Theor Appl Genet (2016) 129:1541-1556
DOI 10.1007/s00122-016-2723-1

CrossMark

@

ORIGINAL ARTICLE

Fine mapping and identification of candidate genes for the sy-2
locus in a temperature-sensitive chili pepper (Capsicum chinense)

Li Liu' - Jelli Venkatesh' - Yeong Deuk Jo! - Sota Koeda® - Munetaka Hosokawa? -
Jin-Ho Kang? - Sandra Goritschnig? - Byoung-Cheorl Kang'

Received: 26 February 2016 / Accepted: 22 April 2016 / Published online: 4 May 2016

© Springer-Verlag Berlin Heidelberg 2016

Abstract

Key message The sy-2 temperature-sensitive gene from
Capsicum chinense was fine mapped to a 138.8-kb
region at the distal portion of pepper chromosome 1.
Based on expression analyses, two putative F-box genes
were identified as sy-2 candidate genes.

Abstract Seychelles-2 (‘sy-2’) is a temperature-sensitive
natural mutant of Capsicum chinense, which exhibits an
abnormal leaf phenotype when grown at temperatures
below 24 °C. We previously showed that the sy-2 pheno-
type is controlled by a single recessive gene, sy-2, located
on pepper chromosome 1. In this study, a high-resolution
genetic and physical map for the sy-2 locus was constructed
using two individual F, mapping populations derived from
a cross between C. chinense mutant ‘sy-2’ and wild-type
‘No. 3341°. The sy-2 gene was fine mapped to a 138.8-kb
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region between markers SNP 5-5 and SNP 3-8 at the distal
portion of chromosome 1, based on comparative genomic
analysis and genomic information from pepper. The sy-2
target region was predicted to contain 27 genes. Expres-
sion analysis of these predicted genes showed a differential
expression pattern for ORF10 and ORF20 between mutant
and wild-type plants; with both having significantly lower
expression in ‘sy-2’ than in wild-type plants. In addition,
the coding sequences of both ORFI0 and ORF20 con-
tained single nucleotide polymorphisms (SNPs) causing
amino acid changes, which may have important functional
consequences. ORF10 and ORF20 are predicted to encode
F-box proteins, which are components of the SCF complex.
Based on the differential expression pattern and the pres-
ence of nonsynonymous SNPs, we suggest that these two
putative F-box genes are most likely responsible for the
temperature-sensitive phenotypes in pepper. Further inves-
tigation of these genes may enable a better understanding
of the molecular mechanisms of low temperature sensitiv-
ity in plants.

Introduction

Drought, heat, cold, and salinity are among the major abi-
otic stresses that can adversely affect the growth and devel-
opment of plants (Dwivedi et al. 2008; Ismail et al. 2007,
Ramegowd and Senthil-Kumar 2015). Among these, tem-
perature is one of the main environmental factors affect-
ing the productivity and geographical distribution of crops
(Miura and Furumoto 2013; Thakur et al. 2010; Theocharis
et al. 2012). To mitigate or avoid potential damage caused
by these stresses, plants must effectively sense, respond to,
and adapt to changes in their environment by altering their
physiological, biochemical, and/or genetic characteristics
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(Arbona et al. 2013; Shinozaki and Yamaguchi-Shinozaki
2000; Wang et al. 2013).

Low temperature affects many plant physiological pro-
cesses, such as water and nutrient uptake, photosynthesis,
plant growth, and development (Chinnusamy et al. 2007;
Harfied and Prueger 2015). Plant species are able to alle-
viate the unfavorable effects of low, non-freezing tempera-
tures through a complex adaptive mechanism known as cold
acclimation, which is associated with many biochemical
and physiological changes (Chinnusamy et al. 2010; Miura
and Furumoto 2013; Theocharis et al. 2012). To under-
stand the molecular basis of low temperature sensitivity in
plants, several low temperature-sensitive mutants have been
explored. The Arabidopsis thaliana fatty acid desaturase 2
(fad2) mutant deficient in the endoplasmic reticulum (ER)
18:1 desaturase, shows abnormal leaves and a severe dwarf
phenotype under low temperature due to the disintegration
of the cell membrane (Miquel and Browse 1994; Zhang
et al. 2012). The Arabidopsis nonphotochemical quenching
1 (npql) mutant, which is deficient in xanthophyll cycling,
exhibits an accumulation of excessive oxidative stress
causing the inhibition of photo system II (PSII) at low
temperature (Havaux and Kloppstech 2001). The tobacco
temperature dependent shooty (tds) mutant displays abnor-
mal mesophyll cells, thick narrow leaves, and shorter
internodes when grown at low temperature (Samuelsen
et al. 1997). The Arabidopsis bonzail (bonl) null mutants
produce miniature fertile plants, and the BONI and BAPI
(BONI-associated protein) genes were suggested to have a
direct role in regulation of cell expansion and cell division
at lower temperatures (Hua et al. 2001). The mutant maize
inbred line M11 shows remarkably lower accumulation of
chlorophyll, which is associated with impaired develop-
ment and function of chloroplasts (Millerd and McWilliam
1968). The rice low temperature albino 1 (Ital) mutant has
albino leaves characterized by remarkably reduced contents
of chlorophyll and chlorophyll precursor molecules (Peng
et al. 2012). Thus, low temperature responses in plants
involve many aspects of plant physiology, many different
metabolic pathways, and complex genetic interactions that
make the study of a plant’s response to low temperature
stress challenging.

