,c). After 2 months of growth, irD14 and irMAX2 plants

attained significantly larger shoot biomass and flower numbers, and

after 2.5 months of growth, greater capsule numbers (Figure 1d).

Feeding assays with the larvae of the generalist, Spodoptera littoralis,

and the specialist, Manduca sexta, herbivores revealed that both

species performed similarly when feeding on EV and irMAX2 plants,

while both species gained significantly more biomass when feeding

on the defenceless irAOC plants, silenced in the expression of the JA‐

biosynthetic gene, ALLENE OXIDE CYCLASE (Figure 1e). Moreover,

the wound‐elicited bursts of JA and JA‐Ile levels in irMAX2 leaves at

1 h did not differ significantly from those of EV leaves (Figure 1f).

From these results, we infer that silencingMAX2 expression increases

biomass and seed production, without influencing herbivore resist-

ance, suggesting that silencingMAX2might be an efficient strategy to

improve plant fitness.

2.2 | In the field, silencing NaMAX2 results in
leaf‐bleaching and impairs plant fitness

To evaluate if these results from glasshouse‐grown plants could be

extended to growth in the field, we planted EV, irMAX2, irD14 and

irKAI2 plants in their native habitat, the Great Basin Desert in Utah,

USA, in two field plots (Lytle plot and Snow plot) over 4‐years of field

seasons (2018–2021) (Supporting Information: Figure S1c). As

expected, in the 2018 and 2019 field seasons, irMAX2 plants were

smaller and bushier, with larger numbers of primary branches,

compared to initially size‐match EV plants (Figure 2a, Supporting

Information: Figure S1d). Surprisingly, three independent lines of

irMAX2 plants consistently showed severe leaf‐bleaching with

significantly decreased chlorophyll a and b contents in leaves during

four field seasons (Figure 2a,b,c, Supporting Information: Figure S1).

irD14, irKAI2 and the crossed line of irD14 and irKAI2 (irD14 ×

irKAI2) plants did not show this bleaching (Figure 2a,b, Supporting

Information: Figure S1e–g). As D14 and KAI2 are the receptors of SL‐

and KAR‐signalling, respectively, these results suggesting that MAX2

regulates this bleaching phenotype in a SL‐ and KAR‐signalling

independent manner.

In the 2018 and 2019 field seasons, in contrast to glasshouse‐

grown plants, irMAX2 plants, but not irD14, irKAI2 or irD14 × irKAI2

plants, had decreased shoot biomass, flower and capsule numbers

compared to EV plants (Figure 2d,e, Supporting Information:

Figure S1h). In addition, in the field, the leaves of irMAX2 plants

were more heavily damaged by folivores (Figure 2f), and wound‐

induced JA bursts (JA, JA‐Ile levels) were significantly lower in

irMAX2 leaves than in EV leaves (Figure 2g). In contrast, in irD14,

irKAI2, irD14 × irKAI2 leaves, these measures of herbivore resistance

did not differ from those of EV plants (Figure 2f,g). From these

results, we infer that silencing MAX2 in field‐grown N. attenuata

plants results in leaf‐bleaching, decreased plant fitness, and herbivore

resistance, independent of SL‐ and KAR‐signalling.

2.3 | In the field, silencing NaMAX2 alters leaf
primary metabolite levels

To compare the levels of nutrients in irMAX2 and irD14 leaves, we

first analysed leaf starch and soluble sugar contents. Soluble sugars,

including glucose, fructose and sucrose, did not differ in leaves of

irMAX2 and irD14 glasshouse‐grown plants (Figure 3a). However, in

irMAX2 bleached leaves of field‐grown plants, starch and soluble

sugar levels were dramatically reduced (Figure 3b). Glasshouse‐

grown irMAX2, irD14 and EV plants contained similar levels of amino

acids (Figure 3c). However, in field‐grown plants, the total amino acid

contents in irMAX2 leaves, but not in irD14 leaves, were two‐fold

higher than those of EV leaves, with some amino acids exceeding

these increases, such as asparagine (11‐fold), tryptophan (10‐fold),

arginine (seven‐fold), isoleucine (seven‐fold), valine (six‐fold) and

leucine (five‐fold) (Figure 3d).

2.4 | Transcriptional responses in bleached irMAX2
leaves

To explore the reasons for irMAX2's bleaching, a microarray assay was

conducted with EV, irMAX2, irKAI2 and irD14 leaves from the field.

Multidimensional scaling (MDS) analysis clearly separated irMAX2

samples from EV, irKAI2 and irD14 samples (Figure 4a). Differentially

expressed genes (DEGs) (|log2FC | ≥ 1, FDR ≤ 0.05) including 640

upregulated and 683 downregulated DEGs specifically altered in

irMAX2 leaves were identified through Venn diagrams and are

presented in heat‐map displays (Figure 4b,c). These DEGs were further

used to compute the enrichment of gene ontology (GO) terms, which

revealed that upregulated genes were enriched in processes associated

with responses to heat, light intensity and oxidative stress, while

downregulated genes were enriched in responses to nutrient starvation

(Figure 4d). These results identified heat and nutrient starvation as

possible causes of the bleached phenotype of irMAX2 plants.

