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Abstract  Cyclophilins (CYPs) are highly conserved ubiquitous
proteins belong to the peptidyl prolyl cis/trans isomerase
(PPIase) superfamily. These proteins are present in a wide
range of organisms; they contain a highly conserved peptidyl-
prolyl cis/trans isomerase domain. A comprehensive database
survey identified a total of 35 genes localized in all cellular
compartments of Solanum lycopersicum L., but largely in
the cytosol. Sequence alignment and conserved motif
analyses of the SICYP proteins revealed a highly conserved
CLD motif. Evolutionary analysis predicted the clustering of
a large number of gene pairs with high sequence similarity.
Expression analysis using the RNA-Seq data showed that the
majority of the SICYP genes were highly expressed in
mature leaves and blooming flowers, compared with their
expression in other organs. This study provides a basis for
the functional characterization of individual CYP genes in
the future to elucidate their role(s) in protein refolding and
long-distance signaling in tomatoes and in plant biology, in
general.
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Introduction

Cyclophilins (CYPs), are highly conserved ubiquitous proteins
found in all types of living organism including bacteria,
fungi, mammals, plants and insects (Galat 1999). Cycl-
ophilin was first identified in 1984 as a receptor of drug
cyclosporin A in mammalian cells (Handschumacher et al.
1984). In plant, the CYP cDNA sequences were first identified
from tomato, maize and oilseed rape (Gasser et al. 1990).
Cyclophilins together with FK506-binding proteins (FKBPs)
and parvulin-like proteins belong to a subgroup of protein
called immunophilins (Lescot et al. 2002). CYPs, FKBPs
and parvulin-like protein carry out the peptidyl prolyl
cis-trans activity (PPlase) but they show dissimilarity in
sequence and structure. Cyclophilins and FKBPs bind to
the drug cyclosporin A (CsA) and FK506 (tacrolimus),
and rapamycin respectively whereas parvulins bind to
juglone (Grebe et al. 2000; Wang and Heitman 2005).
Since the cells do not produce these drug naturally, therefore
these drug treatment have clinical but no physiological
relevance (Barik 2006). Based on the presence of types of
domain, cyclophilins are classified as a member of the
single PPlase group or protein groups with cyclophilin-like
domain (CLD) and multidomain (MD) cyclophilin contain
several functional domains such as RRM, Zinc Finger,
internal repeats domain (RPT), tetratricopeptide repeat (TPR),
WD40 and, coiled-coil domain (CCD) along with CLD
(Stangeland et al. 2005).

CYPs are a prominent and abundant class of proteins
involved in various fundamental biological process including
signalling, protein folding, trafficking, transcription, RNA-
binding, apoptosis, pathogen and plant stress responses
(Allain et al. 1994; Anderson et al. 2002; Aumiiller et al.
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2010; Baker et al. 1994; Brazin et al. 2002; Bukrinsky
2002; Dubourg et al. 2004; Jing et al. 2015; Kern et al.
1995; Klappa et al. 1995; Krzywicka et al. 2001; Li et al.
2007; Lin and Lechleiter 2002; Pogorelko et al. 2014;
Schiene-Fischer and Yu 2001; Zander et al. 2003). Rice
OsCYP2 participate in auxin signaling pathways by
interacting with a zinc finger protein (OsZEP) that controls
lateral root development (Cui et al. 2017). Soybean GmCYP1
interacts with GmMYBI176, an isoflavonoid regulator
which is stimulated by several abiotic stresses (Mainali et
al. 2017). Two cyclophilin genes ROCI-1 and ROCI-2 of
Brassica rapa related to light induction response (Yan et
al. 2018). CYPs in Arabidopsis showed important roles in
different cellular pathways; AtCYP59 coupled with RNA
polymerase /I control transcription and pre-mRNA processing,
AtCYP20-3 is sensitive to oxidative stress; and AtCYP40
mutant reduces the number of juvinile leaves without
making any change in inflorescence and flowering time etc.
(Deng et al. 1998; GULLEROVA et al. 2006). Cyclophilins
have been identified variable in numbers in different crops
through comparative genomics approach. There are 29
members of cyclophilins in Arabidopsis (Li et al. 2007),
27 in rice (Li et al. 2007), 23 in Chlamydomonas (Li et
al. 2007), 8 in Saccharomyces cerevisiae (Arévalo-Rodriguez
and Heitman 2005), 16 in Caenorhabditis elegans, 11 in
Aspergillus nidulans (Pemberton 2006) and 24 in humans
(Galat 2003). In general, the plants contain higher number
of cyclophilins compared to other eukaryotes, specially
soybean crop is reported to bear the highest 62 members
(Mainali et al. 2014).