Pepper, an important vegetable crop grown worldwide,
is temperature-sensitive; its optimum growth temperature
lies between 25 and 30 °C, and deviations from these tem-
peratures can adversely affect growth and development,
resulting in a variety of developmental and physiological
disorders. The C. chinense cultivar ‘sy-2’ is a local pepper
landrace from the Seychelles that was previously found to
be temperature-sensitive, showing developmental abnor-
malities when grown at temperatures lower than 24 °C
(Koeda et al. 2009). Specifically, the ‘sy-2’ cultivar exhib-
its abnormal leaf growth characterized by the development
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of thicker and narrower cotyledons with fewer palisade
cells along both the length and width of the leaf lamina,
but more cells in depth (Koeda et al. 2009). The ‘sy-2’
plant exhibits chlorophyll deficiency due to abnormal
chloroplast structures and cell collapse (An et al. 2011).
In addition, excessive accumulation of reactive oxygen
species (ROS) resulting in cell death is observed in the
chlorophyll-deficient sectors of the leaves from ‘sy-2’
plants grown at 20 °C. Analysis of the fatty acid content of
‘sy-2’ leaves showed an impaired pathway for conversion
of linoleic acid (18:2) to linolenic acid (18:3) (An et al.
2011). Further, transcriptome analysis of the ‘sy-2’ culti-
var in response to temperatures below 24 °C showed that
a quarter of the upregulated genes were defense related or
predicted to be defense related (Koeda et al. 2013). How-
ever, the precise molecular and biochemical basis of the
cold temperature sensitivity in ‘sy-2’ plants is not clearly
understood.

We have previously shown that a single recessive gene
localized to the 300-kb region of the tomato Chl_scaf-
fold 00106 controls the ‘sy-2’ phenotype. However, the
exact location of the corresponding genomic region in pep-
per was not determined (An et al. 2011). In this study, we
implemented a map-based cloning approach using two F,
populations derived from C. chinense ‘sy-2’ and wild-type
C. chinense ‘No. 3341’ to generate a high-density linkage
map of the sy-2 locus on pepper chromosome 1. Fine map-
ping of the locus allowed us to position the putative gene to
an approximately 138.8-kb region flanked by markers SNP
5-5 and SNP 3-8. This study aimed to identify sy-2 candi-
date genes, with the ultimate goal to elucidate the molecu-
lar mechanism responsible for the temperature sensitivity
of the ‘sy-2’ cultivar.

Materials and methods
Plant materials and growth conditions

Two F, mapping populations, containing 1020 (2012 F,)
and 1433 lines (2014 F,), were constructed from a cross
between C. chinense ‘sy-2’ and C. chinense ‘No. 3341’
and were used for linkage and genetic mapping analyses.
For the genetic analysis, all seeds were sterilized and ger-
minated in an incubator at 30 °C in dark conditions. One-
week-old seedlings were transferred to a growth chamber
at 28 °C with 16-h light and 8-h dark cycles until the coty-
ledons were fully expanded. The seedlings were then trans-
ferred to 20 °C chambers, screened for a low temperature-
sensitive phenotype after 14 days, and then leaf samples
were collected for DNA extraction. For the RNA-seq anal-
ysis, leaf samples from 63 wild-type and 30 mutant phe-
notype plants from the 2014 F, population were collected
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for RNA extraction. For RT-PCR and qPCR analyses, leaf
samples from ‘sy-2’ and ‘No. 3341’ plants grown at 20 and
28 °C were used.

Comparative map and sequence analysis

Based on the map position of the sy-2 locus on chromosome
1 (An et al. 2011; Koeda et al. 2012, 2013), the sy-2 gene
was flanked by the COSII markers C2_At4g29120 and C2_
At1g09070 at a distance of 1.6 and 3.1 cM, respectively.
These two COSII markers were identified and located at
3.7 and 4.0 cM on chromosome 1 of Tomato-EXPEN 2000
(http//:solgenomics.net) (An et al. 2011). A tomato scaf-
fold sequence (CO1HBa0051C14) of 126,295 base pairs
(bp) in length, covering the corresponding region of the
sy-2 locus, was identified based on the C2_At1g09070 and
C2_At4g29120 markers obtained from Sol Genomic Net-
work (SGN, http//:solgenomics.net). Gene coding regions
of the tomato scaffold were predicted by FGENESH
(http://linux1.softberry.com). The predicted amino acid
sequences were used to search for annotated genes using
the BLASTP program (http://www.ncbi.nlm.nih.gov). The
sequences of gene coding regions were then used to search
for the homologous pepper sequences from the C. annuum
genome database (http://cab.pepper.snu.ac.kr). Based on
these analyses, three pepper scaffold sequences, scaffold
2607 (377.7 kb), scaffold 3515 (200.8 kb), and scaffold
2510 (318.6 kb), were identified in the database (http://cab.
pepper.snu.ac.kr).

