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Abstracts Upland cotton (Gossypium hirsutum L.) is an
important fiber crop species, which is intensively plagued
by a plethora of phytopathogenic fungi such as Fusarium
oxysporum f. sp. vasinfectum (Fov) causing severe wilt
disease. Resistance gene analogs (RGAs) are the largest
class of potential resistance (R) genes depicting highly
conserved domains and structures in plants. Additionally,
RGAs are pivotal components of breeding projects towards
host disease resistance, serving as useful functional mark-
ers linked to R genes. In this study, a cloning approach
based on conserved RGAs motifs was used in order to
amplify 38 RGAs from two upland cotton cultivars differ-
ing in their Fov susceptibility. Besides, we assessed the
phylogenetic expansion and the evolutionary pressures
acting upon 127 RGA homologues, which were previously
deposited in GenBank along with the 38 RGAs from this
study. A total of 165 RGAs sequences were clustered
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according to their BLAST(P) similarities in ten paralogous
genes groups (PGGs). These RGAs exhibited intensive
signs of positive selection as it was revealed by inferring
various maximum likelihood analyses. The results showed
robust signs of positive selection, acting in almost all PGGs
across the phylogeny. The evolutionary analysis revealed
the existence of 42 positively selected residue sites across
the PGG lineages, putatively affecting their ligand-binding
specificities. As RGAs derived markers are in close linkage
to R genes, these results could be used in ongoing breeding
programs of upland cotton.

Keywords Fungal diseases - Molecular breeding - Non-
synonymous nucleotide substitution

Introduction

Upland cotton (Gossypium hirsutum L.) is one of the most
important cultivated fiber crops worldwide. However,
upland cotton is susceptible to a wide range of fungal
pathogens, which may have detrimental effects in its yield
and product quality (Zambounis et al. 2012a). Fusarium
oxysporum f. sp. vasinfectum (Fov), an ubiquitous soil
inhabiting fungus causing extensive vascular wilt, is among
the most destructive fungal diseases of upland cotton
(Zambounis et al. 2007). Despite the fact that the genome
of upland cotton has been recently sequenced (Li et al.
2015), identification of functional molecular markers,
which could be linked to loci related to resistance genes has
been hampered due to intraspecific nature of the genome
(Tan et al. 2003). Complete resistant upland cotton culti-
vars against Fov isolates are not reported till date. Never-
theless, numerous efforts have been previously made for
assisting disease resistance breeding programs (Fang et al.
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2014; Hinchliffe et al. 2005; Niu et al. 2011), mainly by
means of cloning segments of putative disease resistance
(R) genes known as resistance gene analogues (RGAs).

Employment of molecular breeding approaches allows
breeders to meet the challenge of developing disease
resistant crops more accurately and faster (Ameline-Tor-
regrosa et al. 2008). Most of these approaches are focused
on the family of genes containing NBS (nucleotide-binding
site)/LRRs (Leucine-Rich Repeats)-domains which con-
stitute an expanded group of plant receptor genes linked
directly to defense reactions (Dangl et al. 2013; Debener
and Byrne 2014). In turn, LRR domains evolve novel
ligand-binding specificities under strong positive selection
with a wealth of different mechanisms, ranging from point
mutations, variations in their repeat numbers and tandem
gene duplications (Yang et al. 2008; Zambounis et al.
2012b). As a consequence, the modes of evolution of NBS-
LRR R genes and of their RGA counterparts are an intricate
process in plants (Sekhwal et al. 2015).

The aim of this study, based on the above evidence, was:
(1) to amplify novel RGA clones using degenerate primers
designed upon conserved motifs of known R genes from
two upland cotton cultivars, with differences in their Fov
susceptibility, (2) to explore whether it is likely that posi-
tive selective signatures are employed as an intensive
evolutionary force, acting on a combined RGA dataset
comprising these RGA clones, along with the RGAs that
were previously deposited in GenBank from upland cotton.
The results of this study, allow us to gain insights into the
evolutionary profiles of these RGAs in upland cotton,
hypothesizing that various episodes of positive selection
might contribute in the acquisition of novel pathogen
recognition repertoires. In parallel, these results might
provide a crucial foundation for the disease resistance
breeding programs in upland cotton.

