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Comparative analysis of Cf-4 and Cf-19 in tomato (Solanum lycopersicum) —
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ABSTRACT

Tomatoes (Solanum lycopersicum L.), a model fruit crop, are largely affected by leaf mould disease, caused by
an Ascomycete (Cladosporium fulvum) leading to significant economic loss across the globe. Though many R genes
corresponding to this disease, viz. Cf-2, Cf-4, Cf-5, Cf-6, Cf-9 and Cf-19 are reported but such studies are confined to
genomic level rather than proteomic level. Since host parasite interaction occurs at protein level thus in the present
study, attempt has been made to carry out the studies of these R genes at proteomic level. Protein sequences of Cf-4
and Cf-19 genes were used for sequence analysis by Conserved Domain Database followed by construction of their
three-dimensional models using Modeller. The obtained models were further validated and finalized protein models of
both the genes were compared with the help of DALI Server. The present study revealed that there was 89% sequence
identity between these proteins whereas they were confined to 78% only at structural level. Model generated from the
present study can be used in interaction studies between Cf-4 and Cf-19 and their corresponding avirulence (Avr) protein.
Such study would lead to better understanding of genetic basis of susceptibility of the tomato plants to the invading
pathogen. This can also help in establishing them as putative candidate gene, which are desirable in development of
disease resistant tomato varieties, combating pathogen attack in endeavour of tomato improvement program.
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Tomato (Solanum lycopersicum L.) is the one second
most important vegetable crop in the world (Bhattarai ez al.
2016). Due to its importance and consumption in various
different forms, its production must be enhanced to feed
the growing population. Various environmental factor, viz.
biotic as well as abiotic, determine its production. It has been
revealed that, there is about 162 million tonnes of production
on 4.8 million harvested land area (FAOSTAT 2014). Every
year there is a significant loss in its production due to both
biotic as well as abiotic stress. There are about 200 disease
that have been reported in tomatoes. Leaf mould is one of
the most disastrous foliar diseases of field tomatoes under
humid conditions (Veloukas et al. 2007) and believed to
originate from South America. It is caused by Cladosporium
fulvum which is a biotrophic fungal pathogen and was first
described by M C Cooke (1883) on leaf samples sent from
South Carolina (van Esse et al. 2007, Cooke 1883, Oliver
et al. 2000). Cladosporium fulvum belongs to the class of
fungi called imperfecti (also known as Deuteromycetes).
Asexual conidia are produced on single condiospores by
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this fungus which lacks fruiting bodies (Joosten and de Wit.
1999). Lycopersicon genus acts as a host for this pathogen.
Many Lycopersicon species are resistant to this pathogen
but cultivated tomato (i.e. Lycopersicon esculentum) is
susceptible. This fungus attaches itself to leaf but it can also
attack stem, flowers as well as fruits (Butler and Jones 1949).
The disease decreases the fruit quality and yield and can
even lead to death of the tomato plant. During compatible
interactions, between susceptible tomato plant and C. fulvum
pathogen, the fungal spores attaches the abaxial surface of
the leaves and enter the leaf through stomata. Later hypha
emerges through stomata and from there it continues to
grow and arborize, thus leading to the death of the infected
cells (Hammond-Kosack and Jones 1884).