To evaluate if nutrient starvation was responsible for the

bleaching of irMAX2 leaves, we measured macro‐ and micro‐

elements levels in the leaves of all transgenic plants. Most elements

including carbon (C), potassium (K), iron (Fe) and magnesium (Mg) did

not differ among the lines (Supporting Information: Figure S2a).

While nitrogen (N) and phosphorus (P) were slightly increased in

irMAX2 leaves (Supporting Information: Figure S2a), principal

components analysis (PCA) of elements in irMAX2 plants showed
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F IGURE 2 (See caption on next page).
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no significant differences from those of all the other transgenic plants

(Supporting Information: Figure S2b). From these results, we infer

that nutrient deficiencies were not likely responsible for the

bleaching of irMAX2 leaves.

As the GO term, responses to heat, was enriched in the upregulated

DEGs of irMAX2 leaves, we examined the temperatures recorded by

the meteorological station at the field station, which included a

thermometer buried at a 20 cm depth in the centre of the rye field

plot. Soil temperatures at night and daylight hours was consistently over

20°C, and attained 30°C at midday (Supporting Information: Figure S2c);

during the 2021 field season a majority of midday soil temperature

readings were over 20°C, and in July, most were over 30°C (Supporting

Information: Figure S2d). Leaf temperatures of WT plants were over

30°C during 2019 field season (Supporting Information: Figure S2e) and

approached 35°C already in May during the 2018 field season

(Supporting Information: Figure S2f); no significant differences between

WT and irMAX2 plants were observed (Supporting Information:

Figure S2f). To evaluate if growth at high temperatures could result in

leaf bleaching, we grew all transgenic lines in a growth chamber

maintained at 35°C for 20 days (Supporting Information: Figure S2g).

The leaves of irMAX2 plants did not bleach and their chlorophyll

contents did not differ from those of EV plants (Supporting Information:

Figure S2h), suggesting that heat alone was not responsible for

irMAX2's bleaching in field‐grown plants.

2.5 | PAR‐shading in the field rescues the
bleaching‐phenotype and photosynthetic ability of
irMAX2 plants

From the transcriptome data (Figure 4d), genes responsive to

oxidative stresses and high‐intensity light were upregulated in

irMAX2 leaves. To evaluate if the high UV‐B or PAR levels that

characterise the desert light environment was responsible for the

observed leaf‐bleaching, we enclosed field‐grown plants in cages

designed to attenuate UV‐B levels, but leave PAR largely unchanged

(Supporting Information: Figure S3a); NaMAX2‐silenced plants were

enclosed in UV‐B transparent cages as controls (Supporting

Information: Figure S3a). Inside these UV‐B opaque cages, midday

UV‐B fluence decreased from 220 to 30 μW/cm2, while those of the

UV‐transparent cages were at 190 μW/cm2 (Figure 5a). After 21 days

of growth, neither chlorophyll levels nor leaf colour differed

significantly between plants enclosed in the two types of cages

(Figure 5b, Supporting Information: Figure S3a,b). From these results,

we inferred that the UV‐B fluence alone was not responsible for the

bleaching of irMAX2 leaves.

The Utah desert is characterised by high PAR levels, with solar

maximum values of 2000μmol/m2/s commonly attained at midday with

values above 1000μmol/m2/s for more than half of the daylight hours

(Supporting Information: Figure S3c). During the 2019 field season, a

majority of midday fluence values were greater than 1500μmol/m2/s

(Supporting Information: Figure S3d). To evaluate if these high PAR

levels were responsible for the bleaching of irMAX2 plants, we enclosed

plants in PAR‐shade cages that reduced the midday values 10‐fold to

levels commonly found in the glasshouse (200μmol/m2/s; Figure 5c).

After 21 days of growth, irMAX2 leaves fully re‐greened and recovered

chlorophyll a and b levels in leaves at the sensitive nodal positions (R1 to

R8) compared with those of irMAX2 plants enclosed in cage‐controls

(Figure 5d, Supporting Information: Figure S3e). Additionally, we

exposed glasshouse‐grown irMAX2 plants to 1000μmol/m2/s PAR

levels with LED lamps for 10 days and monitored chlorophyll contents,

which decreased after 2 days of high‐light exposure, and by Day 6,

leaves at nodes R1 to R4 were fully bleached (Supporting Information:

Figure S3f,g). From these results, we inferred that exposure to high PAR

levels could account for the bleaching phenotype.