Development of SNP markers

Genomic DNA was extracted with a hexadecyltrimethylam-
monium bromide (CTAB) procedure (Hwang et al. 2009).
Genomic DNA samples from two mapping populations
were used to map the sy-2 gene using SNP markers. Prim-
ers were manually designed in intergenic regions based
on the three pepper scaffold sequences using the Primer
Select program (DNASTAR, Inc., Madison, WI, United
States) with an amplicon size of approximately 1 kb. PCR
was carried out in a thermocycler (My Cycler™, BioRad,
USA). PCR reactions were performed in a total volume of
50 pl containing 10 pl DNA (10 ng/ul), 5 pl 10x Ex Taq
PCR buffer (TaKaRa, Japan), 4 pl 2.5 mM dNTP mixture
(TaKaRa), 0.4 pl Ex Taq polymerase (TaKaRa, Japan),
2 pl 10 pmol/pl each primer and 26.6 wl distilled water.
PCR conditions involved denaturing the DNA for 4 min
at 95 °C, followed by 35 cycles of 30 s at 95 °C, 30 s at
55-58 °C, and 40 s at 72 °C, and a final extension time of
10 min at 72 °C. Purified PCR products were sequenced at
NICEM (National Instrumentation Center for Environmen-
tal Management, Seoul National University, Seoul, Korea).
Nucleotide sequences of wild-type and ‘sy-2° plants were

aligned using the SeqMan program (DNASTAR, Inc.,
Madison, WI, United States) to detect SNPs. SNP markers
were manually designed with amplicon sizes smaller than
250 bp, and where possible, transformed into HRM and
KASP markers (Table S1).

BAC library screening and sequencing analysis

A C. annuum ‘CM334° BAC library of 12x genome cov-
erage (99 %) with 235,000 clones and an average insert
size of 130 kb (Yoo et al. 2003) was used to close the
gaps between the scaffolds. These sequence gaps were
closed using BAC clones identified by end sequences of
the three pepper scaffolds. Primer sequences are listed in
Table S2. A total of 21 positive BAC clones containing
scaffold sequences were selected and BAC end sequences
were determined at NICEM using SP, and T, primers.
The BAC end sequences located at extended regions were
used to search for homologues of pepper sequences from
the C. annuum genome database (http://cab.pepper.snu.
ac.kr). Four BAC clones spanning the gaps of the scaf-
folds were fully shotgun sequenced by NICEM. Repeat
sequences were filtered by RepeatMasker (http://www.
repeatmasker.org) and JDotter (http://athena.bioc.uvic.ca).
The gene coding regions were predicted with FGENESH
(http://linux1.softberry.com) and BLASTX (https://blast.
ncbi.nlm.nih.gov) to distinguish exon and intron regions of
fully sequenced BAC clones. To verify the predicted genes
in the target region, BLAST analysis was carried out at the
Tomato Genome CDS database (ITAG release 2.40), SGN
(http://solgenomics.net), and Pepper Annotation CM334
(V1.55) CDS database (http://cab.pepper.snu.ac.kr).

Genotype analysis by high-resolution melting (HRM)
and Kompetitive Allele Specific PCR (KASP) assays

The HRM analysis was performed in a Rotor-Gene™
6000 thermocycler (Corbett, Australia). HRM reactions
were performed in a total volume of 20 pl containing
60 mM KCl, 10 mM Tris—HCI, 2.5 mM MgCl,, 0.25 mM
each dNTP, 5 pmol each primer, 1 unit Taq polymerase,
1.25 uM Syto9 (Invitrogen, USA), and 50 ng genomic
DNA. Cycling conditions were as follows: 95 °C for
4 min, followed by 45 cycles of 95 °C for 20 s, 58 °C for
20 s, and 72 °C for 40 s. HRM was run at 0.1 °C incre-
ments between 70 and 90 °C. Primers used in the HRM
analysis are listed in Table S1. Linkage analysis of the
markers developed in this study was performed with
CarthaGene software (de Givry et al. 2005) using C.
chinense F, populations. KASP assays were performed
to screen 1433 F, individuals using four KASP markers.
Primer sequences are listed in Table S1. KASP assays
were run in a reaction volume containing a 5 pl KASP
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Master Mix (KBiosciences, Herts England), 0.14 nl
primer mix and 5 pl 50 ng/pl genomic DNA. The PCR
conditions for the KASP marker assay was 94 °C for
15 min, followed by 10 cycles of touch down PCR from
61 to 55 °C with a 0.6 °C decrease per cycle, then fol-
lowed by 26 cycles of 94 °C for 20 s and 57 °C for 1 min.
To increase the reliability of the genotyping clusters, a
further thermal cycling of the KASP chemistry containing
3 cycles of 94 °C for 20 s and 57 °C for 1 min was added
at the end. For genotyping, endpoint genotyping analyses
were performed using the Light Cycler® 480 Real-Time
PCR System (Roche, Germany).