Genome-wide studies of cyclophilin gene family in
various species help understand the evolution and function
of this gene family. However, comprehensive genome-wide
characterization of this gene family has completed only in
a few plant species including Arabidopsis, rice, soybean,
cotton, Brassica etc. Tomato is an economically important
vegetable and model fruit plant for genetic and molecular
studies. Despite an earlier evidence of the existence of
cyclophilins in the cDNA sequences, none of the later
studies explored this family genes in tomato (Gasser et al.
1990). The present study was therefore conducted the
genome-wide identification and characterization of cyclophilin
gene family in tomato and compared their phylogenetic
relatedness with other plant species. A detailed analysis on
conserved domain architecture, genome structure, motif
analysis, syntenic relationships, subcellular localization,
comparative phylogenetic analysis and RNA-seq data
analysis provide an in depth insight into the functional
diversity of cyclophilin gene family in solanaceous crops.

Materials and Methods

Sequence analysis

Tomato cyclophilin genes and corresponding protein sequences
were searched from Sol Genomics Network (SGN) (http://
solgenomics.net/) database using “cyclophilin” as query.
Preliminary 37 CYP genes were identified using BLASTP
and TBLASTN algorithms techniques that matched with
cyclophilin gene sequences of Arabidopsis. Finally, 35 genes
were identified using HMM (Hidden Markov Model) profile
of the PPlase domain (PF00160) from the Pfam website
(http://pfam.xfam.org/) and was used as the query to identify
all possible cyclophilin-like sequences with HMMER software
(http://hmmer.org) considering the E-value <1E-5. The
cyclophilin gene sequences of Arabidopsis and rice were
obtained from TAIR (https://www.arabidopsis.org/), and
TIGR-Rice Genome Annotation Project (http:/rice.plantbiology.
msu.edw/), respectively. The maize cyclophilin gene sequences
were obtained from maize genome database (http://www.
maizesequence.org/index.html). Soybean cyclophilin gene
sequences were obtained from Phytozome v11.0 (http://
www.phytozome.net/) and B. napus cyclophilin gene sequences
were from Hanhart ef al. 2017. The presence of CLD and
potential additional domains of all identified proteins were
analyzed using NCBI domain search tool (https://www.ncbi.
nlm.nih.gov/Structure/cdd/wrpsb.cgi) and hmmer algorithms
(https://prosite.expasy.org/scanprosite/) tool. The protein
length, molecular weight and isoelectric point were determined
by the Expasy-Protopram (https://web.expasy.org/protparamy/)
web tool. Subcellular localization was predicted by CELLO
v.2.5: sub cellular localization predictor (http://cello.life.nctu.
edu.tw/). ORF finder (https://www.bioinformatics.org/sms2
Jorf_find.html) was employed to analyze open reading frames
(ORFs). The Arabidopsis thaliana homologs for the indi-
vidual SICYPs were identified using SICYPs amino acid
sequences as queries for a BLAST search on UniProtKB
(https://www.uniprot.org/). GSDS (http://gsds.cbi.pku.edu.cn/)
and MEME (http://memesuite.org/) web tools were used to
analyze the exon/intron structures and motif distribution of
cyclophilin gene family respectively.

Sequence alignment and phylogenetic analysis

Protein sequences were aligned using Genedoc (http:/www.
nrbsc.org/gfx/genedoc/ebinet.htm) multiple sequence alignment
tool. The phylogenetic tree was calculated by using the
multiple alignment from ClustalOmega, and subsequently
processed with MEGA 6.0 in the Neighbor-Joining (NJ)
algorithm method (Tamura et al. 2013).
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Chromosomal localization and gene duplication analysis

Start and end positions of cyclophilin genes were identified
using the SGN database (https://solgenomics.net/) and their
positions along the 12 chromosomes were mapped using
the MapGene2Chromosome2 (http://mg2c.iask.in/). Any
segmental or tandem duplication of tomato cyclophillin
genes were analyzed using NCBI BLAST search tool (https://
blast.ncbi.nlm.nih.gov/Blast.cgi) based on the query coverage
percentage and identity of each gene according to Kong et
al. (2013) and Wang et al. (2010), respectively (Kong et
al. 2013; Wang et al. 2010).

Synteny relationships of cyclophilin genes

Synteny analysis of cyclophilin genes between tomato,
potato and Arabidopsis was performed using the MCScanX
tool. TBtools software (Chen et al. 2018) was utilized to
construct a syntenic analysis map. Circos (Krzywinski et
al. 2009) was used to visualize the syntenic relationships
between the genomes. The gene sequences, genome location,
and chromosome length of each cyclophilin gene of
Arabidopsis were downloaded from the TAIR database
(https://www.arabidopsis.org/). Potato cyclophilin gene seque-
nces, genome location and length of individual chromosome
were downloaded from the phytozome database (https:/
phytozome.jgi.doe.gov/pz/portal.html).