To further characterise the bleaching and re‐greening responses,

we conducted infrared gas analyses (IRGA) of field‐grown irMAX2

plants during the 2018 and 2019 field seasons. The bleached rosette

and stem leaves of irMAX2 plants, but not the leaves at matched nodal

positions on irD14, irKAI2 or irD14× irKAI2 plants, had decreased

photosynthetic rates (Supporting Information: Figure S4a,b). The

calculated light curves of bleached irMAX2 leaves were attenuated,

with lower initial slopes, light‐saturated rates, and saturated photo-

synthetic values; but after shade treatments, these had recovered to

levels approximating those of EV leaves (Figure 5e). Ribulose‐1,5‐

bisphosphate carboxylase/oxygenase (RuBPCase) carboxylation activi-

ties, inferred from A/Ci curves calculated from field‐IRGA measures,

were substantially recovered after 21‐days of shade treatments

(Figure 5f). The nonbleached leaves of plants grown under the low‐

light levels (200μmol/m2/s) of the glasshouse had photosynthetic

parameters that did not differ between EV and irMAX2 plants for: light‐

response curves, the maximum efficiency of PSII (Fv/Fm), the efficiency

F IGURE 2 MAX2 silencing in field‐grown Nicotiana attenuata plants causes leaf‐bleaching and impairs fitness and herbivore resistance.
(a) Representative pictures of 2.5‐month‐old plants, and plant height, primary branching numbers of WT, irMAX2#1, irD14#2 and irKAI2#2
plants grown at Snow plot in 2018 (n = 8). (b, c) Phenotype, relative chlorophyll amount (n = 6) (b) and contents of chlorophyll a, b, chl a/b (n = 8)
(c) of indicated plants grown at Lytle plot in 2019. (d) Flower numbers and capsule numbers of 2.5‐month‐old WT, irMAX2#1, irD14#2 and
irKAI2#2 plants at 2018 field season (n = 8–10). (e) Shoot biomass flower numbers and capsule numbers of 2.5‐month‐old EV, two lines of
irMAX2 plants at 2019 field season (n = 8–10). (f) Proportion of leaf damage of EV, irMAX2, irD14, irKAI2 and irD14 × irKAI2 plants during the
2019 field season. Each genotype includes two lines (mean ± SE, n = 46–60). Level V: leaves with 30%–40% damage, level IV: leaves with 20%–
30% damage, level III: leaves with 10%–20% damage, level II: leaves with 5%–10% damage, level I: leaves with 0%–5% damage. (g) Levels of JA
and JA‐Ile in leaves from indicated lines without (control) or with wound treatment after 1 h (mean ± SE, n = 8). Statistical analyses were
performed using Turkey's multiple comparisons test (p < 0.05) (a, c, d, e) or two‐tailed Student's t. test (**p < 0.01) (g) (All values are: means ± SE).
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of the PS II (Fv’/Fm’), and proportion of absorbed light used for

photosynthesis (PhiPSII), and non‐photochemical quenching (NPQ)

(Supporting Information: Figure S4c,d). From these results, we infer that

high‐PAR light is responsible for the bleaching phenotype and the

lower photosynthetic capacity of irMAX2 plants in the field. When

grown under the low‐PAR light levels of the glasshouse, irMAX2 plants

have normal chlorophyll levels and photosynthetic capacity.

2.6 | PAR‐shading rescues antioxidant contents
and ROS responses in irMAX2 leaves

High‐light stress triggers a series of oxidative responses

(Li et al., 2009a), in which antioxidants, such as lutein, zeaxanthin

and β‐carotene protect plant cells from oxidative damage caused by

excessive light (Supporting Information: Figure S5a). We quantified

F IGURE 3 Primary metabolites were altered in irMAX2 leaves in the field. (a, b) Contents of glucose, fructose, sucrose and starch in R6‐
leaves of EV, irMAX2#2 and irD14#2 plants in the glasshouse (a) and during the 2019 field season (b) (mean ± SE, n = 6). (c, d) Proportion of
amino acids in R6‐leaves of EV, irMAX2#2 and irD14#2 plants grown in the glasshouse (c) and in the field in 2019 (d). Total amount of amino
acids is given below the charts (mean ± SE, n = 6). Statistical analyses were performed using Turkey's multiple comparisons test (p < 0.05) (a, b) or
two‐tailed Student's t‐test (**, p < 0.01) (d).

236 | LI ET AL.
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the levels of these three antioxidants in irMAX2 leaves. In all three

field seasons, the levels of lutein were dramatically reduced in

irMAX2 leaves, but not in irD14 and irKAI2 leaves; zeaxanthin levels

did not differ from those of EV leaves, which were relatively low;

β‐carotene contents were lower than in EV leaves in 2019 field

season, but higher in the 2018 and 2020 field seasons (Figure 5g,

Supporting Information: Figure S5b–d). After the shade treatments in

the 2019 field season, lutein contents recovered to WT levels in

irMAX2 leaves, but β‐carotene levels did not (Figure 5g). In

glasshouse‐grown plants, the levels of all three antioxidants in

irMAX2 leaves did not differ from those in EV leaves (Supporting

Information: Figure S5e). When these glasshouse‐grown plants were

exposed to high (1000 μmol/m2/s) PAR levels for 2 days, the levels of

all three antioxidants increased in both lines of plants, and lutein, but

not zeaxanthin and β‐carotene levels, were lower in irMAX2 leaves

than in EV leaves (Supporting Information: Figure S5f). These results

suggest that low lutein levels contribute to the sensitivity of irMAX2

leaves to high‐light stress.

