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A B S T R A C T

Programmed cell death (PCD) is essential for both plant development and stress responses including

immunity. However, how plants control PCD is not well-understood. The shikimate pathway is one of the

most important metabolic pathways in plants, but its relationship to PCD is unknown. Here, we show that

the shikimate pathway promotes PCD in Arabidopsis. We identify a photoperiod-dependent lesion-mimic

mutant named Lesion in short-day (lis), which forms spontaneous lesions in short-day conditions. Map-

based cloning and whole-genome resequencing reveal that LIS encodes MEE32, a bifunctional enzyme

in the shikimate pathway. Metabolic analysis shows that the level of shikimate is dramatically increased in

lis. Through genetic screenings, three suppressors of lis (slis) are identified and the causal genes are cloned.

SLISes encode proteins upstream of MEE32 in the shikimate pathway. Furthermore, exogenous shikimate

treatment causes PCD. Our study uncovers a link between the shikimate pathway and PCD, and suggests

that the accumulation of shikimate is an alternative explanation for the action of glyphosate, the most

successful herbicide.

Copyright © 2022, Institute of Genetics and Developmental Biology, Chinese Academy of Sciences, and

Genetics Society of China. Published by Elsevier Limited and Science Press. All rights reserved.

Introduction

Programmed cell death (PCD) is a genetically regulated process

that leads to cell suicide in all multicellular organisms. It occurs during

both development (known as dPCD) and the responses to environ-

ment (known as ePCD). In plants, dPCD is involved in many pro-

cesses including xylem formation, embryogenesis, pollen

maturation, seed maturation, and leaf senescence (Van Hautegem

et al., 2015). ePCD is very important for plants to defense against

environmental stresses including both abiotic stresses (e.g., salt

stress, drought stress, cold stress, and heat stress) and biotic

stresses (e.g., pathogens and insects). One of the most well-studied

forms of ePCD in plants is the hypersensitive response (HR), which

occurs upon pathogen infection (Jones and Dangl, 2006). Given the

pivotal importance of PCD, its deficiency causes many severe con-

sequences including cancers in animals (Roos et al., 2016).

Compared with the mechanisms of animal PCD, the molecular

networks underlying plant PCD are poorly understood (Valandro

et al., 2020).

The identifications and characterizations of lesion-mimic mutants

(LMMs) greatly help to elucidate the mechanisms of plant PCD

(Lorrain, 2003; Bruggeman et al., 2015). LMMs form spontaneous

PCD in the absence of pathogen infections. In many cases, the

suppressors of LMMs were also identified through genetic screen-

ings. These studies revealed that the chloroplast plays a pivotal role

in plant PCD (op den Camp et al., 2003; Yang et al., 2012; Lv et al.,

2019; Zhi et al., 2019). In addition, the formation of PCD is closely

related to reactive oxygen species (ROS), plant hormones (such as

salicylic acid, ethylene, and jasmonic acid), lipids (such as sphingo-

lipids and fatty acids), and calcium signals (Przybyla et al., 2008;

Mandal et al., 2012; Landoni et al., 2013; Ma et al., 2016; Radojicic

et al., 2018; Bi et al., 2021; Jacob et al., 2021). These signals will

eventually regulate the expression of PCD-related genes at the

transcriptional level and post-transcriptional levels. One of the most

well-studied LMMs is the lsd1 mutant, in which a zinc finger domain-

containing protein (AT4G20380) was mutated (Dietrich et al., 1994).

The studies on lsd1 revealed that metacaspases (MC), the distant

homolog of caspase, play important roles in plant PCD (Coll et al.,

2010). It was found that the Arabidopsis MC1 and MC2 have
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opposite effects in PCD, with MC1 positively regulating PCD and

MC2 negatively regulating PCD (Coll et al., 2010). It is expected that

the identification of more LMMs will further enhance our under-

standing of PCD.