Expression profiling using RNA-seq data

The expression of 35 SICYP (species S. pimpinellifolium)
genes was analysed based on RNA-seq data from 12 tissues
available at Tomato Functional Genomics Database (http://
ted.bti.comell.edw/cgi-bin/TFGD/digital/expression.cgi) using
Ilumina RNA-seq RPKM values. The types of tissue include-
developing organs of seeds (cotyledon, hypocotyl), vegetative
organs (roots, young leaves, mature leaves, and vegetative
meristem), reproductive organs (young floral bud, flowers
at anthesis) and fruits (developing fruit at 10 and 20 days
post anthesis and ripening fruit). Heatmaps of normalized
expression values of SICYP genes of tomato were generated
using the online tool Heatmapper (http://www.heatmapper.
ca/expression/).

Interaction network of SICYP proteins
String web-based software (https://string-db.org/) was used

to predict the protein interactions of tomato cyclophilin
proteins and the Arabidopsis cyclophilin proteins. The

tomato cyclophilin proteins corresponded with the Arabidopsis
tomato cyclophilin are enlisted below the Arabidopsis
cyclophilin proteins in figure. The online program ran
with default parameters.

Results

Identification of cyclophilins in tomato genome

A total of 37 tomato cyclophilin sequences syntenic to A.
thaliana CYPs were identified in tomato genome database
by BLASTp search. Finally, 35 sequences were selected
for subsequent analysis like domain search, homology
analysis with Arabidopsis etc. The identified 35 tomato
cyclophilin genes were named following Romano et al.
(2004) and He et al. (2004) based on the relative molecular
weight (He et al. 2004; Romano et al. 2004). Thus, the proteins
having comparatively similar molecular weights were num-
bered chronologically. Exception was Solyc01g111170.2.1
that was previously named as SICYP1 which is a potential
mutant of diageotropica gene (dgt-SICypI) (Oh et al.
2006). But following the naming method of AtCYPs by
(He et al. 2004; Romano et al. 2004) the sequence was
named as SICYP5-3, in the study (He et al. 2004; Romano
et al. 2004). The length of SICYP proteins ranged between
61 and 809 amino acids with molecular weight ranging
between 7.169 and 91.028 kDa (Table 1). The isoelectric
point ranged from 4.72 to 11.59 indicating that tomato
cyclophilin proteins are both acidic and basic in nature.
Out of the 35 SICYPs, 16 proteins are predicted to be
localized in cytoplasm and 10 in nucleus (Table 1). The
remaining proteins are predicted to be localized in
mitochondria, chloroplast and extracellular tissues. Unlike
Arabidopsis and rice, the SICYPs were localized neither in
endoplasmic reticulum nor in plasma membrane (Table 1).

Cyclophilin-like domain (CLD)

CLDs are highly conserved among the members of
Cyclophilin. Majority of the identified sequences have full
length CLDs but some of the CYPs (e.g. SICYPI1, SICYP2,
and SICYP3) contained partial CLDs, missing one or two
essential residues or complete secondary structure and thus
might be lacking PPlase activity (Fig. 1).

Figure 1 represents the conserved sequence of all
identified tomato CLDs. CLD sequences of SICYP aligned
with the secondary structure of human cyclophilin A
(hCYPA) as an external reference (Fig. 1). The hCYPA
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Fig. 1 Multiple alignment of the CLD sequences of the members of the CYP family in tomatoes with those of human CYPA
(hCYPA) (whole protein sequences were cropped to the predicted CLD sequence). Conserved residues are highlighted; the yellow
box indicates the amino acids of the VXGXV motif discovered in Arabidopsis CYPs; the red box indicates the amino acids important
for PPlase activity; the blue box indicates the amino acids required for binding with CsA (Cyclosporin A) . The backgrounds indicate
the percentage of amino acid similarity: black, 100%; dark gray, 80%; light gray, 60%

often referred to as the “archetypal” CYP consists of a (3
-barrel (eight antiparallel strands, (31 - [38) and two a

-helices (on the top and

Amino acid residues present in the structure are highly

conserved and important

in the conserved regions denote insertions in individual
residues of this family Exceptional insertion and deletion
of amino acids were observed in plant CYPs in this study

(Fig. 1, Supplementary Fig. 1).