Resistance against C. fulvum is administered by gene-
for-gene relationship which was given by Flor (1942)
and Oort (1944). When the avirulence (Avr) proteins are
released by the pathogen against the tomato plant, the
resistant genes (R-genes) of the plant steers the activation
of defense cascade which finally leads to hypersensitivity
response and host immunity (Kruije et al. 2005). Plant
pathogen interactions have been studied between Avr gene
of C. fulvum and the R-genes of the tomato (Cf genes) (van
Esse et al. 2009). Various Cf genes of tomatoes against Avr
genes have also been cloned, that include Cf-2, Cf-4, Cf-
5, Cf~9 and Cf-19 (Dixon et al. 1996, Dixon et al. 1998,
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Grushtskaia et al. 2007, Jones et al. 1994, Takken et al.
1998, Thomas et al. 1997 and Zhao et al. 2016). Cf genes
encode membrane anchored proteins largely composed of
extracytoplasmic Leucine rich repeats (LRRs). Xa21 gene
of rice contain component similar to both P to and Cf'genes
which encode transmembrane receptor like protein kinase
with 23 extracellular LRR (Song et al. 1995, Dickinson et al.
1992). Studies reveal that Cf-4 and Cf-9 genes are located
on chromosome 1, whereas Cf-2 and Cf-5 are located on
Chromosome 6 of tomato (Dickinson ef al. 1992). As far as
Cf-19 gene is concerned, its loci have been mapped on short
arm of chromosome 1 (Zhao et al. 2016). It has also been
reported that Cf-loci recognizes the Extracellular proteins
(Ecps) released by C. fulvum (de Kock et al. 2005, Laugé
et al. 1998). Though tomatoes have developed Cf-mediated
pathways to recognize effector proteins secreted by C.
Sfulvum and protect the plant from being infected, but then
also effector genes are able to express during colonization in
the host plant (Joosten et al. 1997, de Wit 1992, Thomma et
al. 2006, Ackerveken ef al. 1994 and van Kan ef al. 1991).
So, there is a requirement to develop more mould-resistant
varieties of tomato.

Although lot of genomic information is available for
the Cf genes but there is no information at proteomic level.
Moreover, three-dimensional structural information has also
not been reported yet. In our present study, two Cf'genes, viz.
Cf-4 and Cf-19 were studied at sequence
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etal 2012, Razali et al. 2014, Rawat et al. 2014 and Jha et
al. 2014). Total ten models were constructed with Modeller,
which were further validated with the help of PROCHECK.
This software provides the check of stereochemical
properties of a protein structure by analyzing residue by
residue and overall structure geometry (Laskowski et
al. 1993). Later RAMPAGE was used for producing the
Ramachandra plots for both the proteins (http://mordred.
bioc.cam.ac.uk/~rapper/rampage.php) (Lovell et al. 2003).

The finalized models were further compared with the
help of DALI server (http://ekhidna.biocenter.helsinki.
fi/dali_lite/start). This server checks whether conserved
residues leads to multiple structural alignments (Holm 2010).
The 3D structures of Cf-4 and Cf-19 were superimposed
via Chimera software. Chimera is a software package with
basic functions of docking, alignment and visualization of
the biomolecules (Pettersen et al. 2004). Apart from the
structural comparison, pockets for both the proteins were
computed with CASTp server (http:/sts.bioe.uic.edu/castp/)
and then the results were compared (Binkowski et al. 2003).

RESULTS AND DISCUSSION

Sequence retrieval and its analysis
Proteins are the biological and functional units which
coordinate for proper functioning of the body (Lesk 2001),

level as well at structural level. p—

Expect Method
1506 bits(3899) 0.0

Identities Positives Gaps
Compositional matrix adjust. 767/865(89%) 796/865(92%) 11/865(1%)