RNA-seq library construction and data analysis

For RNA-seq library construction, 63 phenotypically
wild-type and 30 phenotypically mutant plants from
F, populations exposed to 20 °C for 14 days were used.
Total RNA was extracted from young leaves using TRI-
zol reagent (Invitrogen, Carlsbad, CA, USA) according to
the manufacturer’s instructions. RNA concentrations and
purity were verified for each sample with a NanoDrop
2000 spectrophotometer (Thermo scientific, Waltham,
MA, USA). A strand-specific RNA-seq library was con-
structed as described by Zhong et al. (2011). Briefly,
5 ng total RNA was used for poly(A) RNA enrichment.
First-strand and second-strand cDNA was generated
using Superscript III reverse transcriptase (Invitrogen,
Carlsbad, CA, USA). cDNA was purified by AMpure XP
beads (Beckman-Coulter, Pasadena, CA, United States).
Following TruSeq adapter ligation, the cDNA was ampli-
fied by PCR with 15 reaction cycles. Six random PCR
primers were used in this step to obtain short sequence
reads. Samples were prepared in three replicates and
stored at —20 °C. Sample libraries were sequenced using
Hiseq 2500 (Illumina/Solexa, San Diego, CA, USA) at
NICEM. Sequence reads were aligned to the pepper tran-
scriptome and genome using CLC Genomics Workbench
6.0 (CLC bio, Prismet, Denmark). The Counts program
was used to analyze the number of reads aligning to anno-
tated pepper genes. Expression values in reads per kilo-
base transcript per million (RPKM) were calculated for
the single map and primary map data sets. Differentially
expressed genes were identified using IDEG6 software
(Romualdi et al. 2003).

RT-PCR and qPCR analyses

Two g total RNA was reverse transcribed to cDNA using
an oligo(dT) primer and M-MLV reverse transcriptase
(Promega, Madison, USA). cDNA samples were diluted
four times for the following test. Gene-specific primers
used for RT-PCR and qPCR were designed based on the
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predicted gene sequences from the target region using the
IDT (Integrated DNA Technology) qPCR primer design
tool (Table S3). RT-PCR was performed in a total volume
of 25 pl containing 4 pl of the diluted cDNA sample,
2.5 ul 10x PCR buffer, 2.0 pl 2.5 mM dNTP mix, 0.5 pl
each 10 pmol/pl primer, 0.25 pl Taq polymerase (1U), and
15.25 wl distilled water. PCR conditions involved initial
denaturation for 5 min at 94 °C, followed by 30 cycles of
20 s at 94 °C, 20 s at 62 °C, and 20 s at 72 °C, and a final
extension of 5 min at 72 °C.

gPCR primers specificity and amplification efficiency
were verified by melting curve analysis (after 55 cycles),
agarose gel electrophoresis, and sequencing. The qPCR
reaction was performed in a Light Cycler® 480 Real-Time
PCR System (Roche, Germany) with a 20-p.1 reaction mix-
ture containing 4 pl diluted cDNA sample, 2.0 pl 10x
PCR buffer (TaKaRa, Japan), 2.0 pl 2.5 mM dNTP mix,
0.5 pl each 10 pM forward and reverse primer, 0.4 wl rTaq
(5 units, TaKaRa, Japan), 0.5 nl 50 uM Syto9 and 10.1 pl
distilled water. The following PCR cycling conditions were
used for qPCR analysis: initial preincubation at 95 °C for
5 min, followed by 50 cycles of denaturation at 95 °C for
10 s, annealing at 62 °C for 10 s and extension at 72 °C
for 20 s. The pepper actin gene was used as the internal
control. Relative gene expression levels were calculated
using the advanced relative quantification method as imple-
mented with Light Cycler® 480 Real-Time PCR System
(Roche, Germany).

GO term enrichment analysis

Analysis of enriched gene ontology (GO) terms was per-
formed for 626 differentially expressed pepper genes with
the Blast2GO program using gene annotations downloaded
from the NCBI database. Mapping and annotation were
performed using default parameters (E value hit filter of
1.0e~°, annotation cutoff of 55, and GO weight of 5).

Results
Analysis of inheritance of low temperature sensitivity

To develop a high-density map for the sy-2 gene, F; and F,
individuals derived from a cross between ‘sy-2’ and ‘No.
3341 were evaluated for their response to low tempera-
ture after exposure to cold stress (20 °C) for 2 weeks in a
growth chamber. All ten F; plants showed a normal pheno-
type. The 1020 F, plants segregated 788 normal and 232
abnormal phenotypes, which fits a 3:1 ratio (x> = 2.77,
P = 0.10), confirming the recessive nature of sy-2 (Fig. 1;
Table 1). These results were consistent with earlier studies
(An et al. 2011; Koeda et al. 2013).
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‘No. 3341° ‘sy-2°

Fig.1 Comparison of phenotypes of ‘No. 3341 and ‘sy-2’ grown at
different temperatures (20 and 28 °C). Fourteen days after low tem-
perature exposure, chlorophyll-deficient, rutted, and shrunken leaves
could be observed in ‘sy-2’ whereas ‘No. 3341’ showed normal leaves

Synteny analysis between the pepper genetic map
and the tomato genome

The sy-2 locus has previously been mapped to the long
arm of tomato and pepper chromosome 1 between the
markers C2_At1g09070 and C2_At4g29120 (An et al.
2011). A tomato scaffold sequence (CO1HBa0051C14) of
126,295 bp covering the corresponding region of the sy-2
locus of pepper was obtained from SGN (http://solgenom-
ics.net) based on the sequence of the C2_At1g09070 and
C2_At4g29120 markers. Tomato scaffold sequences were
used to BLAST search a C. annuum ‘CM334° V1.5 scaf-
fold database to identify homologous pepper sequences.
Based on the homology search, three non-overlapping pep-
per scaffold sequences, scaffold 2607 (377.7 kb), scaffold
3515 (200.8 kb), and scaffold 2510 (318.6 kb), represent-
ing the sy-2 locus were identified.