Amino acid insertions

observed in SICYPS8-1, SICYP8-1, SICYP9-1, SICYP16-1,
SICYP16-2, SICYP23, SICYP24 in between a-helix-I and
(3-sheet-III (Fig. 1). Within the (3-V and [(3-VI junction,
SICYP12, SICYP14, SICYP15, and SICYP18-1 possessed

bottom), respectively (Fig. 1).

for CYP function whereas gaps

from 8 to 11 molecules were

3-10 amino acids insertion. Romano et al. (2004) described
the additional insertion of amino acids between a -helix-I
and [3-sheet-III, where 8 to 11 amino acids were inserted
in several AtCYPs (Romano et al. 2004). Deletion of
amino acids was also observed in some cases, for
example- SICYP12, SICYP14, SICYP15, and SICYP24
showed this deletion (Fig. 1).

The amino acid residues that are essential for structure
and function of CYP are highly conserved in hCYPA and
other species. Among the conserved essential amino acids
W121 (W158 in Fig. 1) was present in the 11 out of 35
SICYP proteins. Further, R55 (R67 in Fig. 1), F60 (F72
in Fig. 1), H126 (H117 in Fig. 1) are the other highly
conserved fundamental amino acids were present in 18,
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Fig. 2 Domain architecture of the tomato cyclophilin proteins. The beginning and ending amino acids number of each protein are
shown at each end of the diagram. The cyclophilin domains are represented by grey boxes. The other functional domains, such as
tetratricopeptide repeats (TPRs), RRM (RNA recognition motif)/ PAN A, WDA40 (tryptophan-aspartate repeat), PRK12668, and
Ring RIN, are indicated separately. The numbers above the boxes denote the positions of amino acids in the functional domains

22, 14 SLCYP proteins, respectively (Fig. 1). Another
conserved motif VXGXV reported to be highly conserved
in all AtCYP proteins. A total of 17 SICYP proteins out
of 35 contained this important VXGXV motif (Fig. 1).

An alignment of full-length protein sequences of SICYPs
with previously characterized CYPs from several different
plants including human revealed considerable sequence
identity among CYP proteins (Supplementary Fig. 1). The
amino acid residues (arginine (R), phenylalanine (F) and
histidine (H), which correspond to positions -62, -67 and
-133 in AtCypl9-3 that critically essential for PPlase
activity were present in most of the SICYP proteins
(Supplementary Fig. 1). The tryptophan (W121) is required
for CsA binding activity was present in ten SICYPs out
of thirty five (Supplementary Fig. 1). Our observations are
consistent with with previous reports in other species
(Romano et al. 2004).

Homology and domain structure of cyclophilin

Most of the SICYPs (24 out of 35) with a comparatively
lower molecular weight encoded a protein with a single
cyclophilin-like domain (SD) (Fig. 2; Table 1, Supple-
mentary Table 1). The remaining 9 SICYPs with com-
paratively high molecular weight possessed MD i.e., they
contained CLD together with other functional domains,
such as- TPR, RRM SF, PAN A, RING, RIN, WD40 and
zinc finger domains (Fig. 2; Table 1, Supplementary Table
1). While there are mostly two SICYPs homologs
corresponding to each AtCYP with high sequence identity
(80-86%), there are only a few exceptions with only one
corresponding SICYP homolog (Supplementary Table 2).
As for example, SICYP5-1 which is one of the S
lycopersicum homolog of AtCYP18-2 with 93.8% sequence
identity (Supplementary Table 2).
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Fig. 3 Schematic representation of the exon-intron structure of S/CYPs. Exon-intron structures of S/CYPs were analyzed using GSDS
2.0 (http://gsds.cbi.pku.edu.cn/) database. The yellow boxes, green boxes, and lines indicate the exons, UTRs, and introns,
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As shown in Figure 2, the MD CYPs, SICYP16-1 and
SICYP16-2 are characterized by a TPR motif with CLD
(Fig. 2). SICYP16-1 and SICYP16-2 being the homologs of
AtCYP40 showed 68.3 and 76.4 identity, respectively
(Supplementary Table 2). SICYP22 contained a tryptophan-
aspartic acid at the N-terminus and SICYP22 showed 84.3%
sequence identity to its Arabidopsis homolog AtCYP71
(Fig. 2; Supplementary Table 2). Four SICYPs including
SICYP9-2, SICYP13, SICYP17 and SICYP21 contain a
RNA recognition motif (RRM). SICYP21 and corresponding
AtCYP homolog, AtCYP59 are the members containing
an additional zinc finger motif (Fig. 2; Supplementary
Table 2).