MATERIALS AND METHODS

Cf-4—0uery 1 HGCVKLVFFMLWFLFQLVSSSSl.PHLcPEDQALALLQFKNMFTVNPMAFHYCPDITGRE 69
) ) ) : MGCVKL+FFMLYVFLFQLV5S55LPHLCPEDQALALLOFKHMET+NPNA +Y
To fulfill the desired aim, the Cf-193sbict 1 MGCVKLIFFMLWFLFQLVSSSSLPHLCPEDQALALLQFKNHFTINPNASNYCYD »»»»» 55
. Query 61  IQSYPRTLSHNKSTSCCSWDGVHCDETTGOVVELDLRCSQLOGKFHSNSSLFOLSNLKRL 120
protein sequences of Cf-4 and Cf-19 & RTLSHNKSTSCCSHDGVHCDETTGOV+ELDL CSQLQGKFHSNSSLFQLSNLKRL
. . Sbjct 56  ----RRTLSWNKSTSCCSWDGVHCDETTGQVIELDLGCSQLOGKFHSNSSLFQLSNLKRL 111
genes were obtained from NCBI-Protein
htt // b 1 h / t . / Query 121 3II:§Y$;¥§§L%§§§FEK;§5IEREII:DLSHSSFTGVIPSEISHLSKLWLRISLN-ELTLG 179
. j+| DLS S+FTGVIPSEISHLSKL+VLRIS +L+LG
(https:/www.ncbi.nlm.nih.gov/protein/) Sbjct 112 DLSSNDFTGSPISPKFGEFSDLTHLDLSDSNFTGVIPSEISHLSKLHVLRISDQYKLSLG 171
(McEntyre and Ostell 2002). Both the Query 180 PHNFELLLKNLTOLRELOLESTNISSTIPSESSHLTNLRLPYTELRGULPERVEHLSOL 239
. S
sequences were compared with the Sbjct 172 PHNFELLLKMLTOLRELHLESVNISSTIPSNFSFHLTNLRLSYTELRGVLPERVFHLSNL 231
help of Blastp program available at Query 240 EFLHLSCNPOLTVRFPTTKUNSSASLMKLYVDSVNIADRIPESFSHLTSLHELDMGYTNL 209
% E L LS NPQLTVRFPTT WNSSASL+KLY+ VNIA IP+SFS+LT+LHELDM YTHNL
NCBI (Altschul er al. 1990). These Sbjct 232 ELLDLSYNPGLTVRFPTTINNSSASLVKLYLSRVNIAGNIPDSFSYLTALHELDMVYTNL 291
sequences were further used to find Query 300 SGPIPKPLINLINIESLFLODNHLEGPPOLEREEKLKNLSLOVMILHGGLEFLSENRSH 359
Out the domalns pl‘esent 11’1 them ThlS Sbjet 292 SGPIPKPLWMLTNIESLDLDYNHLEGPIPQLPIFEKLKSLTLGNNMLDGGLEFLSFNRSH 351
.. . . ) Query 360 TQLKILYFSSNVLTGPIPSNVSGLRNLOSLYLSSNNLNGTIPSWIFSLPSLIVLDLSHNT 419
domain identification was performed  T5% 0 b CER GatRIEH MBI PR O oy
. . als
Db Oy 2 Gobne et ey O ST BN e )
. e 7
Database (CDD), a database that is used Sbjct 412 FSGKIQEFKSKTLSIVTLKQNQLKGPIPNSLLNGESLQFLLLSHNNISGHISSSICNLKI 471
tO mlne the funCthl’lal unltS ln the I'Otell’l ery 489 LIVLDLGSNNLEGTIPQCVGERMEYLLDLDLSNNRLSGTINTTFSVGNSLRVISLHGNKL 539
p Qﬁ 2 L-I-VLDLGSNNLEGTIPQCV ERMEYL LDLSNNRLSGTINTTFS+GNS R ISLHGNKL
sequences (Marchler-Bauer etal. 2017)_ Sbjct 472  LMVLDLGSNMLEGTIPGCVVERMEYLSHLDLSNNRLSGTINTTFSIGNSFRAISLHGNKL 531
1 1 10— Query 549 TGKVPRSLIMCKYLTLLDLGNNMLNDTFPNVILGYLSQLKILSLRSNKLHGPIKSSGNTNL 599
After the functional analysis, physio ) TGKVPRSLINCKYLTLLDLGNN LMDTFPI‘MLGVLS%LKILSLRSNKLHGPIKSSGNTNL
: : Sbjct 532 TGKVPRSLINCKYLTLLDLGNNQLNDTFPNWLGYLSQLKILSLRSNKLHGPTKSSGNTNL 591
chemical properties of the both the & =0
. Query 660 FTRLQILDLSSNGFSGNLPERILGNLOTMKKIDENTREPEYISDOYEIVYVYLTTITTKG 659
sequences was done with ProtParam that F RLOILDLSSNGFSGHLPERILGNLQTMKK DENTRFPEYISD+Y IYY YLTTITTKG
t . h . 1 d h . 1 Sbjct 592 FMRLQILDLSSHNGFSGMLPERILGMLQTMKKFDENTRFPEYISDRY-IYYDYLTTITTKG 658
arameters of protein sequences (Walke B 9 RIS TIIIGTL 71
parameters of protein sequences (Walker Shjct 651 QDVDSVRIFTFNMIIMLSKNRFEGRIPSIIGDLVGLRTLNLSHN\ILEGHIP’VSLSNNLSVL 710
2005). Query 720 ESLDLSSURISGEIPGOLASLTFLEVLNL SHIHLVGCIPKGKOFDSFGNTSYOSNDGLES 779
. : DLSSN+ISG T FLEVLNLSHNHLVGCIPKGKQFDSFGHTSYQGNDGLRG
After the sequence analysis, three Sbjct 711 ESLDLSSNKISGATPQULASLTFLEVLNLSHNHLVGCIPKGKQFDSFGNTSYQGNDGLRG 770
2
i i i very 780 FPLSKLCGGIDOVTTPAELOGEEEEEDSPUISIQOVLYGYGCOLVIGLSVIVIMISTOYP 839
dimensional models of both the proteins e R FPLE DBV TTPAEL DG -sEEEDEPHISHGOVE sOVOr LV ICLSVIVINETQVP
were constructed using Modeller 9.16 Shict 771 FhLETHCOGDOVITPAELDOOOEEEDSPITSHARVLIGYECOLVICLEVIVINIETOYD 830
. 840 AWMFSRMDLKLEHIITTRMKKHKKRY 864
based on homology modelling approach ghers AWFSRUDLKLE TTTTRMKKHXKRY
Sbjct 831 AWFSRMDLKLERTITTRMKKHKKRY 855