Marker development

In our previous study, to determine the chromosomal loca-
tion of the sy-2 gene, 91 COSII markers were used to
map 12 pepper linkage groups in an F, population (total
108 individuals) derived from wild-type ‘No. 3341’ and
mutant ‘sy-2’. Among them, six COSII markers (COS634,

COS511, COS17, COS18, COS211, and COS22) were
found to be linked to the sy-2 gene (An et al. 2011). The
closest flanking markers, COS511 and COS634, were
approximately 1.6 and 3.1 cM away from the sy-2 locus
(Fig. 2a). Since relatively few markers have been mapped
on tomato and pepper chromosome 1 between these two
markers, a high-resolution genetic map was generated for
the sy-2 locus using eight SNP markers (HRM based) and
four KASP markers. SNP markers were designed in inter-
genic regions based on sequence information derived from
the three CM334 scaffold sequences, scaffold 2607, scaf-
fold 3515, and scaffold 2510. Details of these markers are
shown in Table S1. Our initial mapping effort identified 16
new markers for the sy-2 locus from which twelve mark-
ers were used for genotyping: three KASP markers (KASP
634, KASP 1-3, and KASP 1-2) from scaffold 2607, four
SNP markers (SNP 2-4, SNP2-1, SNP 3-6, and SNP 5-5)
from scaffold 3515, and one KASP marker (KASP 511)
and four SNP markers (SNP 3-12, SNP 5-1, SNP 3-8, and
SNP 3-7) from scaffold 2510.

BAC library screening and marker enrichment

There were two sequence gaps in the target region: the first
one was between scaffold 2607 and 3515 (200.8 kb), and
the second one was between scaffold 3515 and 2510 (Fig.
S1). BAC sequences were explored to fill the gaps between
the non-overlapping pepper scaffold sequences. Seven
primer pairs (gap 2-1, gap 3-6, gap 3-1, gap 3-3-2, gap 4-3,
gap 4-5, and gap 4-1; Table S2) derived from scaffold ends
were used for screening a C. annuum ‘CM334° BAC library
(Yoo et al. 2003). BAC library screening yielded fourteen
positive BAC clones (422K18, 547H22, 534N9, 343LA4,
331K22, 551K8, 55119, 564P1, 679P23, 286C6, 555C12,
319A14, 586F23, and 444J2) (Fig. S1). Four BAC clones
(422K 18, 547H22, 534N9, and 3431.4), which covered the
gap between scaffolds 3515 and 2510, were completely
sequenced. Based on the BAC clone sequencing result,

Table 1 . The phenptype Population Number of plants Expected ratio (W:M)* x° P

segregation analysis of C.

chinense ‘No. 3341’, C. Total Wild-type Mutant

chinense ‘sy-2’, F, and F,

populations ‘No. 3341’ 10 10 0 - - -
‘sy-2° 10 10 0 - - -
F, (‘N0.3341" x ‘sy-2’) 10 10 0 1:0 - -
F, (‘N0.3341" x ‘sy-2°) 1020 788 232 3:1 2.77 0.10

W wild-type, M mutant

# Expected segregation ratio for a single recessive gene

b Chi-square test
¢ Probability value
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Fig. 2 Fine mapping of the sy-2 locus. a The location of the sy-
2 locus on pepper chromosome 1 between COSII marker C2_
At1g09070 and C2_At4g29120 based on An et al. (2011). Markers
on the Tomato-EXPEN 2000 chromosome 1 and pepper chromosome
1 are partially shown here. b Eight SNP markers and four KASP
markers linked to the sy-2 locus are indicated next to the C. annuum
scaffold region. Numbers on the left indicate genetic distances (cM).
White rectangles represent the corresponding fragments of pepper
(C. chinense ‘No. 3341’) chromosome 1, and black rectangles indi-
cate the ‘sy-2’ chromosome 1. The sy-2 gene was located between
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markers SNP 5-5 and SNP 3-8. ¢ The sy-2 locus was delimited to a
138.8-kb region between the SNP 5-5 and SNP 3-8 markers on the C.
annuum ‘CM334’ scaffolds (scaffold 3515 and 2510). Twenty-seven
genes (ORFI to ORF27) were predicted in the target region based on
FGENESH analysis. Open rectangles represent the gaps in the pepper
chromosome 1 scaffold region; the long black rectangle represents
the target region. Small black rectangles with arrowheads indicate the
27 predicted ORFs in the target regions. SNPs identified in the pre-
dicted genes are indicated with vertical bars
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two additional SNP markers (SNP 5-3 and SNP 3-13) were
developed to delimit the sy-2 locus.