Gene structure and motif distribution of cyclophilin

Variable number of exon-intron distribution were observed
among the members of SICYPs. Six SICYPs (SICYPI,
SICYP2, SICYP4, SICYP5-2, SICYP5-3, and SICYP17) had
no intron in their ORF (open reading frame) region.
Variable number of introns were observed in the other 29
SICYPs gene. Intron number varied from 1 to 13, where
SICYP3, SICYP6-2, SICYP6-3, SICYP12, SICYPI3, SICYP14
contained single intron and SICYP2! have the largest
numbers of introns (Fig. 3). Intron size varied consi-
derably among the different SICYP genes ranging from 32

bp (SICYP9-2) to 4678 bp (SICYP19). Similar exon-intron
organization patterns of SICYPs were observed in majority
of cases in the phylogenetic tree such as SICYPII-2,
SICYPI16-1, SICYPI6-2, SICYP5-2, SICYPI17, SICYP3, and
SICYP13 (Supplementary Fig. 1). The putative motif
distribution of SICYP was also analysed to detect potential
conserved motifs of SICYP (Supplementary Fig. 1). The
closely related members in the phylogenetic tree generally
had similar motif composition such as SICYPII-],
SICYP11-3; SICYP5-2, SICYPS5-3; SICYPI6-1, SICYP16-2

(Fig. 4).
Phylogenetic relationships and subcellular localization

Phylogenetic analysis of tomato, Arabidopsis and rice
cyclophilin family members exhibited several clusters of
proteins with high sequence similarity (Fig. 4). Generally
cyclophilin from Arabidopsis and tomato were found to be
more closely related to each other as compared with rice.
Several SICYPs clustered together in pairs with high
bootstrap value with AtCYPs. Often, they possessed the
same supplementary domains, consistent subcellular locali-
zation, and the same AtCYP homolog (Table 1; Fig. 4;
Supplementary Table 1).

However, the bootstrap value of the parent nodes as
well as the nodes of the individual clades was found to
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Fig. 4 Phylogenetic analysis of cyclophilin genes in tomato, rice, and Arabidopsis to analyze the relationship between the cyclophilin

genes in the genomes from these three plants. The phylogenetic
bootstrap replicates

be very low for some members (Fig. 4). According to the
phylogenetic analysis all proteins from tomato, Arabidopsis
and rice were categorized into three clades A, B and C
(Fig. 4). Clades A contained the highest number of SICYP
proteins while no SICYP clustered into clade C (Fig. 4).
Clade A included 24 and clade B contained 11 out of 35
SICYPs (Fig. 4). The phylogenetic analysis also showed
that some of SICYP proteins were found to be more
closely related to those of ArCYP and OsCYP, such as
SICYP24 with AtCYP, SICYPI0 with AtCYP21-1, SICYP14
with ArCYP26-2, SICYP20 with AtCYP65, SICYP9-3 with
AtCYP23-1, SICYP14 with osCYP-1, SICYP22 with OsCYP-22,
SICYP16-2 with OsCYP-8, SICYP19 with OsCYP-3 (Fig. 4).

As previously described for Arabidopsis thaliana homologs
all of the SICYPs except SICYP1 and SICYPIS are
targeted to intercellular organelles. Majority (16 out of 35)
of the SICYPs predicted to be located in cytosol which is
comparable to the subcellular distribution of AtCYPs
where 14 of 29 are either have experimentally proved or
predicted localization in the cytosol (Table 1). Further-
more, 9 SICYPs are predicted to be located in nucleus, 5

tree was constructed using the neighbor-joining method using 1000

in chloroplasts, and 2 in mitochondria (Table 1). None of
the SICYPs are predicted to be located in the endoplsmic
reticulum or golgi or plasma membrane unlike Arabidopsis
and rice CYPs (Trivedi et al. 2012).

Genomic distribution and gene duplication analysis

Genomic distribution of SICYPs revealed that SICYPs are
distributed on 9 out of the 12 chromosomes of Solanum
lycopersicum genome and the gene density per chro-
mosome is unequal (Fig. 5). Chromosome 12 contain the
highest number with 9 SICYP genes while chromosome 03
has only one SICYP gene (Fig. 5). The remaining chro-
mosomes contained between 2 and 6 genes (Fig. 5). Most
of the SICYPs located towards the end of chromosomes
but SICYPI3 and SICYP17 were found closer to the
centromere (Fig. 5). The evolutionary analysis among the
tomato CYPs showed that most of the SICYPs clustered
together in pairs with high sequence homologies.