Excess light is commonly associated with ROS accumulations,

such as singlet oxygen, hydrogen peroxide (H2O2), and associated

transcripts (Asada, 2006). We examined the transcript abundances of

high‐light responsive genes ELIP1, ELIP2, singlet oxygen responsive

genes WRKY33, WRKY40‐1 and WRKY40‐2, and H2O2‐catalytic and

responsive genes SOD, APX2 and ZAT10. In both the 2018 and 2019

field seasons, irMAX2 leaves had elevated levels of these marker

transcripts (Figure 5h, Supporting Information: Figure S6a). After the

shade treatment, the transcript levels of these genes reduced to EV‐

levels (Figure 5h). In response to 2 days of high‐PAR exposure, the

induction of transcript levels of ELIP1, ELIP2 were dramatically

increased (four‐fold) in irMAX2 plants (Supporting Information:

Figure S6b). Surprisingly, no obvious signatures of cell‐death

responses were observed in irMAX2 leaves after Coomassie staining

(Supporting Information: Figure S6c). From these results, we infer

that the shade‐reversible bleaching phenotype does not engage ROS‐

mediated cell‐death responses and terminal senescence. However,

more detailed kinetic analyses of these responses under high‐PAR

conditions will be required to understand the role of ROS signalling in

the bleaching phenotype.

In summary, silencing NaMAX2 had opposite effects under field‐

and glasshouse‐conditions: enhancing fitness of glasshouse‐grown

plants without changes in photosynthetic capacity and herbivore

resistance (Figure 6a), while reducing fitness of field‐grown plants by

decreasing chlorophyll contents and photosynthetic capacity, and

decreasing lutein contains and increasing ROS responses that are

likely responsible for the observed leaf bleaching under high‐light

growing conditions (Figure 6b).

F IGURE 4 Transcriptomic analysis revealed a hypersensitive response of irMAX2 leaves to high‐intensity light exposure.
(a) Multidimentsional scaling (MDS) plot of the transcriptome data in EV, irKAI2#2, irMAX2#2 and irD14#2 leaves (mean ± SE, n = 3) collected
during the 2019 field season. (b) Venn diagrams presenting the overlap among up‐ and down‐regulated genes in the in EV, irKAI2#2, irMAX2#2
and irD14#2 leaves. (c) Heatmap presenting the specifically up‐ and down‐regulated genes in the EV and irMAX2#2 leaves. (d) Gene ontology
(GO) enrichment of 640 upregulated and 683 downregulated genes from (c) in the EV and irMAX2#2 leaves. The red colour presents the
upregulated genes, and the blue colour presents the downregulated genes.
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F IGURE 5 (See caption on next page).
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3 | DISCUSSION

To explore the ecological function of SL and KAR signalling, we

silenced key genes in these two signalling pathways in the ecological

model plant, N. attenuata, and phenotyped these plants in field plots

in a nature preserve in the plant's native habitat in the Great Basin

Desert of North America. While the fitness‐enhancing increases in

branching of plants deficient in SL and KAR signalling are well‐studied

under controlled conditions (Gomez‐Roldan et al., 2008; Hamiaux

et al., 2012; Ishikawa et al., 2005; Umehara et al., 2008), it was not

known if these phenotypes would be maintained under the extreme

conditions of N. attenuata's natural habitat. Surprisingly, plants

silenced in NaMAX2 expression, but not NaD14, NaKAI2 or both,

exhibited leaf bleaching in three consecutive years of plantings in two

independently transformed lines. Off‐target analysis of the ~300 bp

sequences of NaMAX2a and NaMAX2b used in the RNAi

transformation constructs revealed that only MAX2 was targeted

for silencing (Supporting Information: Figure S1b). Additional field‐

and glasshouse‐studies, suggested that this novel MAX2 function is

related to high‐PAR, rather than UV‐B light stress or high tempera-

tures, independent of MAX2's roles in SL and KAR signalling.

However, the experiments do not rule‐out possible interactions

among these abiotic stressors.

Blocking UV‐B from field‐grown plants did not allow bleached

irMAX2 plants to regreen, but decreasing PAR with the shade

treatment did (Figure 5). However, this shade treatment decreased

both PAR and UV‐B fluences, and also likely decreased the

temperatures of field‐grown plants. Moreover, when glasshouse‐

grown (grown without UV‐B) irMAX2 plants were exposed to half the

solar maximum of PAR (1000 μmol/m2/s), their bleaching was not as

complete as had been observed in the field‐grown plants. In addition,

temperature stress is also known to influence a plant's ability to deal

F IGURE 6 Summary of MAX2's function in glasshouse and field. (a) When grown under the relatively low‐light (200–300 μmol/m2/s) levels
that characterise glasshouse growth, irMAX2 plants develop more branches leading to increases in shoot biomass and seed production;
resistance against folivores is not affected. (b) In the high‐light intensities (2000 μmol/m2/s) of the Utah desert mature leaves of irMAX2 plants
bleach, decreasing photosynthesis, H2O2, sugars, and carotenoids levels and increasing singlet oxygen levels and protein turnover, which impairs
growth, seed production, and resistance against the native folivore community.