The shikimate pathway in the chloroplast is one of the most

important metabolic pathways in plants. More than 30% of the car-

bon fixed by photosynthesis enters the shikimate pathway (Maeda

and Dudareva, 2012). The shikimate pathway starts with two sub-

strates, phosphoenolpyruvate (PEP) produced by glycolysis and

erythrose-4-phosphate (E4P) produced by the pentose phosphate

pathway, and ends with chorismate through a seven-step enzymatic

reaction (Fig. S1). Chorismate is not only a common precursor of

aromatic amino acids (phenylalanine, tyrosine, and tryptophan), but

also a precursor of many secondary metabolites (such as alkaloids

and flavonoids). It is noted that chorismate and phenylalanine are the

precursors of salicylic acid, the plant immune hormone and important

regulator of PCD (Radojicic et al., 2018). Although the role of salicylic

acid in PCD has been well-established, it remains unknown whether

the shikimate pathway itself regulates PCD.

In this study, we identify an LMM named lis (for Lesion in short-

day), which formed lesions in short-day conditions, but not in long-

day conditions. LIS encodes an enzyme involved in the shikimate

pathway and the shikimate level was enhanced in the lis mutant.

Through genetic screening, three suppressors of lis (slis1, slis2, and

slis3) are identified, and their corresponding causal genes are cloned.

SLISes encode proteins upstream of MEE32 in the shikimate

pathway and their loss of functions reduced the shikimate level. In

addition, exogenous shikimate treatment could induce PCD. Our

study suggest that the shikimate pathway promotes PCD, providing

new insights into plant PCD.

Results

The lis mutant undergoes spontaneous PCD in short-day

condition

The lis mutant grew similarly to wildtype (WT) in long-day (LD)

condition (16 h light/8 h dark), but it was much smaller and formed

visible lesion in short-day (SD) condition (8 h light/16 h dark; Fig. 1A).

To further analyze the cell death phenotype, we carried out trypan-

blue staining assays, in which the dead cells could be stained. As

shown in Fig. 1B, clear blue sectors could be observed in the leaves

of the lis mutant grown in SD condition. Previous studies suggested

that ROS is one of the causes of cell death in many LMMs (Kaurilind

et al., 2015). Therefore, we examined the levels of H2O2 in the leaves

by performing 3,3'-diaminobenzidine (DAB) staining. As shown in

Fig. 1C, the levels of H2O2 weremuch higher in the lismutant grown in

SD condition than others. These results suggested that the lismutant

grown in SD condition accumulates ROS and triggers cell death.

To further examine the roles of photoperiod in promoting cell

death in lis, we transferred the two-week-old lis seedlings grown in

LD to SD. The lesion phenotype was observed three days after

transferring and became more obvious afterwards (Fig. 1D). Trypan-

blue staining revealed that cell death occurred two days after

transferring (Fig. 1E). In consistence, the levels of H2O2 also

increased two days after transferring (Fig. 1F). Taking advantage of

the transferring experiment, we next sought to examine the impor-

tance of the light length or dark length in PCD in lis. The lis mutant

was first grown in 16 h of light and 8 h of dark and then it was

transferred to a growth chamber with 8 h of dark length but

deceasing length of light. As shown in Table S1, the PCD phenotype

occurred when the light length was 11 h or less, suggesting that the

light length is important for PCD formation. Alternatively, the lis

mutant was transferred to a growth chamber with 16 h of light but

increasing length of dark. In this case, the PCD phenotype occurred

when the dark length was 13 h or more, suggesting that the dark

length is also important for PCD formation. Since both the dark length

and the light length were important, it is possible that the relative

length (or the ratio) of light and dark may be the determinant of PCD.

A more detailed analysis is required to determine the ratio.

LIS encodes an enzyme involved in the shikimate pathway

To map the LIS locus, we first performed map-based cloning

(Lukowitz et al., 2000). The lis mutant (in Columbia-0 [Col-0] back-

ground) was crossed to Landsberg erecta (Ler) and the plants with

lesion phenotype in the F2 population were used for mapping. The

LIS locus was mapped to the region between the markers F2O10

and T22K18 in Chromosome 3 (Fig. 2A). Then, we performed whole-

genome resequencing using the next-generation sequencing

Fig. 1. The lis mutant is a lesion-mimic mutant in short-day conditions. AeC: The phenotypes of wild-type (WT) Arabidopsis and lis grown in long-day (LD) or short-day (SD) conditions

for three weeks. DeF: The phenotypes of WT and lis grown in LD conditions for two weeks and then were transferred to SD for different times. B and E: Trypan blue staining showing the

cell death phenotype. C and F: DAB staining showing the H2O2 levels. The red arrows indicate the leaves undergo cell death. Scale bar, 1 cm.
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technology, which helped us to identify two mutated genes