The duplication analysis of SICYPs showed that two
pairs of genes namely SICYP5-2 and SICYPS5-3, SICYPS-1
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Fig. 5 The chromosomal locations of tomato cyclophilin genes are indicated based on the information provided by the tomato Genome
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and SICYP9-1 originated through segmental duplication
and we did not find any evidence of tandem duplication
event among the SICYP genes (Fig. 5). These results
illustrate that segmental and tandem duplications did not
play important role in the evolution of SICYPs rather these
genes may arose through random insertion events. However,
the A. thaliana homologs of SICYP5-2 and SICYP5-3,
SICYPS-1 and SICYP9-1 are AtCYPI18-4 and AtCYP19-1
which have important role in various activity of plant
growth and pathogen defense predicted the possible function
of these protein in tomato.

Synteny relationships of cyclophilin genes

Microsynteny analysis of 95 cyclophilin genes from tomato,
potato and Arabidopsis showed that there are many syntenic
blocks between tomato, Arabidopsis and potato (Fig. 6).
Among these blocks, 26 tomato cyclophilin genes showed
pairwise synteny with genes of potato genome (red line),
and 25 cyclophilin genes showed pairwise synteny with
genes of Arabidopsis genome (blue line). Additionally, it
has been identified that the 25 tomato cyclophilin genes
have orthologous genes within Arabidopsis and potato
genome simultaneously (Fig. 6).

Expression analysis of SICYP genes

The expression data represents the RNA-seq reads from
various tissues across several stages such as seed develop-
ment (cotyledon, hypocotyl), vegetative (roots, young
leaves, mature leaves, vegetative meristem), reproductive
(young floral bud, anthesis flower) and fruit tissues 10
days post anthesis fruitl (10 DPAL), 10 days post anthesis
fruit2 (10 DPA2), 20 days post anthesis fruit (20 DPA),
ripening fruit (33 DPA)}. The expression pattern indicates
tissue-specific expression of most of the SICYP genes (Fig.
7). Out of the 35 SICYP genes the highest number of 18
genes were expressed in young leaves followed by 17 in
vegetative meristem and 14 in young flower buds,
respectively (Fig. 7). About 10 genes were expressed at
the different stages of fruit development (Fig. 7).

Interaction network of SICYP proteins

Protein interaction network of tomato cyclophilin proteins
was constructed with the Arabidopsis cyclophilin proteins
based on the homologous interaction relationship of
Arabidopsis cyclophilin homologs (Fig. 8). The protein
interaction analysis indicated that several SICYPs (such as
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Fig. 6 Synteny analysis of the cyclophilin genes from tomato, Arabidopsis, and potato. The chromosomes from different species are
depicted as differently colored segments. The syntenic counterparts of the conserved cyclophilin genes between the genomes are
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Fig. 7 Predicted expression analyses of tomato CYP genes. The RNA-seq data for different tissues and developmental stages of the
tomato were obtained from the Tomato Functional Genomics Database (http://ted.bti.cornell.edu/cgi-bin/TFGD/digital/home.cgi) for
heat map generation. The color scale indicates the expression values; the green color indicates low transcript abundance and the red
color indicates high levels of transcript abundance. Cotyl: cotyledon, Hypo: hypocotyl, roots, YL: young leaves, ML: mature leaves,
Meri: vegetative meristem, YFB: young floral bud, ODPA: anthesis flower, 10 DPA1:10 days post anthesis fruitl, 10 DPA2:10 days
post anthesis fruit2, 20 DPA2: 20 days post anthesis fruit, 33 DPA: ripening fruit. The heat map was generated via the online tool
Heatmapper (http://www.heatmapper.ca/expression/) using the clustering method (Complete linkage) and distance measurement method
(Spearman rank correlation)
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SICYP19/SICYP4) were predicted to bear core nodes in
the network, suggested their potential participation in
diverse functions by interacting with other proteins. The
result showed that AT1G26940 (SICYP9-3) interact with
AT3G15520 (SICYP18-1), AT2G38730 (SICYP7), PnslS
(SICYP11-2) and predicted to be had a co-expression
phenomenon. AT2G21130 (SICYP4) was predicted to asso-
ciate with CYP71 (SICYP22) and AT4G17070 (SICYP15)
showing high protein homology (Fig. 8).