F IGURE 5 Reducing photosynthetically active radiation (PAR), but not ultraviolet (UV)‐B, rescues the bleaching phenotype of MAX2
silenced plants. (a) Relative UV‐B fluence outside and inside of UV‐block and UV‐transparent cages (n = 6). (b) Relative chlorophyll contents of
indicated leaves of EV‐high UV, irMAX2‐high UV (in UV‐transparent cage) and irMAX2‐low UV (in UV‐block cage) plants (n = 6). (c) Schematics
of the shade cage and the light intensity (PPFD) and UV‐B levels outside and inside of cages. (d) Representative pictures of irMAX2‐control
(no‐shade cage), irMAX2‐shade (in shade‐cage for 21 days) and irMAX2‐re‐exposure (in shade‐cage for 21 days and cage removed for 5 days);
relative chlorophyll amounts of EV‐high light (no shade cage), irMAX2‐high light (no shade cage) and irMAX2‐low light (in shade cage) leaves with
shade treatment for 21 days (n = 8); relative chlorophyll amounts of irMAX2‐low light, irMAX2‐high light and irMAX2‐re‐exposure leaves after
removing the shade cage for 5 days (n = 5–8). (e) The light response curves of EV‐high light, irMAX2‐low light and irMAX2‐high light plants (n =
3). (f) A–Ci curves of EV‐high light, irMAX2‐low light and irMAX2‐high light plants, each with 2 replicates. (g) Contents of lutein, zeaxanthin, and
β‐carotene in leaves of EV‐high light, irMAX2‐high light and irMAX2‐low light plants (n = 6–8). (h) Relative transcript abundance of high light
responsive genes (ELIP1 and ELIP2), H2O2‐related genes (SOD, APX2, CAT and ZAT10) and singlet oxygen responsive genes (WRKY33,WRKY40‐1
and WRKY40‐2) in leaves of EV‐high light, irMAX2‐high light and irMAX2‐low light plants (n = 8). All data in this figure came from the 2019 field
season. Statistical analyses were performed using Turkey's multiple comparisons test (p < 0.05) (g, h) (All values are means ± SE).
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with high light (Demmig‐Adams & Adams, 1992), and the large daily

temperature fluctuations that characterise desert environments

could have exacerbated the high‐PAR associated leaf‐bleaching of

irMAX2 plants. The large literature that examined the effect of

increased UV‐B on crop productivity in response depletions of the

ozone layer, commonly reported strong interactions between PAR

and UV‐B, with the deleterious effects of UV‐B being exacerbated in

plants grown under low PAR levels (Deckmyn & Impens, 1997; Li

et al., 2009b). Clearly, addition work will be needed to examine the

possible interactions of these abiotic stressors and to identify

wavelengths that are responsible for the bleaching, particularly at

the red and blue extremes of the PAR spectrum.

SLs and KAR signalling are both known to regulate photo-

morphogenesis, such as hypocotyl elongation, by mediating light

signalling transduced by blue‐light photoreceptor cryptochromes

(CRY1 and CRY2) and red/far‐red light phytochromes (phyA and

phyB) (Bursch et al., 2021; Jia et al., 2014; Li et al., 2016; Nelson

et al., 2010; Shen et al., 2007). Blue‐light photoreceptors have

recently been shown to activate chloroplast movements in response

to excess light (Sakai et al., 2001; Zubik‐Duda et al., 2023). However,

N. attenuata plants silenced in the expression of NaCRY1/2,

NaPhyB1/B2 and NaPhyA were planted in the field in previous field

seasons without any evidence of leaf‐bleaching (Oh et al., 2018;

Valim et al., 2019). Moreover, transcript levels of these photo-

receptor genes and HY5 did not differ significantly among irMAX2

and irD14 and irKAI2 plants, suggesting that these aspects of light

signalling were not strongly regulated in a MAX2‐dependent manner

in response to high PAR levels. Physiological and biochemical

measures suggested that the processes that result in bleaching are

slowly activated by high‐light exposure.

Under low light levels (200 μmol/m2/s) in both the field and

glasshouse, irMAX2 plants produced green leaves with normal

photosynthetic abilities, contents of antioxidants such as lutein, and

NPQ values that reflect heat dissipation in non‐photochemical

quenching. When light curves are measured with glasshouse‐grown

irMAX2 plants, photosynthesis levels measured under short‐term

exposures of 2000 μmol/m2/s PAR do not differ from those of

control plants (Supporting Information: Figure S4c). However,

when transferred to high‐intensity light (1000 μmol/m2/s PAR) for

2 days, concentrations of lutein and chlorophyll decreased, and

transcript levels of high‐light and ROS responsive genes were highly

elevated in the leaves of irMAX2 plants (Supporting Information:

Figures S3f,g, S5f, S6b). As lutein is the most abundant xanthophyll in

higher plants which functions to stabilise antenna proteins and light

harvesting, and quenching 3Chl states (Jahns & Holzwarth, 2012), the

impairment of lutein increases in irMAX2 leaves may affect qI,

which is associated with photodamage as a component of NPQ

(Leister, 2023). The high transcript levels of photo‐oxidative genes in

the bleached leaves of field‐grown irMAX2 plants suggest intensive

oxidative conditions in irMAX2 leaves. As ROS responses are known

to damage chloroplast membranes and photosynthetic machinery,

particularly of photosystem II, and impair photosynthetic capacity

(Wang et al., 2016; Zavafer & Mancilla, 2021; Zavafer et al., 2015),

we infer that decreasing MAX2 levels somehow decreases lutein

levels, which puts PSII proteins at risk of oxidative damage and is

ultimately responsible for leaf bleaching.