(AT3G06350 andAT3G07070) between the twomarkers. To determine

the causal gene, we carried out complementation experiment. The

coding sequences (CDSs) of AT3G06350 or AT3G07070 driven by the

cauliflower mosaic virus 35S promoter were transformed into the lis

mutant. The resulting transgenic plants expressing AT3G06350 were

similar to WT in SD, suggesting that AT3G06350 complemented lis

(Fig. 2Ee2G). In lis, there was a nucleotide deletion (t) at the conserved

splicing donor site of the last intron in AT3G06350 (Fig. 2B). Therefore,

the last intron could not be spliced properly. Indeed, the PCR product

of cDNA was larger in lis than that in WT (Fig. S2). Sequencing analysis

further confirmed that the last intron was retained in lis (Fig. 2C).

AT3G06350 was annotated as embryo defective 3004 (EMB3004) or

maternal effect embryo arrest 32 (MEE32), which is a bifunctional

enzyme with the activities of 3-dehydroquinate dehydratase (DHQD)

and shikimate dehydrogenase (SDH) involved in the shikimate

pathway (Fig. S1). In the lis mutant, the last 13 amino acid residues

were replaced (Fig. 2D), which may affect the SDH activity of MEE32.

The SDH activity of mutated MEE32 is reduced

To confirm the SDH activity was affected in lis, we compared the

enzymatic activity of MEE32 and the mutated form of MEE32

(MEE32m). The activity of SDH is commonly measured by monitoring

the NADP+-dependent oxidation of shikimate at 340 nm. The His-

SUMO tagged MEE32 or MEE32m proteins were expressed in

E. coli andwere purified through affinity chromatography. The kinetics

of MEE32 and MEE32m were illustrated by the MichaeliseMenten

curves (Fig. 3A and 3B), which revealed that the Km value of

MEE32m was similar to that of MEE32, but the Vmax value of MEE32m

was about 0.4% that of MEE32. Therefore, the SDH activity of

MEE32m was indeed dramatically reduced.

Since the activity of MEE32m was reduced, it is likely that the

levels of the metabolites related to shikimate change in the lismutant.

To test this hypothesis, we determined the contents of these

metabolites through liquid chromatography-mass spectrometry (LC-

MS) analysis. Unexpectedly, both the levels of 3-dehydroshikimate

(297-fold) and shikimate (24-fold) in lis were much higher than

those in WT (Fig. 3C). Since salicylic acid is an important regulator of

PCD and its biosynthesis is dependent on the shikimate pathway, we

also measured the level of salicylic acid. As expected, the salicylic

acid level in lis was higher than that in WT (Fig. 3C).

Salicylic acid is not required for PCD of the lis mutant

To study the mechanisms underlying the PCD phenotype of lis,

we performed transcriptome analysis using RNA sequencing (RNA-

Seq) to identify the differentially expressed genes after lis was

transferred from LD to SD for two days. Volcano plot analysis

revealed that 2763 genes were significantly up-regulated and

954 genes were significantly down-regulated after transferring

(P < 0.05, |Log2FoldChange| S 1; Fig. 4A). Gene ontology (GO)

analysis showed that the up-regulated genes are mainly involved in

stress responses (Fig. 4B) and the down-regulated genes are mainly

related to metabolisms (Fig. S3). In consistence with the PCD

phenotype, the genes related to immune response and cell death

were significantly enriched (Fig. 4B). Notably, the genes responsive

to salicylic acid were also enriched (Fig. 4B). Since salicylic acid is

required for PCD of many LMMs (Meng et al., 2009; Huang et al.,

2018) and the salicylic acid level was increased in lis (Fig. 3C), we

hypothesized that blocking salicylic acid biosynthesis or signaling

may suppress PCD of lis.