Fine mapping of the sy-2 locus

To narrow down the target region of the sy-2 locus, geno-
type screening was performed using these newly devel-
oped markers. A mapping population with 1433 breed-
ing lines was used for fine mapping analysis, from which
seven recombinant plants (8-2, 10-19, 20-13, 9-35, 1-11,
1-45, and 6-12) were identified, one recombinant for each
of KASP 1-2, SNP 5-5, SNP 3-7, and SNP 3-8, and three
recombinants for SNP 3-6 (Fig. 2b). Among the fourteen
markers used, four SNP markers, SNP 5-3, SNP 3-13,
SNP 3-12, and SNP 5-1, were found to be at a genetic dis-
tance of 0 cM from the sy-2 locus. Eight markers (KASP
634, KASP 1-3, KASP 1-2, SNP 2-4, SNP 2-1, SNP 3-6,
and SNP 5-5) were located on one end of the sy-2 gene
and two markers (SNP 3-8 and SNP 3-7) were on the
other end. The sy-2 locus was thus delimited to a 0.14 cM
region between SNP 5-5 and SNP 3-8 markers on scaf-
fold 3515 and 2510, and SNP 3-12, SNP 5-3, SNP 3-13,
and SNP 5-1 markers were located within the sy-2 locus
(Fig. 2b).

Prediction of candidate genes

Based on the fine mapping results, the sy-2 gene was
delimited to a 138.8-kb region between the SNP 5-5 and
SNP 3-8 markers (Fig. 2c). Twenty-seven genes (ORFI
to ORF27) were predicted in the target region based on
FGENESH analysis, and BLASTP searches carried out at
the NCBI BLAST server (http://blast.ncbi.nlm.nih.gov/
Blast.cgi) revealed that these genes were likely associated
with diverse cellular functions (Fig. 2c; Table 2). These
predicted genes encoded putative microrchidia (MORC)
family proteins (ORFI, ORF4, and ORFS5), polypro-
teins (ORF2, ORF14, and ORF17), cullin-like isoform
X1 (ORF6), F-box family proteins (ORF10, ORF20, and
ORF24), transposase family protein (ORF11), preprotein
translocase subunit SecY (ORF'13), geranylgeranyl pyroph-
osphate synthase protein (ORFI19), pentatricopeptide
repeat-containing protein (ORF23), sucrose nonfermenting
4-like protein-like (ORF25 and ORF27), and several puta-
tive uncharacterized proteins (ORF3, ORF7, ORFS8, ORF9,
ORF12, ORF15, ORFI16, and ORF26). The sy-2 target
region was further analyzed to find homologs of candidate
genes from the tomato and pepper genomes. Homologs
of ORFI, ORF4, ORFS5, ORF6, ORF10, ORF11, ORF12,
ORF18, ORF19, ORF20, ORF23, ORF24, ORF25, and
ORF27 were identified by BLAST searches at the Tomato
Genome CDS (ITAG release 2.40) and Pepper Annotation
CM334 (V1.55) CDS database (Table S4).

The SCF complex, which is a multi-protein E3 ubig-
uitin ligase complex formed by four major components:
an S-phase kinase-associated protein 1 (SKP1), Cullin 1
(CUL1), RING-box 1 (RBX1), and an F-box protein, medi-
ates the ubiquitination of proteins destined for proteasomal
degradation (Jain et al. 2007; Lyzenga and Stone 2012;
Schumann et al. 2011; Vierstra 2009). Interestingly, four
putative genes, ORF6 (encoding cullin-like isoform X1),
ORF10, ORF20, and ORF24 (encoding F-box proteins)
related to the SCF complex were identified within the sy-2
locus. ORF10 and ORF20 shared 93.4 and 90.0 % nucleo-
tide and amino acid sequence identity, respectively. ORF24
(F-box/LRR-like protein) shared no significant sequence
similarity with either ORFI0 or ORF20. F-box proteins
contain a highly conserved approximately 50-amino acid
F-box motif at their N-terminus, and C-terminal protein—
protein interaction domains, such as kelch repeats, DEAD
box, leucine-rich repeats, WD40 repeats, or Armadillo
(Schumann et al. 2011; Jain et al. 2007; Vierstra 2009). The
predicted protein sequences of ORF10 and ORF20 showed
putative C-terminal kelch repeats containing domain in
addition to the N-terminal F-box domain, whereas ORF24
likely encoded a truncated F-box protein as it was lacking
the F-box domain (Fig. S2).

Sequence variations of predicted genes

Putative SNP sites were identified by comparing the cod-
ing sequences from wild-type and mutant plants. Sequence
alignment showed two SNPs each in ORF9, ORFI10, and
ORF20, one SNP in ORF12, five SNPs in ORFI4, and
three SNPs each in ORF17 and ORF22 (Table 2). In ORF9,
out of the two SNPs identified (T935C and A952G), only
SNP A952G resulted in an amino acid change (I318T). In
ORF 10, both SNPs, T691C and A943G, caused amino acid
changes, C231G and N315D, respectively. In ORF20, two
consecutive SNPs, G767A and T768A caused an amino
acid change, S256K. In ORF12, the T267G SNP caused an
amino acid change, D89E. Out of five SNPs identified in
ORF14 (A122G, G125A, T378C, T2205C, and G3163A),
three SNPs A122G, G125A, and G3163A caused amino
acid changes, N41S, R42Q, and Q1055R, respectively. Out
of the three SNPs identified in ORF17 (A537G, C546T, and
A547G), SNP A547G resulted in an amino acid change,
1183V. The three SNPs in ORF22 (A655G, T856G, and
G1144T) resulted in amino acid changes K219E, Y286D,
and M382I, respectively.