for constructing three dimensional

protein models (Eswar et al. 2008, Fazil Fig 1 Pairwise sequence alignment of Cf-4 and Cf-19 gene
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Table 1 Physicochemical properties

Attribute Value
Cf-4 Cf-19
Number of amino acids 855 864
Molecular weight 96061.54 97146.13
Theoretical pl 6.45 7.11
Ext. coefficient (assuming all pairs of  0.968 0.974
Cystine residues)
Instability index 37.09 36.37
Half life (Escherichia coli, in vivo) >10 hours >10 hours
Aliphatic index 100.29 101.04
Grand average of hydropathicity -0.158 -0.144
(GRAVY)

so their study can help in better understanding of the R
gene related pathways. Sequence for Cf-4 available with
accession number CAA73187.1 and that of Cf-/9 available
with accession AMN14930.1 was considered for the study.
After performing Blastp, it was observed that both the

[PV <<< P R O C H E C K S UMM ARY

sequences had 89% identity, 1% gaps and 1506 as bits
score at 0.0 e-value. Details of this pairwise alignment is
shown in Fig 1. Further, domains were mined in both the R
genes. In case of Cf-4 gene, single domain of leucine-rich
repeat receptor-like protein kinase was found from 3 to
780t amino acid at 3.86e-78 e-value but in C£-19, single
domain of leucine-rich repeat receptor-like protein kinase
was present in a stretch of 69 to 789 at 2.76e-81 e-value.
This obviates that there is a common domain with little
different length present in both the proteins. This was
followed by computation of physicochemical properties
of both the proteins using ProtParam interface available at
Expasy server. Mostly all the properties were different in
both the proteins. Details of the physio-chemical properties
for both Cf-4 and Cf-19 are given in Table 1.

When both the proteins were compared at sequence
level, it was observed that they had single LRR domain but
the length of the domain was different in both the proteins.
Since their amino acid number is different, thus molecular
weight is also different. Other physicochemical properties
were also dissimilar, although they both lie on the same

P R OCHECK S UMM AR Y >>> -y -
Target_4 2.5 855 residues Target_1 2.5 864 residues
*| Ramachandran plot: 77.4% core 19.7% allow 1.8% gener 1.1% disall *| Ramachandran plot: 77.4% core 19.0% allow 2.1% gener 1.4% disall
G‘l¥ & Pro Ramach: 0 labelled residues sont of 92; +| Gly & pro ramach: 1 labelled residues (out of 95)
+| chil-chi2 plots: 15 labelled residues (out of 557 +| chii-chi2 plots: 9 labelled residues (out of 559)
Main-chain params: 6 better 0 inside 0 worse Main-chain params: 6 better 0 inside 0 worse
side-chain params: 5 better 0 inside 0 worse side-chain params: 5 better 0 inside 0 worse
*| Residue properties: Max.deviation: 5.2 . Bad contacts: 49 *| Residue properties: Max.deviation: 13.8 Bad contacts: 41
* . Bond len/angle: 16.4 Morris et al class: 1 1 2 bt sond len/angle: 17.2 Morris et al class: 1 1 2
+ 1 cis-peptides d 1 D amino acids
+| G-factors Dihedrals: -.27 cCovalent: -.54 overall: -.36 +| G-factors Dihedrals: -.25 covalent: -.53 overall: -.34
*| M/c bond lengths: 66.9% within limits 33.1% highlighted 4 off graph *| M/c bond lengths: 66.1% within limits 33.9% highlighted 3 off graph
*| M/c bond angles: 60.5% within limits 39.5% highlighted 9 off graph *| m/c bond angles: 60.4% within limits 39.6% highlighted 12 off graph
Planar groups: 100.0% within limits .0% highlighted Planar groups: 100.0% within limits .0% highlighted