In Arabidopsis, ICS1/SID2 is required for salicylic acid biosyn-

thesis (Wildermuth et al., 2001) and NPR1 is required for salicylic acid

signaling (Cao et al., 1997). To test our hypothesis, we crossed the lis

mutant with both the sid2-1 mutant and the npr1-1 mutant to

generate lis sid2-1 and lis npr1-1 double mutants. As shown in

Fig. 4Ce4H, the plant size, cell death, and ROS levels of the double

mutants were similar to lis in SD, suggesting that PCD of lis is not

caused by the increased level of salicylic acid.

Fig. 2. LIS encodes MEE32 involved in the shikimate pathway. A: Map-based cloning of LIS. The numbers of recombinants at each marker are shown. B: The protein and gene structure

of LIS/MEE32. Yellow box indicates DHQD domain. Red box indicates SDH domain. Green boxes indicate exons. Grey boxes indicate introns. In the lis mutant, there is a “t” (in red)

deletion at the splicing donor site of the last intron. C: The 3' cDNA sequence of MEE32 in WT and lis. The nucleotides in blue are different. The nucleotides in red are stop codons. D:

The C-terminal protein sequence of MEE32 in WT and lis. The amino acids in blue are different. EeG: The phenotypes of WT, lis, and the complementation lines (35S:MEE32/lis) grown in

SD conditions for three weeks. Trypan blue staining showed the cell death phenotype (F). DAB staining showing the H2O2 levels (G). SD, short-day. Scale bars, 1 cm.
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Fig. 4. The phenotype of lis is independent of salicylic acid. A: Volcano plots showing the differentially expressed genes after lis were transferred from LD to SD for two days (P < 0.05, |

Log2FoldChange| S 1). The red dots represent significantly up-regulated genes, and the blue dots represent significantly down-regulated genes. B: Gene ontology enrichment analysis

of the up-regulated genes. The size of each dot represents the gene count, and the color of each dot represents the enrichment fold. CeH: The phenotypes of WT, lis, npr1-1, sid2-1, lis

npr1-1, and lis sid2-1 grown in SD condition for three weeks. D and G: Trypan blue staining showing the cell death phenotype. E and H: DAB staining showing the H2O2 levels. LD, long-

day; SD, short-day. Scale bar, 1 cm.

Fig. 3. The activity of MEE32m is reduced. A and B: The enzyme kinetics of MEE32 (A) and MEE32m (B). The recombinant His-SUMO-MEE32 and His-SUMO-MEE32m were expressed

in E. coli and purified using Ni-NTA beads. Shikimate was used as substrate. The data were fitted using the Michaelis-Menten model in GraphPad to obtain Km, Kcat, and Vmax. C: The

concentration ratios of 3-dehydroshikimate, shikimate, and salicylic acid in lis relative to WT.
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The shikimate pathway is necessary for PCD in the lis mutant

To further elucidate the mechanism of PCD in lis, we performed

genetic screening for slis. The lis mutant was mutagenized using

ethylmethanesulfonate (EMS). The M2 seeds were grown in SD, and

the plants without lesions were considered as slis. As shown in Fig. 5,

slis1, slis2, and slis3 almost completely suppressed the lis mutant.

The lis slis1, lis slis2, and lis slis3 double mutants were similar to WT in

terms of morphology, cell death, and ROS levels.

To map the SLIS1 locus, we performed map-based cloning

(Lukowitz et al., 2000). The SLIS1 locus was mapped to the region

between the molecular markers SGCSNP79 and SGCSNP53 in

Chromosome 4 (Fig. S4A). There are 37 genes in this region

(Table S2). Among them, AT4G39980 encodes 2-deoxy-D-arabino-

heptulosonate 7-phosphate synthase 1 (DHS1), which catalyzes the

condensation reaction of PEP and E4P to produce DAHP, the first

step in the shikimate pathway (Fig. S1). Sequence analysis revealed

that there were three mutation sites (T1102A, T1103A, and C1181T)

in DHS1 of slis1 (Fig. S4B). Therefore, we hypothesized that DHS1

was the SLIS1 gene. To confirm this, we performed complementation

experiment. The CDS of DHS1 driven by the 35S promoter were

transformed into the lis slis1 mutant. The resulting transgenic plants

were similar to lis in SD (Fig. 5Ae5C), suggesting that DHS1 com-

plemented slis1.

