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Abstract
The Solanaceae family includes many species of plants with high nutritional and medici-
nal value. Plants in this family have evolved towards diversifying specialized (secondary) 
metabolism to adapt to adverse conditions, and a few of them have been used as model 
plants in the study of plant defense. 2-Methylketones are insecticidal compounds that ac-
cumulate in certain plants, particularly in wild tomato Solanum habrochaites f. glabratum 
– a So lanaceae member. 2-Methylketones are the decarboxylated products of 3-ketoacids 
generated through the hydrolysis of 3-ketoacyl-ACPs by methylketone synthase 2 (MKS2). 
In this study, we isolated one of the four MKS2 homolog genes from the cultivated potato 
Solanum tuberosum and designated it as StMKS2-3. A combined in silico approach includ-
ing sequence alignment, phylogenetic assessment, 3D structural modeling and RNA-se-
quencing data analysis was performed to exploit the functional properties of this gene. The 
encoded protein possesses the conserved Aspartate and functional domain characteristic 
of single Hotdog-fold thioesterases, and it shares high similarity in sequence and structure 
with SlMKS2a of the cultivated tomato (S. lycopersicum). This suggests that, like SlMKS2a, 
StMKS2-3 could act as a 3-ketoacyl-ACP thioesterase. According to RNA-seq data, 
StMKS2-3 exhibited higher expression than the other three StMKS2 genes in most tissues 
across different potato S. tuberosum cultivars. The quantitative real-time polymerase chain 
reaction (qRT-PCR) analysis showed that StMKS2-3 was expressed in multiple potato 
tissues, both aerial and root parts, but the highest expression was in tubers and sprouts. 
Furthermore, this gene appeared to be transcriptionally induced in response to salinity, 
drought, and Phytophthora infestans infection, supporting a possible role for StMKS2-3 in 
the response of potato S. tuberosum to such stress. 
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Introduction

2-Methylketones are volatile organic compounds that 
have been synthesized and accumulated in the glan-
dular trichomes of the wild tomato species Solanum 
habrochaites f. glabratum (Fridman et al. 2005). These 
compounds could act as biopesticides (Antonious and 

Snyder 2015; Zhu et al. 2018). Specifically, 2-unde-
canone, 2-dodecanone, 2-tridecanone and 2-penta-
decanone are effective in repelling and preventing the 
two-spotted spider mite (Tetranychus urticae) Koch 
from laying eggs on wild tomato plants (Antonious 
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and Snyder 2015). 2-Tridecanone causes 100% mortal-
ity of the potato aphid (Macrosiphum euphorbiae) after 
24 hours of exposure (Musetti and Neal 1997). The 
repellent efficacy of the Ruta chalepensis essential oil 
against the weevil Aegorhinus superciliosus,  a pest 
of fruit crops, was largely attributed to high concen-
trations of 2-nonanone and 2-undecanone in the oil 
(Tampe et al. 2016). The insecticidal and acaricidal 
activities of 2-methylketones have also been reported 
on the peach aphid (Myzus persicae), the tobacco bud-
worm (Heliothis virescens), the corn earworm (He-
liothis zea), the Colorado potato beetle (Leptinotarsa 
decemlineata), and the sweet potato whitefly (Bemisia 
tabaci) (Antonious et al. 2003, 2005).

The molecular mechanism of methylketone biosyn-
thesis in plants was first investigated in the wild toma-
to S. habrochaites with the identification of two genes 
encoding enzymes that catalyze the last two steps of 
the pathway, methylketone synthase 1 (ShMKS1) and 
methylketone synthase 2 (ShMKS2). While ShMKS2 
hydrolyzes 3-ketoacyl-ACPs, the first intermediates 
in the fatty acid biosynthesis cycles, into 3-ketoacids, 
ShMKS1 catalyzes the decarboxylation of the released 
3-ketoacids to produce 2-methylketones (Yu et al. 
2010). 

Methylketone synthase 2 (MKS2) or acyl-lipid 
thioesterase (ALT) is a single hot-dog fold thioester-
ase that has been commonly found in many plant 
species. When recombinantly expressed in microbial 
systems such as yeasts, bacteria, etc., all plant MKS2/
ALTs exhibited 3-ketoacyl-ACP thioesterase activity, 
with variations in the composition and proportion of 
the β-ketoacid products. E. coli BL21(DE3) cells ex-
pressing ShMKS2 could synthesize β-ketoacids which 
are subsequently reduced to the odd-chain 2-methyl-
ketones, including 2-undecanone (11:0), 2-tride-
canone (13:0) and 2-pentadecanone (15:0). Out of 
these, 2-tridecanone (13:0) is the main product. Al-
though SlMKS2a from the cultivated tomato Solanum 
lycopersicum shares more than 90% sequence similarity 
with ShMKS2, it catalyzes the synthesis of β-ketoacids 
that are precursors of 2-nonanone (9 : 0), 2-undecan-
one (11 : 0), 2-tridecanone (13 : 0) and 2-tridecenone 
(13 : 1), among which 2-tridecenone (13 : 1) is the 
most abundant (Ben-Israel et al. 2009). Moreover, 
eggplant Solanum melongena (Sm), another member 
of the Solanaceae family, also possesses two functional 
MKS2 genes, SmMKS2-1 and SmMKS2-2. SmMKS2-1 
participates in the synthesis of saturated 2-methyl-
ketones with carbon skeletons ranging from 7C to 
17C and monounsaturated 2-methylketones with car-
bon skeletons in the range of 13C–17C. SmMKS2-2 
is involved in the formation of mainly 2-tridecenone 
(13 : 1) and smaller amounts of saturated 2-methyl-
ketones 9 : 0, 11 : 0 and 13 : 0 as well as unsaturated 
2-methylketones 11 : 1 and 15 : 1 (Khuat et al. 2019).

The Solanaceae family includes many species of 
plants with high nutritional and medicinal value. 
Plants in this family have evolved towards diversify-
ing specialized (secondary) metabolism to adapt to 
adverse conditions. Typically, the wild tomato species 
S. habrochaites has long been known for its resistance 
to a wide range of pests and pathogens, thanks to its 
production of medium-chain 2-methylketones in tri-
chomes (Maluf et al. 1997). In contrast, cultivated 
tomato (S. lycopersicum) plants contain little or no 
methylketones. When exposed to biotic or abiotic 
stresses, one of the most common responses of plants 
is the induction of biosynthesis of specialized com-
pounds through stimulating the expression of genes 
encoding enzymes in the biosynthetic pathway (Isah 
2019). It has been shown that eggplant (S. melon-
gena) possesses one MKS2 homolog gene (namely 
SmMKS2-1) that is transcriptionally upregulated in 
leaves by stress signals such as mechanical wound-
ing, methyl jasmonate (MeJA), or methyl salicylate 
(MeSA). Potato (Solanum tuberosum) is another im-
portant representative of the Solanaceae family, and it 
is the world’s fourth largest food crop after wheat, rice 
and maize (Gebrechristos and Chen 2018). Potatoes 
are sensitive and vulnerable to a wide range of envi-
ronmental stresses such as cold, drought, salinity and 
attack by pathogens and pests, leading to significant 
yield loss (Cwalina-Ambroziak et al. 2015; Lenc et al. 
2016; Tiwari et al. 2022). To achieve sustainable potato 
production, it is necessary to explore the physiologi-
cal, biochemical, and molecular mechanisms underly-
ing the resistance and tolerance of potatoes to various 
types of stress (Fatima et al. 2019). A functional under-
standing of genes regulated by stress signals could en-
able scientists to formulate strategies to make potatoes 
better adapt to their environment.