Materials and methods

Upland cotton seeds of the “EMERALD” (Deltapine,
Narrabri, NSW, Australia) and the “LACTA” (Bayer Crop
Science) cultivars, partially resistant and fully susceptible,
respectively to Fov (Zambounis et al. 2012a) were planted
in plug trays containing sterile Promix soil and grown in
growth chambers with a 16-h photoperiod at 25 °C and
70 pumol m~2 s~ light. Genomic DNA was extracted from
young leaves using the DNeasy Plant Mini Kit (Qiagen
Inc., Chatsworth, CA, USA).

A pair of degenerate primers (P-loop_dom:5'-GGTG
GTATGGGNAARACNACNYT-3'; GLPL_dom: 5'-CTTG
AAAGCVAAWGGNARNCC-3') was designed with some
modifications (Shen et al. 1998) in order to amplify coding
regions spanning the most conserved NBS domains (the
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P-loop and the GLPL) of cotton RGAs. These two degen-
erate primers were particularly designed based on the
above conserved domains of the /2 gene of tomato, which
confers resistance to race 2 of Fusarium oxysporum f. sp.
lycopersici (Simons et al. 1998) and of the Arabidopsis
RPS2 gene, which encodes a protein that specifically rec-
ognizes Pseudomonas syringae pv. tomato strains (Axtell
et al. 2001).

All PCR amplifications were performed in 50 pl vol-
umes containing 0.2 mM of each dNTP, 0.5 pM of each
degenerate primer, 1 U of Dy-NAzyme II DNA poly-
merase (Finnzymes, Espoo, Finland), 2.5 mM of MgCl,
and 100 ng of template genomic DNA. The initial denat-
uration step was 95 °C for 5 min, followed by 30 cycles of
95 °C for 1 min, 48 °C for 1 min, 72 °C for 2 min, with a
final extension step at 72 °C for 10 min. PCR products
were electrophoresed on a 1.2 % agarose gel and the
530 bp respective bands were selectively recovered and
purified by precipitation with 0.1 volume of 3 M sodium
acetate and 2.5 volumes of absolute ethanol to remove
excess ANTPs and primers.

The PCR products were cloned into the pPGEM-T Easy
vector (Promega) and a total of 49 putative recombinant
colonies were obtained and sequenced (I.M.B.B., Crete,
Greece). The BLAST(hX) program was employed to con-
firm their homologies with known RGAs and R genes from
upland cotton. Sequences with internal stop codons were
excluded from the analysis. Thus, there remained 26
sequences from the EMERALD (Gh_EM) and 12 from the
LACTA (Gh_LA). These RGA sequence data, 38 in total,
were deposited in the Genbank under accession numbers
KU680752 through KU680789.

Additionally, based on their NB-ARC domain profiles
(PF00931.18/CL0023) and keyword searches, 127 partial
RGAs from upland cotton (Gh_GB) previously deposited in
GenBank were mined. Using their amino acid sequence
IDs, we also retrieved the respective ORF nucleotide
sequences using a python script. Therefore, our final RGA
dataset consisted of 165 sequences in total. All these
sequences had amino acid length up to 100 residues, no
internal stop codons, and BLAST hits with known R genes
of upland cotton. They shared valid structures and func-
tional domains (LRRs or NB-ARC domain motifs) as it
was observed by searches against both the Pfam and
InterPro protein databases (Jones et al. 2014).

The phylogenetic relationships among these 165 RGA
amino acid sequences were revealed by performing a
Muscle alignment (Edgar 2004) and a tree reconstruction
employing the RAXML software (Stamatakis 2014) with a
gamma model of rate heterogeneity. The above analyses
were performed using the Geneious R7 platform (Kearse
et al. 2012). The RGAs sequences were consequently
clustered using the MCL (Markov Cluster Algorithm)
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approach with an inflation value of 2.00 (Enright et al.
2002). The clustering process utilized the all-against-all
BLAST(P) output as a distance metric and finally ten
unique paralogous genes groups (PGGs) were assigned.
The validity of these PGGs was confirmed based on the
overall similarity throughout the coding sequences, the
existence of no or few gaps across the aligned sequences at
each PGG, and a 50 % amino acid identity between the
sequences in each PGG.