To clone SLIS2 and SLIS3, we decided to use MutMap strategy

(Abe et al., 2012). The lis slis2 or lis slis3 mutants were backcrossed

to lis. In the F2 population, more than 50 plants without lesions were

sampled as the suppressor pool. The DNA from both the suppressor

pool and the lis pool was sequenced using the next-generation

sequencing technology. The data were analyzed using SIMPLE

pipeline (Wachsman et al., 2017), which revealed that AT3G43810,

AT5G33320, and AT5G38890 were the candidate genes in slis2

(Table S3) and AT1G14850 and AT2G36530 were the candidate

genes in slis3 (Table S4). Further complementation experiments

revealed that AT5G33320 and AT2G36530 complemented slis2 and

slis3, respectively (Fig. 5De5I).

AT5G33320 encodes phosphoenolpyruvate/phosphate trans-

locator 1 (PPT1), which is responsible for the transport of PEP into

plastids (Knappe et al., 2003).AT2G36530 encodes enolase 2 (ENO2),

which catalyzes the reversible dehydration of 2-phosphoglycerate to

PEP (Prabhakar et al., 2009; Eremina et al., 2015). Therefore, SLIS1

(DHS1), SLIS2 (PPT1), and SLIS3 (ENO2) are all related to the first step

of the shikimate pathway (Fig. 5K), indicating that the shikimate

contents may be reduced in these suppressors. Indeed, the shikimate

contents in lis slis1, lis slis2, and lis slis3 were significantly lower than

that in lis (Fig. 5J). The identification of these suppressors further

supports the notion that the shikimate pathway regulates PCD.

Shikimate treatment induces cell death

Given that the levels of shikimate and 3-dehydroshikimate were

dramatically increased in the lis mutant (Fig. 3C), we hypothesized

that the increased levels of shikimate and 3-dehydroshikimate may

be the cause of PCD in lis. Since 3-dehydroshikimate is not available

in large quantities, we tested the effect of shikimate on cell death. To

exclude the effect of pH, the shikimate solution was adjusted to

pH 7.0. As shown in Fig. 6A, shikimate treatment indeed induced cell

death, which became more severe when higher concentration of

shikimate was used. We also investigated the effect of shikimate on

cell death in tobacco BY2 suspension cells. In this assay, fluorescein

diacetate (FDA) and propidium iodide (PI) were used to stain the live

Fig. 5. Loss of DHS1, PPT1, or ENO2 suppresses the lis mutant phenotype, separately. AeI: The phenotypes of WT, lis, lis slis1, lis slis2, lis slis3, and their corresponding complementation

lines grown in SD condition for three weeks. B, E, and H, trypan blue staining showing the cell death phenotype.C, F, and I, DAB staining showing the H2O2 levels. J: The contents of shikimate

in WT, lis, lis slis1, lis slis2, and lis slis3 grown in SD condition. K: The simplified shikimate pathway showing DHS1, PPT1, and ENO2 function upstream of LIS. The green box indicates plastid.

PGA, 2-phosphoglycerate; PEP, phosphoenolpyruvate; E4P, erythrose-4-phosphate; DAHP, 3-deoxy-D-arabinoheptulosonate-7-phosphate; SD, short-day. Scale bar, 1 cm.
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cells and dead cells, respectively. Consistently, the dead cells

increased with the concentration of shikimate used (Fig. 6B).

Next, we sought to test whether overexpression of MEE32m in

WT could induce cell death. We could not obtain transgenic lines

expressing MEE32m driven by the 35S promoter, indicating that

overexpression of MEE32m triggers cell death, leading to embryonic

lethality. To solve this problem, we used a dexamethasone (DEX)-

inducible promoter to drive the expression of MEE32m-GFP. The

transgenic plants grew normally without DEX treatment. However,

after DEX treatment, the transgenic plants became smaller and

developed lesions in leaves (Fig. 6C). The induced expression of

MEE32m-GFP was confirmed through western blotting analysis

(Fig. S5). These results suggested that the enhanced level of shiki-

mate is sufficient to trigger cell death.