The genome sequence of S. tuberosum group 
Phureja DM1–3 516 R44 was first published in 2011 
using whole-genome shotgun (WGS) sequencing ap-
proach, and updated in 2020 using Oxford Nanopore 
sequencing technology coupled with proximity liga-
tion scaffolding (Xu et al. 2011; Pham et al. 2020). The 
availability of current advanced sequencing technolo-
gies permitted generation of a high-quality chromo-
some-scale assembly of the potato reference genome. 
In addition, full-length complementary DNA (cDNA) 
sequencing using Oxford Nanopore Technologies 
(ONT) made significant improvements in the ac-
curacy and completeness of gene model annotations 
compared to previous prediction results (Pham et al. 
2020). This paves the way for research on improving 
the agronomic traits and understanding genome evo-
lution of potatoes. 

In this study, we report the finding of four MKS2 
homolog gene models in the potato genome, and 
further validate their presence by RNA-seq data. We 
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obtained a full-length transcript for one of four puta-
tive MKS2 genes, namely StMKS2-3, from mixed tis-
sues of the cultivated potato S. tuberosum. Quantitative 
real-time polymerase chain reaction (qRT-PCR) analy-
sis and in silico investigation including sequence align-
ment, phylogenetic assessment, 3D structural modeling 
and RNA-sequencing data processing were performed 
to exploit the functional properties of this gene. 

Materials and Methods

Plant materials

Potato plants (Solanum tuberosum) were grown in 
a screenhouse erected at the field station of the Potato 
Vegetable and Flower Research Center (Lam Dong, 
Vietnam), with average temperatures ranging from 
14°C to 27°C. The soil was supplemented with coco-
coir to help with aeration and water retention and was 
watered to the moisture content of 80% about 2 days 
before being used for planting. Samples collected from 
these plants were used for gene isolation by PCR and 
gene expression analysis by qRT-PCR.

Identification of MKS2 model genes in potato 
Solanum tuberosum using bioinformatics 
tools

ShMKS2 protein sequence (Genbank accession: 
ADK38536.1) was used as a query sequence for 
TBLASTN searches of “S. tuberosum group Phureja 
DM 1–3 516 R44 high confidence gene models – 
cDNA (v6.1)” dataset in the Spud database (Spud DB 
– Potato Genomics Resource: http://spuddb.uga.edu/
blast.shtml) to identify MKS2 homolog genes in potato 
(StMKS2). The exon-intron structure of the StMKS2 
genes was predicted using the FGENESH gene finder 
program (www.softberry.com) and manually curated 
based on the alignment to the known homologous 
cDNA sequences.

RNA-seq data analysis

Gene expression values (transcripts per kilobase mil-
lion – TPM) for 219 RNA-seq libraries of S. tubero-
sum from the Sequence Read Archive (SRA) were 
generated using Kallisto (v0.46.2) (Hamilton et al. 
2011; Massa et al. 2011; Felcher et al. 2012). RNA-seq 
data from different potato cultivars were downloaded 
from the Spud DB and used to analyze the transcrip-
tional expression pattern of StMKS2 genes across tis-
sues of S. tuberosum and under stress conditions. Ex-
pression profiles of StMKS2 genes were visualized as 
heatmaps using Heatmap Illustrator 2.0 (http://hemi.
biocuckoo.cn/).

Isolation of StMKS2-3 CDS 

Equal amounts of various tissues including shoot apex, 
stem, and young tuber of potato plants grown at the 
Potato Vegetable and Flower Research Center (Lam 
Dong, Vietnam) were collected and mixed. The total 
RNA was extracted from this potato tissue mixture us-
ing the EZ-10 Spin Column Plant RNA Mini-Prep kit 
(Bio Basic Inc., Ontario, Canada), treated with DNase 
I to remove genomic DNA contamination, and con-
verted to cDNA using RevertAid First Strand cDNA 
Synthesis kit (Thermo Fisher Scientific, Massachusetts, 
USA). The coding sequence of StMKS2-3 (StMKS2-3 
CDS) was amplified from cDNA by PCR using 
gene-specific primers (forward primer StMKS2-3-F: 
GAATTCATGTCTCAGTCCCTCGCT; reverse pri-
mer StMKS2-3-R: GGATCCTGTTAGATGCCTCCT-
GG). PCR reactions were set up with the following 
components: 1 µl of cDNA, 0.4 µl of 10 mM dNTP mix, 
4 µl of 5X Phusion HF buffer, 0.2 µl of Phusion High- 
-Fidelity DNA polymerase, 0.4 µl of 10 mM for each 
of the two primers, and DNase-free distilled water to 
the total volume of 20 µl. Thermal cycling conditions 
for PCR consisted of an initial denaturation at 98°C for 
30 s, 35 cycles of 98°C for 10 s, 58°C for 20 s, and 72°C 
for 20 s, and a final extension at 72°C for 10 min. 

The PCR product was examined by agarose gel 
electrophoresis. The expected product was puri-
fied using the GeneJET Gel Extraction kit (Thermo 
Fisher Scientific, Massachusetts, USA) according to 
the manufacturer’s instructions and cloned into the 
pJET1.2/blunt vector. The recombinant plasmid was 
transformed into E. coli TOP10 competent cells. The 
E. coli TOP10/pJET1.2-StMKS2-3 transformants were 
screened by colony PCR using gene-specific forward 
primer (StMKS2-3-F) and vector-specific reverse 
primer (pJET1.2-R: AAGAACATCGATTTTCCATG-
GCAG). Thermal cycling was 95°C for 30 s, 35 × (95°C 
for 50 s, 58°C for 20 s, 72°C for 40 s), and 72°C for 
5 min. The recombinant plasmid was extracted using 
the GeneJET Plasmid Miniprep kit and the integrity of 
the insert was verified by sequencing. The StMKS2-3 
CDS sequence was deposited in GenBank with acces-
sion number PP236921.

Phylogenetic analysis of the StMKS2-3

The amino acid sequences of StMKS2-3 and homo-
logous proteins from Arabidopsis thaliana, soybean 
Glycine max and several Solanaceae species including 
wild tomato Solanum habrochaites, cultivated tomato 
Solanum lycopersicum, eggplant Solanum melongena, 
tobacco Nicotiana tabacum, and pepper Capsicum an-
nuum were aligned by MUSCLE v3.8.31 (Edgar 2004) 
and the maximum-likelihood phylogenetic tree was 
inferred by IQ-TREE 1.5.5 (Nguyen et al. 2015).
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Analysis of StMKS2-3 protein structure

The presence of conserved structural domains of 
StMKS2-3 protein was predicted by Interpro (Paysan- 
-Lafosse et al. 2023). The 3D structure of StMKS2-3 
was predicted by Alphafold2 on Google Colab (Mirdita 
et al. 2022). Structural superimposition and compari-
son between two proteins were performed in UCSF 
ChimeraX using Matchmaker (Pettersen et al. 2021).