Discussion

Cyclophilins are ubiquitous proteins found in a wide range
of organisms those contain the conserved PPlase (peptidyl
prolyl cis-trans isomerase) domain (Gasser et al. 1990). In
this study, all of the 35 identified tomato cyclophilin
proteins have the conserved PPlase domain but considerable
variation was observed in their molecular weight, isoelectric
point as well as sequence at the N and the C-terminal
regions (Wang and Heitman 2005). The amino acid residues
that are essential for structure and function of CYP are
highly conserved in hCYPA. It has been demonstrated
previously that W121 (W158 in Fig. 1) of hCYP is

essential for CsA (Cyclosporin A) binding but that is not
essential for PPlase activity (Peptidyl-prolyl isomerases)
(Liu et al. 1991; Zydowsky et al. 1992). Further, R55
(R67 in Fig. 1), F60 (F72 in Fig. 1), H126 (H117 in Fig.
1) are the highly conserved fundamental amino acids for
the PPlase activity of hCYPA (Zydowsky et al. 1992).
Since some of the SICYPs proteins did not have all of
these three essential amino acids therefore their functional
mechanism on PPlase activity is a subject of further
investigation. The cyclophilin proteins exhibited a huge
diversity at the N and the C-terminal region of protein
sequences whereas the amino and carboxyl terminal ends
were most divergent (Supplementary Fig. 1). Most con-
served sequence was seen at the central position with
highly conserved PPlase domain supporting an observation
made previously (Wang and Heitman 2005).
Cyclophilins are grouped as both single-domain (SD)
and multi-domain (MD) forms based on the presenence of
domain within the protein (He et al. 2004). Other than the
cyclophilin domain (SD), several tomato cyclophilin
possessed additional domains (MD) those are involved in
mRNA splicing, RNA stabilization and processing and cell
morphogenesis. It has been demonstrated that AtCYP18-2
is involved in the regulation of pre-mRNA splicing and
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because of the high homology its tomato homolog
SICYP6-1 might play a similar role in the nucleus of
tomato cell (Romano et al. 2004). TPR motifs mediate
protein-protein interactions and help in the assembly of
multi-protein complexes (Blatch and Lissle 1999). AtCYP40
with its TPR motif forms a complex with small RNA
duplex-bound AGO1 (ARGONAUTE family proteinl) and
HSP90 (heat shock protein 90) (Earley and Poethig 2011,
Iki et al. 2012). The complex of AtCYP40 and HSP90-
bound AGO1 plays a unique and important role in the
assembly of plant RISC (RNA-induced silencing complex)
where the activity of CYP40-HSP90 complex that
facilitate RISC assembly is conserved between different
species. Therefore, a similar function can be expected for
the AtCYP40 homolog SICYP16-1 and SICYP16-2.
WD40 usually developes a four stranded anti-parallel (3
-sheet and multiple copies of those sheets build a circular
(3-propeller structure promoting protein-protein interactions.
SICYP22 showed 84.3% sequence identity to its Arabidopsis
homolog AtCYP71. AtCYP71 that bears a WD40 domain
and locates in the nucleus, is involved in the regulation of
gene expression and organogenesis. The WD40 domain
enables AtCYP71 to interact with the chromatin histone
H3 that affect the level of histone methylation (Li et al.
2007). Besides, AtCYP71 also interact with FASCIATALI
(a subunit of Chromatin Assembly Factor-1) and LHP1
(Like Heterochromatin Proteinl), indicating the involvement
of AtCYP71 in histone modification and chromatin
assembly (Li and Luan 2011). Thus, a similar function for
the highly identical CYP SICYP22 can be assumed.
The group of proteins that encoded an RRM in addition
to the CLD is called cyclophilin-RNA interacting protein
(CRIP) (Krzywicka et al. 2001). SICYP9-2, SICYP13,
SICYP17 and SICYP21 contain a RNA recognition motif
(RRM) in addition to CLD. Furthermore, AtCYP59 in A
thaliana, homologs to those four SICYPs also found in the
genomes of Drosophila melanogaster, Paramecium tetraurelia,
Schizosaccharomyces pombe, Homo sapiens and Caenorhabditis
elegans (Krzywicka et al. 2001). AtCYP59 affects trans-
cription by interacting with the CTD (C-terminal domain)
of the largest subunit of RNA polymerase II and thus
influences the phosphorylation of the CTD (Aumiiller et
al. 2010). Additionally, binding of specific RNAs prevent
the PPlase activity of AtCyp59 which might modulate the
activity of RNA polymerase II (Aumiller et al. 2010).
Therefore, it is suggested that AtCYP59 might have an
important function in pre-mRNA processing and trans-
cription regulation. The similar function can be speculated
for the four SICYPs bearing a RRM, since similar domain

structures exist in the corresponding A. thaliana homologs.