Discussion

LMMs played key roles in elucidating the mechanism of PCD

(Eremina et al., 2015). In this study, we identified a photoperiod-

dependent LMM, lis, which underwent PCD only in SD conditions

(Fig. 1). The identification of lis provided us with a new opportunity to

study the mechanism of PCD. In the lis mutant, the levels of both 3-

dehydroshikimate and shikimate, were dramatically elevated (Fig. 3).

In addition, mutations in proteins upstream of LIS in the shikimate

pathway suppressed PCDof lis (Fig. 5). These data suggested that the

enhanced shikimate pathway promotes PCD, thereby uncovering a

link between the shikimate pathway and PCD. However, the biological

significance of this link remains to be further studied. It is expected

that the shikimate pathway may function in stress responses.

Our study suggested that in addition to as an important metabolic

intermediate, shikimate can also function as a signaling molecule.

Previously, several metabolites including sugars and amino acids

were found to function as signals to regulate fundamental biological

processes (Templeton and Moorhead, 2004). And the glucose

sensing and signaling pathways have been well-studied in plants,

with HXK1 as the glucose sensor and VHA-B1 and RPT5B as tran-

scriptional regulators (Cho et al., 2006). Recently, it was found that

malate is also a regulator of cell death in Arabidopsis (Zhao et al.,

2018). More interestingly, they showed that malate treatment could

induce cell death even in animal cells. It will be interesting to test

whether shikimate can also trigger cell death in animal cells in the

future. When applied exogenously, only high concentration of shiki-

mate (40 mM for Arabidopsis and 10 mM for BY2 cells) can induce

cell death (Fig. 6A and 6B). This could be because exogenously

applied shikimate is difficult to enter cells. Alternatively, this may be a

common feature when metabolites function as signals. In the case of

glucose signaling, 5% (>250 mM) of glucose was used to treat plants

(Cho et al., 2006). In the case of malate, 50 mM was shown to induce

cell death (Zhao et al., 2018). It is of note that although shikimate

treatment induces PCD, we cannot rule out the possibility that 3-

dehydroquinate and the metabolites downstream of shikimate such

as aromatic amino acids can also contribute to PCD in lis.

As one of the most important metabolic pathways, the shikimate

pathway is essential for plants (Gout et al., 1992; Maeda and

Dudareva, 2012). Therefore, it is difficult to study the relationship

between the shikimate pathway and PCD based on loss-of-function

mutants. In this study, we obtained a unique lis mutant, in which the

mutant MEE32 showed reduced enzyme activity but the levels of 3-

dehydroshikimate and shikimate increased (Fig. 3). It is possible

that there is a feedback regulation mechanism of the shikimate

pathway. The reduced flow from 3-dehydroshikimate to shikimate

may enhance the carbon flow into the shikimate pathway, thereby

increasing the level of 3-dehydroshikimate, which was 297-fold in the

lismutant compared with WT (Fig. 3C). The 3-dehydroshikimate were

Fig. 6. Shikimate induces cell death. A: The phenotypes of WT Arabidopsis treated with different concentrations (pH 7.0) of shikimate for three days. The white arrows indicate the

leaves undergo cell death. B: The FDA/PI staining results of tobacco BY2 suspension cells treated with different concentrations of shikimate (pH 5.7) for 24 h. Green signals indicate live

cells and red signals indicate dead cells. C: The phenotypes of WT and the transgenic Arabidopsis expressing MEE32m-GFP driven by the dexamethasone (DEX)-inducible promoter.

The plants were treated with (+) or without (-) 25 mM DEX for 10 days. Scale bars, 1 cm (A and C); 250 mm (B).
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slowly catalyzed into shikimate eventually. Alternatively, it is also

possible that the mutation in lis may enhance the activity of DHQD,

thereby enhancing the level of 3-dehydroshikimate, which is catalyzed

into shikimate. It is of note that the heterozygous plants (LIS-/+) dis-
played WT phenotypes, suggesting that lis was a recessive mutant.