Gene expression analysis by quantitative 
real-time polymerase chain reaction (qRT-PCR)

Total RNA was separately isolated from various tis-
sues (root, stem, tuber, young leaf, mature leaf, petiole, 
and sprout) of 2.5-month-old S. tuberosum plants 
using the EZ-10 Spin column Plant RNA Mini-preps 
Kit (Bio Basic Inc., Ontario, Canada). The isolated RNA 
was treated with RNase-free DNase I (Thermo Scien-
tific, Massachusetts, USA) to remove contaminated 
genomic DNA. The integrity of the extracted RNA was 
assessed by agarose gel electrophoresis. cDNA was syn-
thesized from 0.5 μg of DNase-free total RNA in a 20-μl 
reaction using RevertAid First Strand cDNA Synthesis 
Kit (Thermo Scientific, Massachusetts, USA) and oligo 
(dT)18 primer. Gene-specific primers were designed us-
ing OligoAnalyzer 3.1 (Integrated DNA Technologies, 
Inc., Iowa, USA) and Primer-BLAST program provided 
by the National Center for Biotechnology Information 
(NCBI) (Supplementary File 1). One ul of cDNA diluted 
10 times was subjected to each of 10-ul quantitative real-
time polymerase chain reactions (qRT-PCR) containing 
1X SolGent h-Taq Reaction Buffer, 1X Eva-GreenTM Dye 
(Biotium, California, USA), 1 mM MgCl2, 0.2 mM dNTP, 
0.025 U · μl–1 SolGentTM h-Taq polymerase (SolGent, Dae-
jeon, Korea), and 400 nM of each primer (Supplementary 
File 1). Thermal cycling conditions were set up in a Light-
cycler 96 system (Roche, Basel, Switzerland) with one 
cycle at 95°C for 15 min, followed by 40 cycles of 95°C 
for 20 s, 62°C for 40 s, and 72°C for 8 s. The expression 
levels of the StMKS2-3 gene were normalized to 
those of the reference gene StRPL19 (GenBank: 
XM_006355756.2) and expressed as relative expression 
(Li et al. 2020). Each data point represents an average of 
at least three independent biological samples with three 
technical replicates for each.

Results 

Identification of StMKS2 gene models

TBLASTN search against Spud database (Spud DB – 
Potato Genomics Resource: http://spuddb.uga.edu/
blast.shtml) using ShMKS2 as a query sequence iden-
tified four gene models encoding polypeptides with 
homology to the ShMKS2 protein (Table 1). Based 
on the homology to ShMKS2 and other homologous 
sequences from Arabidopsis thaliana and Solanaceae 
species, the exon-intron structure of StMKS2 genes 
was predicted as shown in Figure 1 and Supplementary 
File 2. 

The StMKS2 genes are structurally similar to many 
other characterized plant MKS2 genes, with 5 exons 
and 4 introns. The coding sequence (CDS) regions 
of four putative StMKS2 genes, including StMKS2-1, 
StMKS2-2, StMKS2-3 and StMKS2-4, have predicted 
sizes of 633, 630, 627 and 627 bp, respectively.

Transcriptional expression pattern of StMKS2 
genes according to RNA-seq data

The RNA-seq data collected from many tissues of dif-
ferent S. tuberosum cultivars (RH89-039-16, Phujera, 
Superior, DM1-3 516 R44, Atlantic, Premier Russet 
and Snowden) and archived in the publicly accessi-
ble Spud database were used for generating the spa-
tial expression pattern of the StMKS2 genes (Fig. 2). 
Accordingly, StMKS2-1 transcripts were found in one 
or several of the following tissues: tuber, shoot apex, 
leaf, root, stolon, and flowers, depending on the cul-
tivar. Generally, this gene showed medium and low 

Table 1. Gene models encoding polypeptides with homology to 
the ShMKS2 protein collected from Spud database

No.  Accession number
Identity 

[%]
E-value Name

1 Soltu.DM.04G001960.1 87.75 1e-132 StMKS2-1

2 Soltu.DM.04G001980.1 81.82 1e-126 StMKS2-2

3 Soltu.DM.04G002110.1 74.61 1e-101 StMKS2-3

4 Soltu.DM.04G001990.1 78.17 1e-81 StMKS2-4

Fig. 1. Exon-intron structures of the putative StMKS2 genes. Exons are represented as boxes, and introns are represented as lines
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expression levels (TPM < 10) in most of the tested tis-
sues except in mature tuber and shoot apex of the het-
erozygous diploid potato (RH89-039-16) with TPM 
> 17.5. Similarly, StMKS2-2 transcripts were mostly 
present in the tuber and shoot apex of S. tuberosum 
cultivar RH89-039-16. In contrast, StMKS2-3 was ex-
pressed in all tissues examined, with expression levels 
varying across tissue types and cultivars. StMKS2-4 
transcripts were not found in most tissues, except for 
being detected at low levels (TPM < 5) in the shoot 
apex of cultivar RH89-039-16 and the mature fruit of 
cultivar DM1-3 516 R44. 

RNA-seq data obtained from mixed tissues of S. tu-
berosum cultivar Atlantic, Premier Russet or Snowden 
also showed that StMKS2-3 had the highest expres-
sion level, followed by StMKS2-1 and then StMKS2-2. 
Meanwhile, StMKS2-4 was not expressed in these cul-
tivars. 

In summary, the results obtained from RNA-seq 
data showed that StMKS2-3 might express at a higher 
level than the other three StMKS2 genes in many tissues 

across different cultivars of S. tuberosum (RH89-039-
16, Phujera, Superior, DM1-3 516 R44, Atlantic, Pre-
mier Russet and Snowden). For this reason, StMKS2-3 
is believed to have important biological functions in 
potato plants and was thus selected for isolation and 
functional analysis.

Isolation of the coding sequence of the 
StMKS2-3 gene from Solanum tuberosum

The coding region of the StMKS2-3 gene was ampli-
fied by PCR using cDNA prepared from a mixture of 
S. tuberosum tissues as a template and a pair of prim-
ers specific to the beginning and the end of the pre-
dicted sequence of the gene. The electrophoretic result 
of the PCR product showed that there was a band with 
a size equivalent to the predicted size of StMKS2-3 
CDS (627 bp) in lane 1 where the amplified product 
from cDNA of S. tuberosum was loaded. By contrast, 
the band of the same size was absent from lane 3 where 
the PCR product of no template control was loaded 
(Fig. 3). 

Fig. 2. Heatmap of RNA-seq based expression data of StMKS2 genes in different tissues of various S. tuberosum cultivars
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The specific PCR product was purified and in-
serted into the pJET1.2/blunt vector. The result of 
PCR screening of E. coli TOP10 colonies carrying the 
plasmid pJET1.2-StMKS2-3 was shown in Figure 4. 
A band with a size corresponding to the expected size 
of the colony PCR product of a clone carrying the 
plasmid pJET1.2-StMKS2-3 was observed in lane 3 
of the agarose gel. By contrast, the negative (no tem-
plate) control in lane 1 did not show this band. This 
result suggests that the colony used as DNA template 
in lane 3 (Fig. 4) is possibly the one carrying the re-
combinant plasmid pJET1.2-StMKS2-3. The plas-
mid was extracted from this putative E. coli TOP10/
pJET1.2-StMKS2-3 transformant and sequenced with 
the vector-specific primer (pJET1.2-F) to verify the in-
tegrity of the inserted DNA fragment. 

The isolated StMKS2-3 CDS was 99.36% identical 
to the predicted sequence, with four different nucleo-
tides at positions 287, 429, 435, 465 from the initiat-
ing  codon ATG  (Supplementary File 3). The protein 
sequence deduced from the StMKS2-3 CDS contains 
208 amino acids and differs only by one amino acid 
at position 96 from the predicted protein (Supplemen-
tary File 4).

StMKS2-3 contains a signal peptide  
sequence at its N-terminus  
and has all the characteristics  
of a single Hotdog-fold thioesterase 

All known functional MKS2/ALT thioesterases in 
plants possess a single “Hotdog” domain (Yu et al. 
2010; Pulsifer et al. 2014; Tran et al. 2019). In this 
study, Interpro analysis showed that StMKS2-3 has 
a complete Hotdog domain spanning from amino ac-
ids 86 to 169 (Interpro: IPR006683) (Supplementary 
File 5) (Paysan-Lafosse et al. 2023). In addition, ami-
no acid sequence alignment between StMKS2-3 and 
other functionally characterized homologs from Pseu-
domonas sp, Arabidopsis thaliana, and plant species 
of the Solanaceae family showed that StMKS2-3 also 

contains the conserved aspartate necessary for the cata-
lytic activity of single “Hotdog” thioesterases (Fig. 5).