The eight out of the ten PGGs, which contained up to
three RGAs, were independently evaluated for positive
selective signatures (the remaining two PGGs, which
contained only two RGAs each were not evaluated) using
the maximum likelihood programs (CODEML and
CODEMLSITES) inferring in the PAML software package
(Yang 2007). CODEML estimates variable selective pres-
sures among the branches of the phylogeny, whilst
CODEMLSITES tests for site-specific codon substitution
models permitting the identification of selective signatures
among individual amino acids. In order to compare the
rates of non-synonymous/synonymous nucleotide substi-
tution mutations (omega values), NJ trees and nucleotide
respective alignments were performed (Lynn et al. 2004).
Nucleotide coding sequences were initially aligned by a
perl script in order to maintain the gaps and to exclude any
columns in the alignments that had more than three gaps
(Zambounis et al. 2012b). Amino acid alignments were
performed using the MUSCLE software (Edgar 2004),
whilst the constructions of the respective evolutionary trees
were carried out by employing the MEGA 5 software
(Tamura et al. 2011). The Poisson correction was
employed for all distances calculations along with a
gamma distribution among the sites and the rate variations
(Zambounis et al. 2012b). In both programs, comparisons
among the various selective models were performed by
employing likelihood ratio tests. The Bayesian approach
allowed further detection of codon residues subjected to
positive selection by posterior probabilities.

Results and discussion

Yield of upland cotton can be substantially decreased by
harmful fungi, such as by Fov virulent isolates, which
might have devastating effects on the vascular system and
is a major threat worldwide (Zambounis et al. 2012a).
Early recognition is the first crucial step of defense reac-
tions against fungi attacks in plants. It is being commonly
mediated by a plethora of rapidly evolving protein recep-
tors, which are containing ligand-binding and signal
transduction domains, such as LRRs and NB-ARC
domains, respectively (Perazzolli et al. 2014; Sekhwal
et al. 2015). The development through molecular breeding

of fungal resistant genotypes is crucial towards the sub-
stantial establishment of fungal diseases management
strategies (Ganopoulos et al. 2011), especially in upland
cotton with a complex allotetraploid genome (Fang et al.
2014) being recently available (Li et al. 2015).

In this study, 38 RGAs were cloned and sequenced from
two upland cotton cultivars using degenerate primers being
designed upon conserved motifs of known R genes. These
RGAs were overlapping the coding regions of P-loop and
GLPL motifs flanking the RNBS-A, the Kinase-2, the
RNBS-B and the RNBS-C motifs of known R genes in
upland cotton genome. Since, no introns were present
between these conserved motifs, only one expected size,
approximately 530 bp in length, was amplified, cloned and
sequenced. These experiments have been performed with-
out the upland cotton genome being available at that time
and thus, the degenerate primers were designed upon
conserved regions of known functional R genes. Besides, in
upland cotton there do not exist known R genes whose
function is confirmed at the moment. Furthermore, our
analysis has been conducted in two upland cotton cultivars,
which were different than the one whose whole genome
has been sequenced. These two cultivars were also chosen
as they are different at their susceptibility against Fov.

BLAST(X) searches of these RGAs revealed that their
conserved NB-ARC domains were highly homologous
with those of the annotated R genes in the genome of
upland cotton. RGAs are in general useful candidates and
quite informative components for any disease resistance
breeding approach. They are also useful for the accurate
characterization of R genes (Chen et al. 2015). These
coding sequences, which were identified by PCR-based
approaches, were only partial regions of the respective
R genes without any solid functional annotations in the
genome and thus, mapping them against the genome was
technically intricate. However, all these RGA sequences
were found to share either Pfam hits with the NB-ARC
domain (PF00931.18) or InterProScan hits with the LRR-
containing proteins (PTHR23155) when they were com-
pared with the annotated R genes from the upland cotton
genome. In the near feature, we have the intention to
explore with RNA-seq data and to confirm by RT-PCR
approaches their expression levels after challenging both
tested cultivars with Fov isolates.