Our results also provided an alternative explanation for the action

of glyphosate, the most successful herbicide in history (Benbrook,

2016). It is well-known that glyphosate specifically inhibits the ac-

tivity of the enzyme 5-enolpyruvylshikimate-3-phosphate synthase

(EPSPS), one of the key enzymes in the shikimate pathway

(Steinrücken and Amrhein, 1980). However, it remains debatable how

glyphosate kills plants. Currently, there are two popular hypotheses.

One hypothesis suggested that the inhibition of EPSPS by glypho-

sate results in insufficient production of aromatic amino acids, which

are vital for protein synthesis and plant growth (Schonbrunn et al.,

2001). The other hypothesis argued that glyphosate enhanced the

carbon flow into the shikimate pathway, which results in the short-

ages of carbon for other essential pathways (Duke and Powles,

2008). It was reported that glyphosate-treated plant tissues accu-

mulated high levels of shikimate (Schulz et al., 1990; Zulet-Gonzalez

et al., 2020). The concentration of shikimate in cellular compartments

excluding the vacuole was estimated to be 100 mMe150 mM (Gout

et al., 1992). In our study, we found that the level of shikimate in lis

was 24-fold of WT (Fig. 3C) and exogenous shikimate treatment

could induce cell death (Fig. 6A and 6B). Therefore, the glyphosate-

triggered shikimate accumulation may be an alternative reason for

glyphosate in killing plants.

Materials and methods

Plant materials and growth conditions

All Arabidopsis mutants used in this study were in Col-0 back-

ground. The npr1-1 and sid2-1 mutants were described previously

(Cao et al., 1997; Wildermuth et al., 2001). Seeds were sterilized with

2% plant preservation mixture (plant cell technology) and stratified at

4°C in the darkness for two days. The plants were grown in different

day length (light intensity is 100 mmol photons m-2 s-1; supplied by

white-light tubes) at 22°C. The primers used for genotyping were

listed in Table S5.

Suppressor screening

The lis seeds were mutagenized with 0.2% ethylmethanesulfonate

(EMS). The M1 plants were grown in soil to produce M2 seeds, which

were collected from individual M1 plants. To screen for suppressors

of lis, the M2 seeds were grown in SD conditions in soils. The plants

without lesions on leaves were considered to be the suppressors.

Map-based cloning and whole-genome resequencing

To clone LIS and SLIS1, we performed map-based cloning. The

mutants (in Col-0 background) were crossed with Ler. To clone LIS,

the plants with lesions in the F2 population were selected for map-

ping and resequencing. To clone SLIS1, the plants without lesions

but in lis background were selected for mapping. The mapping was

carried out according to a previous study (Lukowitz et al., 2000) and

additional markers were designed at Arabidopsis mapping platform

(http://amp.genomics.org.cn/). To clone SLIS2 and SLIS3, the lis

slis2 and lis slis3mutants were crossed with lis and the plants without

lesion phenotype in the F2 population were selected for rese-

quencing. The resequencing was performed by Novogene (Beijing,

China). The SIMPLE pipeline (Wachsman et al., 2017) was used to

analyze the data to obtain candidate genes.

Construction of plasmids

The vectors were constructed using digestioneligation method,

lighting cloning system (BDIT0014, Biodragon Immunotechnology), or

Gateway technology (Thermo Fisher). The coding sequences of genes

were used for vector construction. For complementation test,MEE32

was cloned into pEarlyGate 100 using Gateway technology; DHS1,

PPT1, and ENO2 were cloned into Nco I/Xba I-digested pFGC5941.

To generate DEX:MEE32m-GFP, MEE32m were fused with linker

sequence (CCAGGCGGCGGCGGCTCCGGCGGCGGCCCA) and

GFP by fusion PCR, and was then cloned into Spe I/Xho I-digested

pTA7002. For protein expression in E. coli,MEE32 andMEE32mwere

cloned into BamH I/Xho I-digested pEF28b-SUMO to generate His-

SUMO-MEE32 or His-SUMO-MEE32m. The primers used for cloning

were listed in Table S5.

Trypan blue staining

Trypan blue staining was performed as previously described with

minor modifications (Yan et al., 2013). In brief, plants were immersed

with trypan blue staining solution (10 mL phenol, 10 mL H2O, 10 mL

glycerol, 10 mL lactic acid, and 25 mg trypan blue), boiled for

2e3 min, and then cooled down at room temperature for 1 h. The

samples were destained in 2.5 g/mL chloral hydrate solution.