According to the protein sequence alignment re-
sults (Fig. 5), Met68 of StMKS2-3 aligns with the first 
amino acid of the known mature MKS2/ALT proteins. 
This suggests that Met68 can be the initial amino acid of 
mature StMKS2-3 (mStMKS2-3) and the N-terminal 
67-amino acid sequence preceding this residue might 
act as a signal peptide to target the StMKS2-3 protein 
to the chloroplast, as observed in other plant MKS2/
ALT proteins (Yu et al. 2010; Pulsifer et al. 2014).

StMKS2-3 has a strong sequence  
and structural similarity to SlMKS2a

The phylogenetic tree inferred from the amino acid se-
quence alignment of StMKS2-3 and homologous thi-
oesterases from Pseudomonas sp, Arabidopsis thaliana, 
Glycine max, and Solanaceae species was shown in 
Figure 6. Among functionally characterized thioester-
ases included in the analysis, SlMKS2a of the cultivated 
tomato S. lycopersicum showed the highest sequence 
similarity to StMKS2-3 (98%) (Yu et al. 2010). Conse-
quently, StMKS2-3 and SlMKS2a are clustered on the 
same branch of the phylogenetic tree (Fig. 6).

Protein structure determines its biological func-
tion. Two proteins with similar structures will often 
have similar functions (Anfinsen 1973). Prediction 
and comparison of protein structures therefore can 
aid in understanding protein functions. AlphaFold is 
an artificial intelligence software capable of predict-
ing a protein structure based on its sequence with 
a level of accuracy equivalent to that of the experi-
mentally determined structures (Jumper et al. 2021). 
The three-dimensional (3D) structure model of 
StMKS2-3 predicted by Alphafold 2 is colored ac-
cording to the pLDDT (predicted local distance dif-
ference test) values (Fig. 7A). Except for the first three 
amino acids at the N-terminus and the last 10 amino 
acids at the C-terminus with pLDDT between 50 and 
70, roughly 90% of the residues across the predicted 

Fig. 3. PCR amplification of the entire coding sequence of 
StMKS2-3 using cDNA template prepared from a mixture of 
S. tuberosum tissues. 1 – PCR product of StMKS2-3 CDS; 2 – 1 kb 
DNA ladder; 3 – negative (no template) control

Fig. 4. Screening Escherichia coli TOP10 clones carrying the 
recombinant plasmid (pJET1.2-StMKS2-3) by colony PCR. 1 – ne-
gative (no template) control; 2 – 1 kb DNA ladder; 3 – colony PCR 
product of one randomly chosen clone using StMKS2-3-F and 
pJET1.2-R primers
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Fig. 5. Amino acid sequence alignment of StMKS2-3 and functionally characterized homologous proteins from Pseudomonas sp., 
Arabidopsis thaliana, and selected Solanaceae plants. Dashed line indicates the conserved Hotdog-fold region. The star represents 
the conserved Asp residue. Accession numbers are as follows: AtALT1 (AEE31776.1), AtALT2 (AEE31773.1), AtALT3 (AEE34774.1), 
AtALT4 (AEE34776.2), CaMKS2, GmMKS2-X2 (QFR04503.1), NtMKS2-1, NtMKS2-2, Ps4HBT (EF569604), ShMKS2 (ADK38536.1), SlMKS2a 
(ADK38541.1), SlMKS2b (ADK38542.1), SlMKS2c (ADK38543.1), SmMKS2-1 (QDV39734.1), and SmMKS2-2 (QDV39735.1)
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structure of StMKS2-3, including the conserved as-
partate (D17, Fig. 7) and those in the Hotdog domain, 
have an average high (70 < pLDDT < 90) to very high 
(pLDDT > 90) confidence (Fig. 7A). 

Searching for proteins with predicted structures 
similar to that of StMKS2-3 in three databases includ-
ing Protein Structure Sequences, AlphaFold DB and 
UniprotKB PDB identified SlMKS2a (AFDB: B5B3P5) 
as the protein with the highest structural similarity to 
StMKS2-3 (Supplementary File 6). The RMSD values 
calculated from superposition of the Alphafold model 

of StMKS2-3 with the structure of SlMKS2a (AFDB: 
B5B3P5) were 0.281 Å (Fig. 7B). This RMSD value falls 
in the recommended range of 0–2 Å, indicating that 
the StMKS2-3 model is very similar to the SlMKS2a 
structure (Carugo and Pongor 2001). 

Expression analysis of StMKS2-3 in different 
organs or parts of potato plants by qRT-PCR

A search of the publicly available RNA-seq data down-
loaded from the Spud DB revealed that StMKS2-3 was 
expressed in all tissues examined, with expression lev-
els varying across tissue types and cultivars (Fig. 2). To 
validate the expression pattern of StMKS2-3 obtained 
from transcriptome sequencing data, in this study, we 
measured the relative transcriptional expression of this 
gene in different tissues of S. tuberosum plants by qRT-
PCR. The results showed that transcripts of StMKS2-3 
were detected to varying levels in all the organs or 
parts tested (root, stem, tuber, young leaf, mature leaf, 
petiole, and sprout). Specifically, the expression of 
StMKS2-3 was highest in tubers and sprouts, much 
lower in roots and petioles, and the lowest in stems and 
leaves (Fig. 8). The expression pattern of StMKS2-3 de-
tected by qRT-PCR was highly correlated with that ob-
tained from RNA-seq based analysis of respective tis-
sues of two potato cultivars (RH89-039-16 and DM1-3 
516 R44) where the target transcripts were most abun-
dant in the tuber or shoot apex. For five other remain-
ing cultivars (Phujera, Superior, Atlantic, Premier Rus-
set and Snowden), only RNA-seq data collected from 
tubers, leaves, and/or mixed tissues were available in 
the Spud DB.

Fig. 6. Maximum likelihood phylogenetic tree of StMKS2-3 
and selected functionally characterized plant MKS2/ALTs. The 
numbers close to nodes represent bootstrap values, which were 
obtained from 1000 replicates and reported as percentages

Fig. 7. 3D structure model of StMKS2-3 predicted by Alphafold2 – A and structural similarity between StMKS2-3 and SlMKS2a 
– B. A, The Alphafold2 predicted model of StMKS2-3 is colored according to the pLDDT values. pLDDT > 90: very high confidence;  
70 < pLDDT < 90: high confidence; 50 < pLDDT < 70: low confidence; pLDDT < 50: very low confidence; B, Superimposition of the 
Alphafold2 predicted structure of StMKS2-3 (pink) to the structural model of SlMKS2a deposited in the Alphafold database 
(AFDB:B5B3P5) (green). The root mean square deviation (RMSD) between 141 atom pairs is 0.281 Å. “D17” corresponds to the 
conserved aspartate
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Discussion