Field‐grown irMAX2 plants have diminished photosynthetic

capacity and are also more susceptible to herbivore attack and have

lower wound‐elicited jasmonate (JA) bursts (Figure 2f,g). We

speculate that the impairment of RuBPCase carboxylation activities

of irMAX2 plants (Figure 5f) might be one of the reasons for its

decreased JA responses to wounding. N. attenuata plants silenced in

the expression of RuBPCase activase by RNAi are impaired in

herbivory‐elicited JA‐Ile levels (Mitra & Baldwin, 2008). In addition,

the decreased sugar contents of irMAX2 leaves (Figure 3b) might

contribute to the increased susceptibility of irMAX2 plants to

folivores, as previous work revealed that larvae of the specialist

herbivore, Manduca sexta, grow faster on low sugar‐containing

artificial diets and on sugar‐depleted N. attenuata plants grown

under low PAR levels (Machado et al., 2015). From these data, we

infer that the greater susceptibility of irMAX2 plants to herbivore

attack is directly related to the bleaching phenotype and the plants'

reduced photosynthetic capacity.

There has been considerable recent interest in enhancing

photosynthesis to increase crop yields by re‐engineering the

regulation of chlorophyll levels to minimise perceived inefficiencies

in the light reactions (Leister, 2023), and even to completely re‐

engineer photosynthesis with the emerging synthetic biology tools

(Wurtzel et al., 2019). The work described here, which points to an

important and previously unrealised role for MAX2 in protecting

photosystems from high‐light mediated photo‐oxidative damage,

underscores how much remains to be learned about how natural

selection has optimised photosystems and provides another example

of the value of old‐fashioned field‐work in understanding gene

function.

4 | MATERIALS AND METHODS

4.1 | Plant material and growth

All transgenic and wild type (WT) lines were isogenic, originating from

seeds collected from a plant at the DI Ranch in 1988, located 40 km

north along the Beaver Dam Wash from the field station at the

Lytle Ranch Preserve in the Great Basin Desert of SW USA (latitude

37.146 longitude −114.020), where all field releases were conducted.

This WT genotype was self‐fertilised for 31 generations to ensure

homozygosity across all loci, and transformed with an established

Agrobacterium tumefaciens–mediated transformation method (Krügel

et al., 2002) using pSOL3/8/9 binary vectors harbouring a single,

fully integrated inverted‐repeat (ir) transformation constructs of

150–300 bp fragments of the genes targeted for silencing by RNAi.

Empty vector (EV), irMAX2, irD14, irKAI2, and the hemizygous

crosses (irD14 × irKAI2) were fully characterised, as described

previously (Li et al., 2020). Three independent lines were used and

labelled as #1–#3 for the targeted genes.
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The glasshouse was located at the Max Planck Institute for

Chemical Ecology in Jena, Germany. Seed germination and glass-

house growth were performed as described (Krügel et al., 2002) with

a day/night cycle of 16 h (26–28°C, 200–300 μmol/m2/s)/8 h

(22–24°C). For the high‐light treatment, plants were placed under

high intensity LED lights in the glasshouse for 16 h (26–28°C,

900–1000 μmol/m2/s)/8 h (22–24°C). For the high‐temperature

treatment, the plants were germinated under normal condition and

grown for 40 days in growth rooms maintained at 14 h‐days at 35°C

(80 μmol/m2/s)/10 h‐nights at 18°C.

Transformed seeds were imported and released at the Lytle Ranch

Preserve under the US Department of Agricultural Animal and Plant

Health Inspection Service (APHIS) permit numbers 07‐341‐101m, 10‐

004‐105m, 18‐046‐102m, 121‐DGIUB96, 121‐DGKKQID, 124‐

5923WOV, 124‐5QAHAL4, 124‐4VPMEMT and 124‐7HQVRAG. For

the 2018‐2019 field seasons, seeds were germinated in hydrated

50mm peat pellets (Jiffy 703, Always Grows, Sandusky, OH) with borax

solution (Zubik‐Duda et al., 2023) supplemented with soil microbes from

a natural N. attenuata population along the Eardly road (latitude

37.101880 longitude −113.975212). The soil microbial solution (5 g/L)

was stirred with a drill‐operated mixer for 5min, allowed to settle for

30min, and used to hydrate jiffies at 1 L/100 jiffies. Germinating

seedlings were maintained under shaded conditions in closed 38‐quart

plastic shoe‐boxes with transparent lids (Walmart), floated on basins of

continuously flowing water to maintain temperatures in the 15–30°C

range. After 2 weeks of additional environmental adaption (in opened

boxes in insect‐proof mesh tents), size‐matched seedlings were planted

into size‐matched communities of 10 plants (two from each genotype,

planted in 1.5m diameter circles). A drip irrigation system provided

water to the centre of each community in a large (2 hectare) field plot

that had been ploughed and harrowed the previous fall (Supporting

Information: Figure S1c: at “Snow Plot” in 2018 and at “Lytle Plot” in

2019–2021). Plants were thinned to one plant per genotype/

community in April, and experiments were conducted in May–June of

2018–2021.