DAB staining

H2O2 was detected as previously described (Thordal-Christensen

et al., 1997). Briefly, plants were immersed in DAB staining solution

(1 mg/mL DAB, pH 3.8) and vacuumed for 10 min. DAB staining was

carried out in a 28°C incubator for 6e8 h. After staining, plants were

destained in acetic acid: glycerol:ethanol (1:1:3, v/v/v) solution at

100°C for 10 min, and were then stored in 95% (v/v) ethanol until

scanning.

Measurement of the content of metabolites in the shikimate

pathway

Sample preparation and quantification were as described previ-

ously (Chen et al., 2013). The leaves were frozen in liquid nitrogen and

were crushed using a mixer mill (MM 400, Retsch) with a zirconia

bead for 1.5 min at 30 Hz. About 100 mg powder was weighed and

extracted overnight at 4°C with 1 mL 70% aqueous methanol con-

taining 0.1 mg L-1 lidocaine (internal standard) before analysis using

an LC-ESI-MS/MS system.

Enzyme kinetics analysis

The SDH activity was measured as described previously (Singh

and Christendat, 2006). Briefly, the His-SUMO tagged MEE32 and

MEE32m proteins were added into reaction mixtures containing

different concentrations of shikimate, 100 mM Tris-HCl, pH 8.8, and

2 mM NADP+ (N196976, Aladdin). The enzymatic activity was

determined by monitoring the reduction of NADP+ at 340 nm in the

presence of shikimate. The data were analyzed using GraphPad.

Measurement of shikimate content

The shikimate content was determined as described previously

(Shaner et al., 2005). The leaf discs were incubated in 1 mL 10 mM

ammonium phosphate (pH 4.4). The samples were frozen at -20°C
freezer and then were thawed at 60°C for 30 min. After adding

0.25 mL 1.25 M HCl, the samples were further incubated at 60°C for

15 min to extract metabolites. The resulting supernatant (0.25 mL)

was mixed with 1 mL 0.25% (w/v) periodic acid and incubated at
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room temperature for 90 min. The reaction was stopped by adding

1 mL 0.6 M sodium hydroxide. The absorption at 380 nm was

measured. The shikimate concentration was determined based on a

standard curve.

Western blotting analysis

The total proteins were extracted using extraction buffer (20 mM

Tris-HCl pH 7.5, 150 mM NaCl, 1% Triton X-100, 1× protease in-

hibitor cocktail, and 1 mM PMSF (BL507A, Biosharp) and were

subjected to western blotting using an anti-GFP (1:4000, Promoter)

antibody.

Transcriptome analysis

Total RNA was extracted with TRizol reagent (Invitrogen) from 2-

week-old lis after lis was transferred from LD to SD for two days.

Library preparation and RNA-sequencing were performed by Novo-

gene (Beijing, China). Raw reads were processed and aligned to the

Arabidopsis genome (https://www.arabidopsis.org) using Hisat2,

version 2.5.1b. The transcript assembly and read quantification were

performed by StringTie (Kim et al., 2019). Genes with over 20 reads

were filtered and processed using DESeq2 to identify the differen-

tially expressed genes (P < 0.05, |Log2FoldChange| S 1). GO anal-

ysis was carried out using PANTHER Classification System database

(http://pantherdb.org/).

Shikimate treatment

Two-week-old WT grown in LD condition were sprayed with

different concentrations of shikimate (S107142, Aladdin) after being

transferred to SD condition. Shikimate (adjusted to pH 7.0) treatment

was carried out once per day for three days. BY2 cells were cultured in

MS medium with 0.4 mg/mL 2,4-D, 1 mg/mL thiamine, and 100 mg/mL

Myo-inositol, followed by treatment with different concentrations of

shikimate (adjusted to pH 5.7) for 24 h. FDA/PI stainingwas performed

as previously described (Jones et al., 2016). The fluorescence of FDA

and PI was captured using a confocal microscopy (Leica SP8).

Data availability

The RNA-seq data and the whole-genome sequencing data

generated in this study have been deposited in BioProject database

(PRJNA767202).
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