StMKS2-3 is a potentially functional MKS2/ALT 
in potato Solanum tuberosum 

Amino acid sequence alignment between StMKS2-3 
and other functionally characterized homologs from 
Pseudomonas sp, Arabidopsis thaliana, and plant spe-
cies of the Solanaceae family showed that StMKS2-3 
contains all the characteristics of a single Hotdog-fold 
thioesterase including a Hotdog domain spanning 
from amino acids 86 to 169 (Interpro: IPR006683) 
and a conserved aspartate necessary for the cata-
lytic activity of a typical single “Hotdog” thioesterase 
(Fig. 5 and Supplementary File 5). The amino acid se-
quence of StMKS2-3 showed the highest similarity with 
that of SlMKS2a from the cultivated tomato S. lycoper-
sicum (98% identity; accession no.  NP_001334492.1) 
(Yu et al. 2010). In line with this, searching for pro-
teins with predicted structures similar to that of 
StMKS2-3 in three databases including Protein 
Structure Sequences, AlphaFold DB and UniprotKB 
PDB also identified SlMKS2a (AFDB: B5B3P5) as 
the protein with the highest structural similarity to 
StMKS2-3 (Supplementary File 6). It has been shown 
that SlMKS2a exhibits 3-ketoacyl-ACP thioesterase 
activity when recombinantly expressed in E. coli (Ben-
Israel et al. 2009). Specifically, SlMKS2a hydrolyzes 
a range of medium-chain 3-ketoacyl-ACPs (10–14 C) 
to 3-ketoacids (or β-ketoacids), which can be readily 
decarboxylated to the corresponding 2-methylketones 
(Kornberg et al. 1948; Yu et al. 2010). The homology in 
sequence and structure between two proteins suggests 
that StMKS2-3 might have a similar catalytic activity 

to SlMKS2a. Our qRT-PCR analysis showed that this 
gene is expressed in multiple tissues at different de-
velopmental stages. In other words, potatoes possess 
at least one potential functional MKS2/ALT, and an 
in vitro enzymatic characterization of this protein 
would give more confirmative conclusion.

StMKS2-3 might have an important role  
in the stress responses of Solanum tuberosum 

Following the first discovery of ShMKS2 from the wild 
tomato S. habrochaites, ShMKS2 homologs have been 
found in a wide range of plant species (Pulsifer et al. 
2014; Kalinger et al. 2018; Khuat et al. 2019; Tran et al. 
2019). Although the in planta biological function of 
MKS2/ALT-like proteins awaits further investigation, 
there is collective evidence that supports a defensive 
role for these thioesterases in many plant species (Ben-
Israel et al. 2009; Pulsifer et al. 2014; López‐Lara et al. 
2018; Khuat et al. 2019). MKS2s/ALTs primarily cata-
lyze the hydrolysis of 3-ketoacyl-ACP intermediates of 
the fatty acid biosynthetic pathway into correspond-
ing 3-keto fatty acids, which are subsequently decar-
boxylated to the odd-chain 2-methylketones (Yu et al. 
2010). The 2-methylketone products, especially me-
dium-chain MKs such as 2-undecanone (11 : 0) and 
2-tridecanone (13 : 0), are secondary compounds that 
abundantly accumulate in the secretory glandular tri-
chomes of the wild tomato S. habrochaites (Ben-Israel 
et al. 2009)  and have been shown to have insecticidal 
activity (Kennedy et al. 1981; Antonious et al. 2003; 
Antonious 2004; Antonious and Snyder 2006). The 
eggplant Solanum melongena, another representative 
of the Solanaceae family, possesses two functional 
MKS2/ALT genes, one of which is transcriptionally 
upregulated following artificial wounding, methyl jas-
monate (MeJA) treatment, or methyl salicylate (MeSA) 
treatment (Khuat et al. 2019). It has also been reported 
that herbivore-damaged Arabidopsis plants emitted 
significantly higher amounts of 2-pentanone than 
undamaged plants (van Poecke et al. 2001). Recently, 
a new role has been assigned to 2-tridecanone as an 
infochemical that affects surface mobility and bio-
film formation in plant pathogenic bacteria and thus 
interferes with microbial colonization of plant tissues  
(López‐Lara et al. 2018). In this study, our analysis of 
RNA-seq data showed that the level of StMKS2-3 tran-
scripts appears to be increased following 24 h treat-
ment with 150 mM NaCl or 260 µM mannitol, and 
1–2 days after Phytophthora infestans infection (Sup-
plementary File 7). NaCl and mannitol are often added 
to the medium at high concentrations to simulate sa-
linity and drought stress conditions, respectively (Sat-
tar et al. 2021), while P. infestans is the causative agent 
of late blight that results in potato yield loss (Dong 

Fig. 8. Relative expression levels of  StMKS2-3  transcripts in 
different organs or parts of  S. tuberosum, determined by 
qRT-PCR. Expression values were normalized to those 
of  StRPL19  (Genbank accession:  XM_006355756.2). Each value 
is the mean ± standard error (SE) from three biological repli-
cates. Significant differences were assessed by one-way ANOVA 
followed by Tukey’s HSD test. Bars with different letters are 
significantly different (p < 0.05)
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and Zhou 2022). Transcriptional induction of the 
StMKS2-3 gene by 150 mM NaCl, 260 µM mannitol 
and the fungus P. infestans provides the first experi-
mental evidence-based hint of the possible involve-
ment of this gene in the response of S. tuberosum to 
salinity, drought and phytopathogenic attack. Further-
more, qRT-PCR analysis showed that StMKS2-3 tran-
scripts were expressed in multiple potato tissues, both 
aerial and root parts, but were highest in tubers and 
sprouts, suggesting that StMKS2-3 may be involved in 
more than one biological function in potatoes.

Conclusions

In this study, in the genome of potato S. tuberosum 
we identified four MKS2 homolog gene models, the 
existence of which is validated by RNA-seq data. Com-
pared to the three remaining StMKS2 genes, StMKS2-3 
is abundantly expressed in many tissues of various 
S. tuberosum cultivars. The entire coding sequence of 
StMKS2-3 obtained from mixed tissues of S. tuberosum 
is 627 bp in size and encodes a polypeptide of 23.4 kDa. 
StMKS2-3 possesses the conserved aspartate as well as 
the functional domain characteristic of single Hotdog-
fold thioesterases, and it shares a great similarity in 
terms of sequence and structure to SlMKS2a of the cul-
tivated S. lycopersicum, which implies that StMKS2-3 
has a similar catalytic function as SlMKS2a. Further-
more, StMKS2-3 is expressed at the highest levels in 
tubers and sprouts, and its transcriptional expression 
appears to be upregulated by salinity (150 mM NaCl), 
drought (260 µM mannitol), and P. infestans infection, 
suggesting a possible role of StMKS2-3 in the response 
of potato S. tuberosum to such stress. 
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Supplementary File 1. Oligonucleotides used for the qRT-PCR analysis

Primer name Primer sequence (5’-3’) Brief description

StRPL19-qF TTTGCAAGGAGGGAAGAAC forward primer for StRPL19 

StRPL19-qR CTTCGACTTCTTAGATCCCTGA reverse primer for StRPL19

StMKS2-3-qF CTAGAAAGGATTGGTATAAGTGC forward primer for StMKS2-3

StMKS2-3-qR ACTACGAATCTATCTCCACTCC reverse primer for StMKS2-3

Supplementary File 2. Four StMKS2 gene models found in the genome of potato Solanum tuberosum (Exons are underlined)