Expression analysis of predicted genes
RT-PCR was carried out to identify which candidate genes

showed a differential expression pattern between wild-type
and mutant plants grown at two different temperatures,

@ Springer
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20 and 28 °C. Several predicted genes from the sy-2 tar-
get region, ORFI, ORF2, ORF3, ORF4, ORF5, ORF6,
ORF7, ORF13, ORF15, ORFI8, ORF19, ORF21, ORF22,
ORF24, ORF25, and ORF27, showed no expression dif-
ferences between the wild-type and ‘sy-2’ plants (Fig. 3).
Weak, but detectable expression was observed in the case
of ORF11, ORF12, and ORF23 in both the wild-type and
‘sy-2’ plants. ORF9, ORF10, and ORF26 were downregu-
lated in low temperature. However, the expression level of
ORF10 was much higher in wild-type plants than in ‘sy-
2’ plants in both conditions. Several genes, ORFS8, ORF 14,
ORF17, and ORF20, were observed to be upregulated in
both wild-type and ‘sy-2’ plants under cold stress, although
the expression of ORF20 was higher in wild-type plants
than ‘sy-2’ plants.

Based on these results, we next performed qPCR
to investigate further the gene expression patterns of
ORF10 and ORF20 (Fig. 4). Consistent with our RT-
PCR results, ORFI10 and ORF20 showed differential
expression between wild-type and mutant plants. Expres-
sion levels of ORF10 were 8.2 times higher in wild-type
plants than in ‘sy-2’ plants at 20 °C. Similarly, expres-
sion levels of ORFI0 were 8.9 times higher in wild-
type plants than in ‘sy-2’ plants at 28 °C. Expression of
ORF20 was 1.2 and 1.8 times higher in wild-type plants
compared with ‘sy-2° plants at 20 and 28 °C, respec-
tively. Under low temperature, ORFI10 was observed to
be slightly downregulated, whereas ORF20 was signifi-
cantly upregulated, suggesting differential expression
patterns under cold stress.

Overall, among the predicted sy-2 candidate genes, the
ORF10 and ORF20 genes, which belong to the Kelch type
F-box genes, were observed to be differentially expressed
in wild-type and ‘sy-2’ plants. Expression levels of ORF10
and ORF20 were significantly higher in wild-type plants.
Furthermore, nonsynonymous mutations in the ORFI0
and ORF20 could affect their posttranslational modifica-
tion and protein—protein interactions. F-box proteins, as a
component of the SCF E3 ubiquitin ligase, play an impor-
tant role in conferring substrate specificity to the SCF
complex (Jain et al. 2007; Schumann et al. 2011; Skaar
et al. 2013; Vierstra 2009). As such, F-box proteins play
crucial roles in regulating various plant developmental and
stress responses by integrating nearly all hormonal sign-
aling pathways (Dreher and Callis 2007; Vierstra 2009;
Kim et al. 2013; Li et al. 2016). These observations led
us to propose that the F-box genes, ORFI0 and ORF20,
are likely sy-2 candidate genes, and differences in their
expression levels and presence of nonsynonymous muta-
tions could be responsible for the temperature sensitivity
in ‘sy-2’ plants.

@ Springer
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Fig. 3 RT-PCR analysis of the predicted sy-2 genes from ‘No. 3341’
and ‘sy-2’ plants grown under different temperatures (20 and 28 °C).
Actin was used as a control

GO term enrichment analysis

To identify potentially altered biological processes under
low temperature in Capsicum, the top 626 differentially
expressed genes identified by RNA-seq were used for GO
term enrichment analysis (Fig. S3). These results showed
that in the biological process category, cellular pro-
cess, response to stimulus, single-organism process, and
response to stress were the most highly represented groups,
suggesting that major metabolic changes take place to
maintain tissue activity in low temperature. In the cellular
component category, transcripts that correspond to the cell,
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cell parts, intracellular, and intracellular part were typi-
cally the most enriched. This suggests that low temperature
affects cellular components. Binding and catalytic activi-
ties were the two groups most highly enriched within the
molecular function category, suggesting that posttransla-
tional modifications might be involved in the regulation of
expression of at least some of the stress-responsive genes to
cope with low temperature.

Discussion

With the availability of whole genome sequence (WGS)
and the development of saturating marker technologies,
map-based cloning can now be performed at a higher res-
olution, and candidate genes can, therefore, be identified
more efficiently. In the present study, based on high-res-
olution genetic mapping, we identified four SNP markers
(SNP 5-3, SNP 3-13, SNP 3-12, and SNP 5-1) that co-seg-
regate with the sy-2 gene with a resolution of 0 cM. Our
results showed that the sy-2 gene was located between the
SNP 5-5 and SNP 3-8 markers within a 138.8-kb region
on chromosome 1 encompassing 27 putative genes. These
genes were predicted to encode proteins associated with
diverse biophysiological functions, although several of the
predicted genes are homologs of putative uncharacterized
proteins.

Among the sy-2 candidate genes, expression levels of
two genes predicted to code F-box proteins and members of
the SCF complex, ORF10 and ORF20, were significantly
lower in ‘sy-2’ plants in both stressed and non-stressed
conditions compared with wild-type plants. This finding
raised the interesting possibility that these genes may be

associated with the cold temperature stress response in the
‘sy-2’ pepper. Previously, two F-box genes were mapped to
Ctbl, a quantitative trait locus (QTL) for cold tolerance in
rice (Saito et al. 2004). Later studies showed that cold-sen-
sitive rice plants (Hokkai241 and BT4-74-8) overexpress-
ing an F-box protein with C-terminal kelch repeats from a
cold-tolerant variety (Norin-PL8) exhibited cold tolerance
(Saito et al. 2010). These results further suggest that the
F-box genes ORFI0 and ORF20 could be candidate genes
for sy-2.