Intron is a major component of eukaryotic genomes and
there is a correlation of intron size and genome size
suggesting the possible evolution of some component of
genome size within genes (McLysaght et al. 2000). It has
also been found that intron size varies substantially
between species, within species, among different genes
even within a single gene which may reflect different
functional properties they possess for the evolution of
genomic and phenotypic traits (Zhang and Edwards 2012).
Intron size varied considerably among the different SICYP
genes indicating their potential role in the evolution and
function of tomato. Moreover, similar exon-intron organi-
zation patterns of SICYPs were observed in majority of
cases in the phylogenetic tree such as SICYPI1-2, SICYPI6-1,
SICYP16-2, SICYPS-2, SICYP17, SICYP3, SICYPI3 suggesting
that there is a high conservation in the evolutionary process.

The putative motif distribution of SICYP was also
analysed to detect potential conserved motifs of SICYP
(Supplementary Fig. 1). The closely related members in
the phylogenetic tree generally had similar motif comp-
osition such as SICYPI1-1, SICYP11-3; SICYP5-2, SICYPS5-3;
SICYP16-1, SICYPI6-2 suggesting that there might have
functional similarities among the SICYPs (Fig. 4). However,
different motif composition was also observed among the
closely related members in phylogenetic tree indicating the
structural divergence of SICYP genes.

The phylogenetic analysis showed that the three clades
included genes from both monocotyledons and dicotyledons
indicated that the CYP is an ancient gene family originated
before the divergence between the monocotyledon (rice)
and dicotyledon (Arabidopsis and tomato) plants. Close
clustering of tomato and Arabidopsis cyclophilins with
high bootstrap value suggesting their close evolutionary
relation. However, the bootstrap value of the parent nodes
as well as the nodes of the individual clades was found
to be very low for some members, possibly indicating a
high sequence dissimilarity in the proteins. Since the plant
kingdom arise from a common ancestor, the sequence
dissimilarity among the tomato and rice CYPs may be due
to differential selection process on the two plant species.
However, the close clustering of some of the SICYPs with
those of Arabidopsis and rice homologs indicated that
these SICYP proteins may have the same or similar
functions in tomato to those in Arabidopsis and/or rice.

Microsynteny analysis can be used to speculate the
location of both orthologous genes and paralogous genes
based on the whole-genome data of different species (Cao
et al. 2016; Lin et al. 2014). These results speculated that
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cyclophilin genes might have evolved from the common
ancestor in various plant species. Genome comparison
using orthologous genes from well-studied plant species
may provide a valuable clue for the newly identified genes
(Koonin 2005). Arabidopsis thaliana is widely used as a
model plant and many cyclophilin genes have been
functionally well characterized in Arabidopsis. The high
number of orthologous gene pairs between tomato and
Arabidopsis speculated that the genes may share a common
ancestor and their functions could be conserved during
evolution. However, additional research is needed to deter-
mine the specific function of each of the individual gene.

RNAseq expression analysis of the tomato cyclophilin
gene families revealed distinct tissue-specific expression
pattern where majority of the SICYPs (51%) were expressed
in the young leaves (Fig. 7). Furthermore, several chloro-
plastic protein SICYP11-2, SICYP14, SICYP18-1, SICYP18-2
were the most abundant CYP proteins in young leaf tissue
suggesting their possible involvement in photosynthesis
(Mainali et al. 2014). Expression of several SICYP genes
at the different stages of fruit suggesting their possible
involvement in fruit development. Recently, emerging
evidences have revealed the involvement of CYPs in
organismal development and growth in plants (He et al.
2004; Romano et al. 2004; Vasudevan et al. 2015).
Several studies have unveiled the putative roles of
AtCYPs in a wide range of cellular processes including
photosynthetic and hormone signaling pathways, trans-
criptional regulation, organogenesis, stress adaptation and
defense responses (Vasudevan et al. 2015).

The role of cyclophilins in the regulation of different
aspects of plant growth and development has been demon-
strated by various recent studies. AtCYP19-1 (ROC3) was
implicated in seed development, AtCYP71, resulted in
compromised lateral organ formation and apical meristem
activity, AtCYP40 was identified as a regulator of vegetative
growth in Arabidopsis. (Grebe et al. 2000; Li et al. 2007;
Stangeland et al. 2005). Several SICYP proteins interact
with AtCYP proteins with high sequence similarity and
these interactions indicated that SICYP proteins might be
involved in plant growth and development.

Conclusions

The present study performed a genome-wide identification
of CYPs in an important vegetable crop S. Jcopersicum.
Conserved CLD domain analysis, sequence alignment and
sequence similarity searches with known Arabidopsis and
rice CYPs identified a total of 35 CYP-coding genes, most

of them are single-domain in nature. Subsequently, a com-
prehensive phylogeny, conserved motifs and localization
analysis and expression analysis explained their function
attributes. The results of the study provide a valuable
resource for future investigation focusing the functional
characterization of SICYP genes in order to utilize them
for crop improvement.
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