>StMKS2-1

ACAACAGATTTCCCAATTCTCTTCTATCTCTGAAATTTTTCATCAAATGTCTCATTCGTTTAGCATTGCACCCAACCTAGTGTTGCT-

GAATCATCATCGGTCACCACCGTCTACATTTCCGGTCATCCCTCACCGGCAACTCCCGCTCCCAAATTTACAGTTATCGGCCCGTA-

AATCGAGGAGTTTTGAAGCTCATAATGCATTCGATCTCAAAGCTACCCAAGGGTATGTATTATTCAGTGGCAGTACACAAAATTTTTC-

GTTACCTTTTGAAATAAGTACCAACTAATAAAACAACGTAACACAATATTAAAAAAAGAACAAAAACCTCTTATAATTTCATTTTTTTTTC-

TATTGGTATGAGTTTACATTTATCTGTGAACTTTGCAGAATGAGTGATCAGCTTTATCTCCATGAAGTTGAACTCAAAGTCAGGGACTAT-

GAATTGGATCAGTTTGGTGTTGTAAACAACGCTACTTATGCAAGTTATTGTCAACATTGTAAGGTTTACTGTTTCGATAATCGATCGTA-

CACATATGACAATATTTGAACTTAAGTAAGACTTATTTTTCAATAAATGAAACAGGCCGTCATGAGTTTCTAGAAAAGATTGGCGTAAGT-

GTTGATGAAGTAGCGCGAAATGGCGATGCATTAGCAGTAACAGAGCTCTCATTTAAGTTTCTAGCACCACTAAGGGTATGGCCAATTTCAT-

CATGTATTTGGTAGTTTTGTCAATTGAATATAGTTTTTACCTTAGTCGAATTTGGAGTATTGCTTTGTTCAGAGTGGAGATAGATTC-

GTGGTGAAGGTGCGATTATCCCGCTCTACAGCAGCTCGATTATTTTTCGAGCATTTCATCTTCAAGCTTCCAGATCAAGAGGTCAGT-

TACCTCTATTATCATTCAATTACAAAGAGTCACTTTATACTCGTCAAATCTTACTGTATTTTCTTAAAATTTTCACAGCCTATATTGGAG-

GCAAGAGGAATAGCAGTGTGGCTTAATAGAAGTTACCGTCCTGTCCGAATTCCGTCAGAGTTCAGTTCAAAATTTGTTCAGTTCCTTCAC-

CAGAAGAGTTGCGGTACACAACATCATCGTCTCTAAACCTTACTTGTGGAATTACATTGTTATTATTTCTGAATTTAGTGCTTGTAATG

>StMKS2-2

AGACAACAGATTTCCCAATATTTGCAATTTCCTTCTCTTCTACCTCTGAAATTTTTCGTCAAATGTCTCATTCCGTCTGCATTGCAC-

CACCCAACCCACTGTTGCTGAATCATCGGCCACCACCGTCTACATTTCCGGTCATCCCTCACCGGCAACTCCCGCTCCCAAATTTACAGT-

TATCGGCCCATAAATCGAGGAGTTTTGAAGCTCATAATGCATTCGATCTCAAAGGTACCCAAGGGTATGTATGTTCAGTGGCAGTACA-

CAGAATTTTTCGTTACCTTTTAAAATATGTACCAACAAATAAAACAATGTAACACAATATTAAAAAAAGAACAAAAACCTCTTATA-

ATTTCATTTTTTTTTTCCTATTGGTATGAGTTTACATTTATCTGTGAACTTTGCAGAATGGGTGATCAGCTCTATCAACATGAAGTT-

GAACTCAAAGTCAGGGACTATGAATTGGATCAGTTTGGTGTTGTAAACAATGCTACTTATGCAAGTTATTGTCAACATTGTAAGGTTTACT-

GTTTCGATAATCGATCGTACACATATGACAATATTTGAACTTAAAAGACTTATTTTTCAATAAATGAAACAGGCCGTCATGAGTTTCTT-

GAAAAGATTGGTGTAAGTGTTGATAAAATATGTCGCAATGGTGATGCATTAGCAACAACAGAGATTTCACTTAAGTTTCTAGCACCACTA-

AGGGTATGGCGAATTTCATCATGTATTTGGTAGTTTTGTCAATTGAATACAGTTTTTACCTTAGTCGAATTTGGAGCATTCAAAAAAATTG-

GAAATCCAACTATAAAAACACGGGCGACCTGATATAACATTGTTTTGTTCAGAGTGGAGATAGATTCGTGGTGAAGGTGCGAATATCCC-

GCTCTACAGCAGCTCGATTATTTTTCGAGCATTTAATCTTGAAGCTTCCAGATCAAGAGGTCAGTTACCTCAATTATCATTCAATTA-

CAAAGAGTCACTTTATACTTGTCAAATTTTACTGTATTTTCTTAAAACTTTCACAGCCTATATTGGAGGCAAGAGGAATATCAGTGTGGCT-

TAATAGAAGTTACCGTCCTATCCGAATTCCGTCAGAGTTCAGTTCAAAATTTGTTCAGTTCCTTCACCAGAAGAGTTGCGGTACACAATAC-

CGTCTCTAGACCCTACTTGTGGAATTAGTGCTTGTAATATCTAACTACTTTT

>StMKS2-3 

TCTAATCTCCGTCTATTCTACCTCTGCAAATTCTTCACCATTTCTGTTGGAGGGCACAAATGTCTCAGTCCCTCGCTTCCCCTTTGATTCG-

CAGCATTGGATCCACTTCAGTCGGGAACTCACTGTTGCCGAATCATCGGCCACCGTTTACATTACCGGTCATTCCTCACCGGCAACTCCT-

GCTTCCAAATTTACAGTTATCCGTCAGTAAATTGAGGAGTTTTGAAGCTCATGCATTTGATCTCAAAGGTAGCCAAGGGTATGTAT-

GTATATATCTCTTACTCCATCAGTCCCAATTTATCTAATAATGTTTGACTAGGCATGGAGTTTAAGAATTAAAAAGAAAGACCTTT-

GAAATTTGTGATCTTAATTAACCTATATATATGTGTATGTATGTATATATTGTATGGTTATAAATCATCTAATGAAATGGAAAATT-

TAAAGTCTAAAATGTTATTAAATATAGAAATGTGATAGGGTAAAGTGAGAAGTTTGAAGTCAAATTGTTACTGAATGTAGAAAGGT-

GTCTCAGGTGATCTTGTAAAATGGCAAGTTTGAAGTCAAATTGCTACTGAATATAGAAAGGTGTCTCAAGGTGATCTTGTTAAGTG-

GCAACTTTGAAGTCAAATTGTTAGTGAATGTAGAAAGGTGTCTGGGTGATCTCGTAAAATGGCAAGTTTGAAGTCAAATTTTTTACT-

GAATATAGAAAGGTGTCTTAGTGTGATCTCGTAAAATGGGAAGCTTGAAATCAAATTGTTACTGTATATAGAAAGGTGTCTCGGG-

TAGCAACTTATAGTTCCATTCAAATTCATCTGATGTGACAAAACATAGTCCCGATCATGCTTTGGATGAAGGATGGGGGTTGTCTAG-

GTTGATGATTAGGTGTAAATCAGTCTAATTATGATCAAATTCTCTGAATATTGGATTCATTGGCATGTGTCCACTTGACTTTGACT-

GAATAGGCAGAGCACTTATGTAGTTGGTTTTAACTAGTTTGAGCTTTAGATATAGTTGATTGATTGGTTTTACTGTAGCTTCTGTTAG-

GTTTGAACTTGATTAGAACCTATGTTTTCTCCATCTTAATGAAGGGTTTGTGCATTTTCAATTTCTACAATTGAGGGCAAATGATT-
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GATTCAATTTAATGTATTTTTGCTTTCAGATTTCTGGAAAAAGTTTATTTTGGGAAGAAAAATGGAAAATCTTTGATTCTTGTTGT-