For the 2020 and 2021 field season, smoke and GA3 soaked seeds

were germinated directly in the field, to allow plants to grow a natural

tap‐root system, unconstrained by growth initiated in Jiffy pots. A 10‐

cm diameter steel circular sowing template with three equally spaced

4mm dimples, was firmly pressed into the ground 10 times around the

edges of the 1.5m diameter communities. A single seed was pipetted

into each of the 3–4mm depressions created by the sowing template

and each of the single‐genotype 3‐seed sowings was covered by a PAR‐

and UV‐B‐transparent plastic dome lid (Solo: 9.4 × 9.4 × 2.3 cm)

manufactured for 9/12/16 oz drink cups with a 1‐cm circular straw

slot through which a genotype‐identifying label was inserted into the

centre of the dome, fixing the dome firmly to the soil surface. Within a

community, the 10 domes were 20 cm apart around the edge of the

community equidistant from a centrally buried ring‐dripper. Domes

covered the seeds during germination, increasing soil temperatures and

protecting recently germinated seedlings from the frequent wind

storms. Germinated seedlings were thinned to a single seedling per

dome between April 5 and 20; extra seedlings and soil from dimples

without a germinating seedling was removed and burned to meet

regulatory requirements. Domes were removed several days later.

For shade treatments in the field, plants were covered with

40‐cm tall wire cages on which black polypropylene plastic mesh with

1 cm2 holes was fixed to reduce the total light intensity 10‐fold at

noon without changing the spectral composition of the light. Plants

were covered during early rosette‐growth and remained covered for

21 days, after which the shade‐cages were removed. Plants enclosed

in uncovered wire cages served as controls.

To attenuate UV‐B fluence, wire cages were covered with PAR

transparent, but UV‐B opaque plastic (MelinexR 506 100 micron

thickness), while control cages were covered with UV‐B and PAR

transparent plastic wrap (Huskey clear plastic sheeting, model:

RSHK403‐50C‐U, Grand Prairie) for 21 days, which was checked

for solarisation with a hand‐held UV‐B metre (Solarmeter) and PAR

metre (Hipoint), and replaced as needed.

For wounding treatments, leaves were damaged by rolling a fabric‐

pattern tracing wheel (McCloud & Baldwin, 1997) in three rows on each

side of leaf and parallel to the midrib. Leaves were harvested 1 h after

treatment and midribs were removed. Leaves for the analysis of

phytohormones, photosynthetic pigments, amino acids, sugars, antiox-

idants, were harvested from standardised nodal positions (nodal

positions indicated in figures), wrapped in labelled aluminium foil and

immediately frozen on dry ice and shipped to the laboratory in Germany

in a dry‐ice shipper, where samples were stored at −80°C until analysis.

4.2 | Herbivore bioassays

Larvae of the nicotine‐tolerant Lepidopteran species, Manduca sexta

and Spodoptera littoralis, from in‐house colonies, were used for

glasshouse herbivore assays with plants that had just started the

vegetative‐to‐reproductive transition. A single neonate M. sexta larva

was placed on a fully expanded leaf of either EV or irMAX2 plants

and allowed to move and feed freely on the entire plant. Larval

biomass was weighed at the indicated days (Figure 1e). For S. littoralis

experiments, a 1st in star larva (fed with artificial diets for 3 days after

hatching) was placed on a fully expanded rosette leaf enclosed in a

clip‐cage, which was moved to a new leaf every 1–2 days.

Herbivore damage to field‐grown plants in 2019 was visually

estimated and calculated based on previously described methods

(Schuman et al., 2015). When plants were in the early flowering stage

(33 days‐post‐planting), the percentage of canopy area lost to

herbivores was quantified on more than 40 plants per genotype. A

majority of the damage resulted from the feeding of Noctuid

cutworm larvae, adult and nymphal tree crickets and grasshoppers,

and adult flea beetles.

4.3 | Photosynthesis

Photosynthetic measurements were conducted with a LI‐6400XT

analysis system (Li‐Cor Bioscience), with a fluorometer integrated
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into the leaf chamber. Measurements in the field were conducted

during cloudless days between 10 AM to 14 PM. Photosynthetic

rates (A) were measured with 400 μmol/m2/s CO2, 30°C block

temperatures and 2000 μmol/m2/s light intensity. Light response

curves were conducted with the same reference CO2 level and block

temperature and at light intensity levels ranging from 0 to

2000 μmol/m2/s. A/Ci curves were conducted with 25°C block

temperatures and 2000 μmol/m2/s light intensity at reference CO2

levels at 7 levels from 0 to 900 μmol/m2/s.

In the glasshouse, photosynthetic rates were measured at

400 μmol/m2/s CO2, 25°C block temperatures and light intensity

from 0 to 2000 μmol/m2/s. Fv/Fm, NPQ, Fv’/Fm’ and PhiPSII were

measured following the LICOR 6400XT manual for both dark‐

adapted and light‐adapted measurements.

4.4 | Relative chlorophyll and leaf temperatures

Relative chlorophyll amounts and leaf temperatures were measured

by a Dualex (FORCE‐A) hand‐held spectrophotometer of the middle

lamella of fully expanded leaves of field‐grown plants.