The SCF complex mediates the ubiquitination of pro-
teins destined for proteasomal degradation, and participate
in a wide range of plant developmental processes, such as
hormone signaling, circadian rhythms, morphogenesis,
embryo development, and senescence (Dezfulian et al.
2012; Jia et al. 2015; Kim et al. 2013; Li et al. 2016; Moon
et al. 2004; Schumann et al. 2011; Stefanowicz et al. 2015;
Zhang et al. 2015). Mutants of components of the multi-
subunit E3 ligases show broad pleiotropic effects on plant
growth and development (Gray et al. 1999; Liu et al. 2004).
For instance, Liu et al. (2004) demonstrated important roles
for Arabidopsis Skp-like genes (ASKs), ASKI and ASK2,
in plant growth and development through analysis of the
askl ask2 double mutant, which displayed developmen-
tal defects in embryogenesis and seedling growth caused
by alterations in cell division, expansion, and elongation.
In another study, male-sterility in an Arabidopsis mutant
with abnormal microspores was found to be caused by an
insertional mutation in the ASK/ gene (Yang et al. 1999).
Mutations in AXR6, which encodes the SCF subunit CULI,
caused auxin-related defects throughout the plant life cycle
(Hellmann et al. 2003). Taking these observations into
account, the observed sy-2 mutant phenotype might be due
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to defects in the F-box genes and/or the impairment of their
interaction with other SCF complex proteins. Furthermore,
proteasome-mediated protein degradation plays a cru-
cial role in plant adaptation to environmental changes and
maintenance of homeostasis by degrading transcriptional
activators or repressor proteins to regulate gene expression
(Smalle and Vierstra 2004; Yan et al. 2013). Our study doc-
umented that the altered expression of many genes involved
in biological processes, such as cellular process, response
to stimulus, and response to stress, is associated with the
pepper leaf abnormal phenotype under low temperature.
This altered gene expression may be due to changes in pro-
teasome-mediated protein degradation.

ORFI10 and ORF20 were predicted to encode F-box
proteins containing C-terminal kelch repeats with a high
degree of conservation with other F-box/kelch proteins
from plants (Fig. S2). Two amino acid changes were
observed within the kelch repeats containing domain of the
ORFI10 gene from ‘sy-2” mutant plants, which could affect
protein—protein interactions (Jain et al. 2007; Schumann
et al. 2011; Xu et al. 2009). Ubiquitination is a posttrans-
lational modification process that mediates many aspects
of plant growth and development (Lee and Kim 2011; Lyz-
enga and Stone 2012). Typically, substrate recognition by
ubiquitin ligases requires an initial substrate modification
through phosphorylation; F-box proteins recruit phospho-
rylated substrates to the SCF complex for ubiquitination
(Skaar et al. 2013). However, it is possible that SCF can
also be regulated through phosphorylation of the F-box
protein itself (Kato et al. 2010; Santra et al. 2009). The
mutation in the ORF20-encoded protein causes an amino
acid change from S to K, raising the possibility that it may
affect the phosphorylation status of the protein, its subse-
quent binding of the substrate to the SCF complex, and its
ultimate degradation via the proteasome (Kato et al. 2010;
Santra et al. 2009). Identification and validation of pro-
tein—protein interaction and regulatory sites are essential
for understanding their functional consequences. Based on
previous observations and those presented here, we suggest
that the F-box genes ORF10 and ORF20 are the most likely
candidates for the cold-sensitive sy-2 gene and are associ-
ated with abiotic stress responses in pepper. Further func-
tional analysis of the ORF10 and ORF20 genes will help to
unravel the molecular mechanism responsible for the sy-2
cold temperature growth phenotype.

In summary, in this study, a genetic and physical map
of the temperature sensitivity gene sy-2 was constructed
to identify the candidate gene for temperature sensitiv-
ity. Two putative F-box genes found in the sy-2 region
were considered strong candidates for the sy-2 locus. ‘sy-
2’ plants exhibited abnormal phenotypes when exposed
to low temperature (20 °C) and showed lower expression
levels of these F-box genes than wild-type plants, even at
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28 °C, suggesting their function in growth and develop-
ment under low temperature exposure. Recently, there has
been remarkable progress in understanding the ubiquitin—
proteasome system and their roles in cellular processes.
Biochemical and molecular studies have shown that these
proteins can form complexes or supercomplexes to regulate
the degradation of different cellular proteins. Therefore, we
hypothesize that the sy-2 candidate F-box proteins and their
interacting protein partners may serve an important role in
plant growth and development under low temperature con-
ditions. Further functional characterization of these F-box
genes is warranted to resolve the molecular and physiologi-
cal mechanisms of temperature sensitivity, and provide a
basis for engineering temperature tolerance in plant species
being cultivated in marginal climates. Furthermore, find-
ings and resources generated herein will greatly facilitate
marker-assisted selection for cold tolerance in pepper.
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