GTCGAGTGTTATATAGGATTCACCTTTCTTGTAGTTTCATTTTAAGTTTCAGCAAAAATTGATGTTTTTAGTTTGCTCATTGACATAG-

GCTATTTTTTCCTATTTACATGAGCTTACCTTTTGCTCTTGCTTTGCAGAATGGCTGAGTTCCATGAAGTTGAACTCAAAGTC-

CGGGACTATGAATTGGATCAGTATGGTGTTGTAAACAATGCTACTTATGCAAGTTATTGCCAACATGGTAAGGTTTATGGTTTT-

GATCTGTACTTCAGTTTACAACTACCATATTATAGTGCTTTCATTCATAAAAAAAACTGCGCTTTTCCCTTTTGATGAAAAAAGATT-

TATTCAAGGGAGAAAAATTTTCTGGCAACTGTTACGAGTAGAAAACTAGAAATTACTGAAAAAGGATCTTCTGTATCTGTTCTATTT-

TACTTCTTTGTGACCCTATAGTTAGATCATCTGTTACCCTTGTTCACGGAATGTGTTTTCTCTCTCAATAACTTGAGATGATGT-

CATCCAAAATTTGGATAATGAATAGGATTTCCTTTGCTCTGCTTATTACTAGAACATATTGAATACCAAATTTGAAGGGAACTTAT-

GTGGTCAATGACTGTTTGAATCTTGCGTTTACACATACTAAAGATAAAGCCAATATCCAATTTGTATGTGAACATAATTGATTGC-

CAAATAGTTGTTCTGCCAGAACTTTGCTCAGTTAGTAGCTCTCTTTCCGAATTAGAGATAATTTTAAGTTAATAATATGTCTATCCT-

TATCAAAAAAGAAGTTAATAATATGTCTATTCAAATGTTGTTAAGTAATTGTCATGGATCATTACCTGAATACCCGTGATACTGAAC-

CAAGGATAATACAAATTCAAGTTTTTCCAATGTAATAAGGCCTGTTACGTTGTGCGTGACCTATGTATACAAATTGAGTTTCTTAATAAT-

CAATATAAATTTCTGTTTAAAATTCTGTAAATTTATATCAGATCTTTCTAGCTCCTCCACTATTATTGATTACATCCTTGCTTTGTTC-

CACTAACCCTTTTCCTTCTCATGGGAAAAAAGAAATAGGAAAAAGGGAAAGCAGGAACTTAAATTTTAATTGAAGGGTACTGACAAGAT-

CATTACTTTAAATGACTTAAAGCATTTGGCCAGCCAAAAATGAGAAAATTGAAAAATATTTTCCTTTCATACCAAACACCCAAGTAGT-

TATCAATATGAAGTTATTCTGGGATTGTTGCCCTAATCTCCTTCTGTAGAAGGACCTACCTCATTGTCTATTACATAATACTGGATAT-

GATAGTCCATATCAAAGACTTTCAAATGATAATATATAACTTATCTTGTTCGTTATGACTTATTTTCAATAAATGAAACAGGTCGT-

CATGAGCTTCTAGAAAGGATTGGTATAAGTGCTGATGAAGTGGCACGCAGTGGTGATGCACTAGCACTAACAGAGCTGTCACTTAAG-

TATCTAGCACCTCTAAGGGTATGACCTCATCTAAACATCATTAAGAACCAATTAATATGCAACCAGAAACTTTAGACCTTGGTTAAAT-

GTCCTATTCAATTTAAATTTCGTGGCACAAAACTTTGCTTTTGAATATGAATTATAGATCTTTGGAACATATTGAAATGAAGAAGGCT-

TAAAATGTTCAATTTCAAGTGTGAGAAGTTTGGATAAGCATAGTTAGAAGGTTAAGGTCAATGGATGATGGGTCGGCAAAT-

GAAGCTTTTTACAGCTGATTATAATGTGACACTCCCTTCTTTCCAAATTACTTGGGACAATGTCTTTGTTTATCTCTAATTACTT-

GACCTTTCTCTTGAGTAAGAAACTTTTACTTTACCATGAATTGGAGTCAGTACAAACAAATAGGTATTAGTTTACACTCTGTTAATCGT-

TATTTGGCATGCTTTCAATTGATTATTCTACAATTTAAATTGAACTATTATGTTAGATATTTATCATCTGTCTCTAAGTTGACAATT-

TATTCAAACGAACCTTGTGTTCTGTACTATCAGACTCAGTCATTTACGTGGGGACGTGAGCTTCTTTTTTCTGAACCATTTTTGGTTGCC-

TGAGGGAGAATTTCTGTTGCTAAGTGATGCACAAATATTATTCATTAGACTAAGAAATTGTGCTTCCAGCTTACTTGATCAAATATCT-

GTGAACTCCTCTTTGTCATGTTGCATTAATTCCCAAGAGCCTTACACTTCTAACTTGCCTGAGGCGGCCTTGATTATCAAATATCT-

CAAAAGGCATAAAATACGACGTGTATTGAAAAGACTTCTGCAGCCAACAACTGCTTCTAGTATTTTTTTGAAACACACCATTGAA-

CATTTGCAGCTGCGTACTTGGTGTTGCTACTCCAATTTATTTGACTTGCCTTTCTACTGGTCCCATTGGTTATCTTGACCTGGTAT-

GATATTCTTTCGTCGAATTCAAATATTTTCTACCCTCACTCCAAATGTTACCACATAAGAATGATAAAGAATTGAGGATCGGAGGGGAGT-

GCTTTTGACATTTGGCATAGTGGTACTACATCTCAGTATTTACCTCGTCATGGACTGGAATTCTATCTGATCAGGAATTTTATCCTGT-

TAATGGTTCATGTATTTGTTAGTGTTGTCAACTGAATATAGTTTTTCAGATTAAAAATATTACCTTAGTAAACAGAACTGCTTGATCTCT-

TATAACTACAAACGTGAACAGAACTGCTTGAAATTTGTGTTATCCTGCCTGTTCTCATTGCTTTCATCATTGGTTCAGAGTGGAGATA-

GATTCGTCGTGAAAGCACGAATATCTGATTCTTCAGCTGCTCGGTTGTTTTTCGAACACTTCATCTTCAAGCTTCCAGATCAAGAG-

GTCAGTTACCACTATTACCGCCGGTTTTTTTTTGGGGAGCAAAACCACTTGCATATCTTAATGTATTCTGTTACTACTTTTTTC-

CAGCCCATCTTAGAGGCAAGAGGAATAGCAGTGTGGCTTAATAAAAGTTACCGTCCTGTCCGAATTCCATCAGAGTTCAGAGCAAAATTT-

GTTCAGTTCCTTCGCCAGGAGGCATCTAACTAATGTGCTCGTCAACAAAATCCAGAAGAGTTATTTTGATCAAAACATTTT

>StMKS2-4 

AAAATAATTTTCCCAATATTTTGAATTTCCATCTGCAAATTCTTCACCAAATGTCACAATCCCTATTTTCCCCTTTGATTGGCAGCAATT-

GCCTTAACTCACTGTTGCCGAATCATCGGTCACCGTAGACACATTTCCGGTCAGGCAACTCCCCCTTCCAAATTTACAATTATCAGC-

CAATAAATCGAGGAGTTTTGAAACTAATGCATTTGATCTCAATGGTACACAAAGGTATGTATATGTATCTATTAGACTTCCTCTGTTC-

CAATCCAATTTATAATGTGATCTCGTAATATGACAAGTTTGAAGTCAAATTGTTACTAAATATAGAAAGAGTTTCCTATTTGCTCGT-

TAACATAGTCGATTATTTATTTGTGAACTTTGCAGAATGGGTGATCAGCTCTATTTCCATGAAGTTGAACTCAAAGTCAGGGACTAT-

GAATTGGATCAGTTTGGTGTTGTAAACAATGCTATTTATGCAAGTTATTGTCAACATTGTAAGGTTTTAGTAATACCATATGAAATAGTC-

CATATATCATAGACTTAATTCTACCATATGAAATAGTCCATATATCATAGACTTTTTCAAATGACAATATTTTTCAATAAATGAAACAG-

GCAGTCATGAATTCTTCGAAAGAATTGGCGTAGTTGTTGATGAAGTGGCTCGCAATGGTGATGCATTAGCAACAACAGAGCTTTCACT-

TAAGTATCTAGCACCTCTAAGGGTATGTATAACCCTCATCTAAACATCATTAACGACCAATCAATATGCATCTGTTATATATATAATACT-

TAGTACTTCAAGTCGAATTTGGAGCATTTAAAAAATTTGGAGATCCAACTTCAAAAACACAGGTAGTCTGATACAACATTGCTTTGG-

TATCTGACTATCTGTGACTTTAGTCATATGGGAAAACAGAACTCATGTTTAGTCTTTTATGACTACAAATGTGAACACAGCTGCTTA-

AAAGTTATCATTTCTTTTATCATTGGTTTAGAGTGGAGATAGATTCGTCGTGAAGGTGAGAGTATCCGGCTCTACAGCAGCTCGTTT-

GTATTTCGAACATTTCATCTTCAAGCTTCCAGATCAAGAGGTTAGTTACCTCTATTATCATTCAATTACAAAGAAATACTTTTTAC-

TACTTGTGAAATCTTAATGTATTTTCTTGAATTTACATAGCCTATCTTGGAGGCAAGAAGAACATCAGTGTGGCTTAATAAAAGTTACC-

GTCCTGTCCGAATTCCGTCAGAGTTCAGATCAAAATTTGATCAGTTCATTCACCAGAAGGGATCTAACTAATGTGTTTGTGAACAAAATG-

CAGAAGAGTTCTTCTGATCAGGTGAAAATTTGGTTAATTTATTTAC