4.5 | Chlorophyll and carotenoids determination

Pulverised samples (100mg) of leaf lamina were extracted with

600 μL methanol for chlorophyll measurements. After centrifugation,

30 μL samples of the supernatants were separated by HPLC with

Acclaim C30 column (Dionex, 200 A, 3.5 μm, 4.6 × 250mm) for

pigment quantification. Pure chlorophyll a, chlorophyll b and

β‐carotene were used for external‐standard calibrations. The mobile

phases for HPLC were as follows: A: 80% methanol, B: ethyl acetate

with the following gradients at a flow rate of 1 mL/min: 0min, 80%

(vol/vol) A, 20% B; 2.5 min, 77.5% A, 22.5% B; 20min, 50% A, 50%

B; 22.5 min, 50% A, 50% B; 24min, 20% A, 80% B; 26min, 20% A,

80% B; 31min, 0% A, 100% B; 34min, 0% A, 100% B; 42min, 80% A,

20% B; 47min, 80% A, 20% B. Chlorophyll a, chlorophyll b and β‐

carotene were detected at 475 nm and chlorophyll a at 440 nm, with

a reference wavelength of 550 nm.

Pulverised samples (100mg) of leaf lamina were extracted with

600 μL methanol for carotenoids measurements. After centrifuga-

tion, 20 μL samples of the supernatants separated by HPLC with

Acclaim C30 column (Dionex, 200 A, 3.5 μm, 4.6 × 250mm) to

quantify carotenoids (lutein, zeaxanthin) by external standard curves

with pure standards. Mobile phases for HPLC were as follows: A:

methanol with ethyl acetate (1:1), B: acetonitrile, C: deionized water

with 200mM acetic acid, with the following gradients at a 1mL/min

flow rate: 0–3.6 min, 14.5% (vol/vol) A, 85% B, 0.5% C; 3.6–27min,

gradient phase to reach 34.5% A, 65% B, 0.5% C; 27–45min, 34.5%

A, 65% B, 0.5% C. Carotenoids were detected at 475 nm with a

reference wavelength at 550 nm. These measurements followed the

procedures described in Yang et al. (2023).

4.6 | Microarray analysis and RT‐qPCR

For transcript abundance quantification, RNA was extracted from the

indicated leaves using the NucleoSpin® RNA Plant (Macherey‐Nagel)

kits. For microarray analysis, extracted RNA from field‐grown leaves

was labelled and hybridised according to the protocol of the Quick

Amp labelling kit (Agilent, http://www.agilent.com/home). For

hybridisations, Agilent single‐colour technology arrays (60 k) were

used. Raw intensity data were normalised with the quantile method,

and the probes with low expression levels were discarded after log2

transformation. Differentially expressed probes were filtered after

pair‐wise comparisons (|Fold Change | ≥2, FDR ≤ 0.05).

For RT‐qPCR, cDNA was prepared by using the PrimeScript RT‐

qPCR Kit (TaKaRa). RT‐qPCR was performed on a Mx3005P qPCR

machine using a SYBR Green reaction mix (Eurogentec, qPCR kit

SYBR Green I No ROX). For all RT‐qPCR analysis, the N. attenuata

IF‐5a housekeeping gene was used as an internal reference. Primer

sequences were listed in the Supporting Information Table S1.

4.7 | Sugar determination

To determine sugar levels, 100mg of pulverised R6 (see Figure 1b for

leaf position determinations) leaf samples of leaf lamina were

extracted with 800 μL extraction buffer (0.2 N formic acid in 80%

MeOH). After centrifugation, extracts were diluted 200‐fold with

500 pmol/μL sorbitol (standard) for HPLC‐MS analysis following the

procedures described in Schäfer et al. (2016). The analysis was

performed on a Bruker Elite EvoQ triple‐quadrupole MS equipped

with a heated electrospray ionisation (HESI) ion source.

4.8 | Amino acids determination

To determine amino acid levels, 100mg pulverised leaf samples of

leaf lamina were extracted with 800 μL extraction buffer (0.2 N

formic acid in 80% MeOH). After centrifugation, extracts were

diluted 50‐fold with 1 ng/g amino acid standard mix for HPLC‐MS

analysis following the procedures in Schäfer et al. (2016). The analysis

was performed on a Bruker Elite EvoQ triple‐quadrupole MS

equipped with a HESI ion source.

4.9 | Jasmonate measurements

To determine jasmonates (JA and JA‐Ile) levels, 100mg of pulverised

leaf samples of leaf lamina were extracted with 800 μL extraction

buffer (0.2 N formic acid in 80% MeOH with isotopically labelled JA

internal standards). After centrifugation, extracts were used for

HPLC‐MS analysis following the procedures described in Schäfer

et al. (2016). The analysis was performed on a Bruker Elite EvoQ

triple‐quadrupole MS equipped with a HESI ion source.
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4.10 | Nutrient determination

The leaves of transgenic plants (five plants per each line) were

harvested in the 2019 field season at the end of the experiment and

subjected to carbon and nitrogen elemental analysis. Briefly, oven

dried leaves were pulverised using a sample mill to a fine powder.

Total C and N contents (mg/g) were analysed with Vario EL CNS

analyser (Elementary Analyse System GmbH). For other nutritional

elements measurements, finely powdered leaf samples were dis-

solved in 65% nitric acid (HNO3), and the concentrations (mg/g) were

determined by inductively coupled plasma atomic emission spec-

trometry (ICP‐AES, Spectro) (Jenkinson & Powlson, 1976; Vance

et al., 1987).
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