+ May be worth investigating further. * worth investigating further.
(a) Cf-4
Fig 2 PROCHECK results of Cf-4 and Cf-19

8747  GensmlPre-Po/Pmins Fevoured  © © GensmyPrs-PmyProling Aliowed
x Glydne Favoursd x Glycins Alowsd

() Cf-4
Fig 3 Ramachandran plots obtained from RAMPAGE

+ May be worth investigating further. * worth investigating further.

(b) C£19

¥ T QL

B4 QLY

s A GenemiPre-Pro/Pmiine Favoured | © © GanemkPre-Pro/Poling Allowsd
X Glydns Favoursd Glycins Alowsd

(b) C£-19
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Table 2  Structural alignment results obtained by DALI server

Z-score RMSD % identity
33.6 5 78
253 7.5 25
22.9 11.9 23
22.4 134 26
19.8 13.8 22
19.1 1.3 35
18.9 15.5 24
18.3 19.3 20
16.4 19.9 22
16 1.2 32

Fig 4 Superimposed structures of Cf-4 and Cf-19 in Chimera
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chromosome 1 (Zhao et al. 2016, Dickinson ef al. 1992).

Molecular modelling and structural validation

After completing the sequence analysis, molecular
modeling was done with the Modeller. Based on alignment,
4MNS and 4JOM were used as templates for Cf-4 and Cf-
19, respectively, for constructing models. 4MN8 had 30%
identity with Cf-4 at 3e-75 e-value, whereas 4JOM had 31%
identity with e-value 7e-73. A total of ten structures were
obtained via Modeller which were then further validated with
the help of PROCHECK and RAMPAGE. Final model of
Cf-4 had 77.4% in favored region, 19.7% in allowed region,
1.8% generously allowed and 1.1% in disallowed region
while final model of Cf-7/9 had 89% in favored region, 8.9%
in allowed region and 2.1% in outlier region. PROCHECK
results and Ramachandran plots are given in Fig 2 and 3.

Structural and active site comparison

After finalizing three dimensional models of both the
proteins, they were compared and superimposed with the
help of DALI server and Chimera. Since three dimensional
structures are more conserved as compared to the protein
sequences, so structural comparison was done (Chothia and
Lesk 1986, Murzin 1996, Murzin 1998), In DALI server,
maximum identity obtained was 78% with 33.6 as Z-score
and RMSD as 5A. First ten alignments results obtained
by DALI server are shown in Table 2. More the Z-score
and lesser the RMSD, better is the alignment between the
structures. After structural alignment, both the structures
were superimposed in Chimera (Fig 4).

After comparing the structures, active sites for both
the proteins were predicted with CASTp. For Cf-4, a total
of 134 pockets were identified whereas in Cf-19 protein,
118 pockets were observed. Details of predicted active sites
have been included in supplementary sheet I.

Since, there is a difference between primary sequence
of the proteins, thus their three-dimensional structures
are also different as primary sequence decide the three
dimensional structures of the proteins. Maximum identity
between the structures obtained was 78% which was less
than the sequence identity which was 89%.

Study of the interaction between Cf-4 and Cf-19 and
their corresponding avirulence (Avr) protein is required
to understand the genetic basis of the invading pathogen.
This can help in developing disease resistant varieties
to overcome pathogen attack in endeavor of tomato
improvement program.
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