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Supplementary File 3. Nucleotide sequence alignment between the isolated StMKS2-3 CDS and the predicted StMKS2-3 CDS 
(Mismatches between two sequences are bold)

StMKS2-3-isolated          ATGTCTCAGTCCCTCGCTTCCCCTTTGATTCGCAGCATTGGATCCACTTCAGTCGGGAAC
StMKS2-3-predicted      ATGTCTCAGTCCCTCGCTTCCCCTTTGATTCGCAGCATTGGATCCACTTCAGTCGGGAAC
                        ************************************************************
StMKS2-3-isolated       TCACTGTTGCCGAATCATCGGCCACCGTTTACATTACCGGTCATTCCTCACCGGCAACTC
StMKS2-3-predicted      TCACTGTTGCCGAATCATCGGCCACCGTTTACATTACCGGTCATTCCTCACCGGCAACTC
                        ************************************************************
StMKS2-3-isolated       CTGCTTCCAAATTTACAGTTATCCGTCAGTAAATTGAGGAGTTTTGAAGCTCATGCATTT
StMKS2-3-predicted      CTGCTTCCAAATTTACAGTTATCCGTCAGTAAATTGAGGAGTTTTGAAGCTCATGCATTT
                        ************************************************************
StMKS2-3-isolated       GATCTCAAAGGTAGCCAAGGAATGGCTGAGTTCCATGAAGTTGAACTCAAAGTCCGGGAC
StMKS2-3-predicted      GATCTCAAAGGTAGCCAAGGAATGGCTGAGTTCCATGAAGTTGAACTCAAAGTCCGGGAC
                        ***********************************************************
StMKS2-3-isolated       TATGAATTGGATCAGTATGGTGTTGTAAACAATGCTACTTATGCAAATTATTGCCAACAT
StMKS2-3-predicted      TATGAATTGGATCAGTATGGTGTTGTAAACAATGCTACTTATGCAAGTTATTGCCAACAT
                        ********************************************** *************
StMKS2-3-isolated       GGTCGTCATGAGCTTCTAGAAAGGATTGGTATAAGTGCTGATGAAGTGGCACGCAGTGGT
StMKS2-3-predicted      GGTCGTCATGAGCTTCTAGAAAGGATTGGTATAAGTGCTGATGAAGTGGCACGCAGTGGT
                       ************************************************************
StMKS2-3-isolated       GATGCACTAGCACTAACAGAGCTGTCACTTAAGTATCTAGCACCTCTAAGGAGTGGAGAT
StMKS2-3-predicted      GATGCACTAGCACTAACAGAGCTGTCACTTAAGTATCTAGCACCTCTAAGGAGTGGAGAT
                     ************************************************************
StMKS2-3-isolated       AGATTCGTAGTGAAGGCACGAATATCTGATTCTTCAGCTGCTCGTTTGTTTTTCGAACAC
StMKS2-3-predicted      AGATTCGTCGTGAAAGCACGAATATCTGATTCTTCAGCTGCTCGGTTGTTTTTCGAACAC
                       ******** ***** ***************************** ***************
StMKS2-3-isolated       TTCATCTTCAAGCTTCCAGATCAAGAGCCCATCTTAGAGGCAAGAGGAATAGCAGTGTGG
StMKS2-3-predicted      TTCATCTTCAAGCTTCCAGATCAAGAGCCCATCTTAGAGGCAAGAGGAATAGCAGTGTGG
                       ************************************************************
StMKS2-3-isolated       CTTAATAAAAGTTACCGTCCTGTCCGAATTCCATCAGAGTTCAGAGCAAAATTTGTTCAG
StMKS2-3-predicted      CTTAATAAAAGTTACCGTCCTGTCCGAATTCCATCAGAGTTCAGAGCAAAATTTGTTCAG
                       ************************************************************
StMKS2-3-isolated       TTCCTTCGCCAGGAGGCATCTAACTAA
StMKS2-3-predicted      TTCCTTCGCCAGGAGGCATCTAACTAA
                        ***************************

Supplementary File 4. Amino acid sequence alignment between the protein encoded by the isolated StMKS2-3 CDS and the one 
encoded by the predicted StMKS2-3 CDS (Mismatches between two sequences are bold)

StMKS2-3-isolated      MSQSLASPLIRSIGSTSVGNSLLPNHRPPFTLPVIPHRQLLLPNLQLSVSKLRSFEAHAF

StMKS2-3-predicted     MSQSLASPLIRSIGSTSVGNSLLPNHRPPFTLPVIPHRQLLLPNLQLSVSKLRSFEAHAF

                       ************************************************************

StMKS2-3-isolated      DLKGSQGMAEFHEVELKVRDYELDQYGVVNNATYANYCQHGRHELLERIGISADEVARSG

StMKS2-3-predicted     DLKGSQGMAEFHEVELKVRDYELDQYGVVNNATYASYCQHGRHELLERIGISADEVARSG

                       ***********************************.************************

StMKS2-3-isolated      DALALTELSLKYLAPLRSGDRFVVKARISDSSAARLFFEHFIFKLPDQEPILEARGIAVW

StMKS2-3-predicted     DALALTELSLKYLAPLRSGDRFVVKARISDSSAARLFFEHFIFKLPDQEPILEARGIAVW

                       ************************************************************

StMKS2-3-isolated      LNKSYRPVRIPSEFRAKFVQFLRQEASN-

StMKS2-3-predicted     LNKSYRPVRIPSEFRAKFVQFLRQEASN-

                       **************************** 
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Supplementary File 5. Domain prediction of StMKS2-3 using Interpro

Supplementary File 6. Search results for proteins with predicted structures similar to StMKS2-3 in the Protein Structure Sequences, 
AlphaFold DB, and UniprotKB PDB databases
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Supplementary File 7. Heatmap of RNA-seq based expression data of the StMKS2-3 gene in response to salinity (150 mM NaCl), 
drought (260 µM mannitol), and Phytophthora infestans infection
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