These RGA sequences were also ideal candidates for
applying evolutionary approaches in order to gain insights
into the positive selective pressures acting upon them. They
were sharing conserved domains and features overlapping
coding regions and functional domains of R genes. Thus,
we mined an ample number of previously deposited RGA
sequences of upland cotton from GenBank. For the phy-
logenetic and evolutionary analyses, our final dataset
comprised of the 38 RGAs from this study, in addition to
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Fig. 1 RAXML phylogenetic reconstruction of the 161 upland cotton RGAs sequences which were aligned using the Muscle software (Edgar
2004). In various colors the eight PGGs which were assigned inferring the MCL-based clustering approch

the 127 RGAs, which were previously deposited in Gen-
Bank. All-against-all BLAST(P) searches (E value cutoff
<107'%) were applied in order to assess the extent to which
these 165 RGAs genes were clustered using the MCL
approach (similarity cutoff of 50 %), allowing their clas-
sification into respective PGGs. They were assigned in 10
PGGs (named as Gh_RGA) in total. Eight of them con-
tained from three up to 62 RGAs and 161 RGAs in total
(Table 1). The majority (88 %) of RGAs were clustered in
five different PGGs (Gh_RGA-1, Gh_RGA-2, Gh_RGA-5,
Gh_RGA-6, Gh_RGA-8). In contrast, two Gh_RGA PGGs
contained only two RGAs (Table 1); these RGAs were
excluded from the further phylogenetic and evolutionary
analysis.

In order to decipher the expansion of the 161 RGAs,
which were clustered in the eight PGGs, a RAXML phy-
logenetic analysis was performed (Fig. 1). The largest
portion of the phylogenetic clades contained only a limited

number of RGAs, whilst the backbone topology was ade-
quately resolved with up to 320 branches (Fig. 1). The
overall pairwise identity among these 161 amino acid
sequences was 50.1 %, an indication of a high divergence
among them.

We also investigated whether accelerated evolution and
signatures of positive selection might have also contributed
to the divergence of these RGAs. We subjected separately
each of the eight PGGs to several successive tests, which
could be used for seeking evidence for positive selection
(Table 1). Statistically significant evidence of positive
selection (omega values higher then 1.00) were detected in
all eight PGGs, whereas the highest proportions of bran-
ches under positive selection were reported in Gh_RGA-2
(29.7 %) and Gh_RGA-7 (42.9 %) (Table 1). These posi-
tive selection signatures were observed rather unequally
across the entire tree lineages, acting with a non-general
rule. They were evident mostly at terminal branches in
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seven PGGs, and in four PGGs at their ancient branches
(Table 1). We assume that recent episodes of positive
selection events have been occurred, overlapping similar
more ancient events among these RGAs. Constantly with
our results, similar existences of positive selective pres-
sures acting on plant RGAs have been recently reported
(Khan et al. 2015; Perazzolli et al. 2014).

Finally, using the CODEMLSITES program and various
selection models, we tested whether positive selection was
acting at individual amino acid sites. Extensive signs of
positive selection, with posterior Bayesian probabilities
under the implementation of the most stringent M8 model,
were observed in seven PGGs acting mostly towards the
N-termini regions (Table 1). Only Gh_RGA-2 did not
reflect any evidence of positive selection, perhaps because
of the low divergence among the 38 RGAs comprising this
PGG. The 42 positively selected sites are depicted in
Table 1. Previously, comparative analyses of R genes at
Rosaceae species revealed that the solvent-exposed amino
acid residues of the LRRs domains were significantly
variable with intensive positive selective pressures acting
upon them (Perazzolli et al. 2014). Similar results were
also observed in a genome wide analysis of the RGA in
cherry (Zambounis et al. 2016). Such evidences are inter-
preted as an additional indication of the active involvement
of these regions in fungal pathogens recognition pathways
(Zambounis et al. 2012b), which is accurately consistent
with the host-pathogen co-evolution processes leading to
acquisition of disease resistance specificities (Mondragon-
Palomino et al. 2002).

The overall findings of this study might facilitate the
development of informative RGA-derived molecular markers
being associated with resistant phenotypes and being partic-
ularly useful for identifying Fov resistant upland cotton cul-
tivars. In the near feature, we have the intention to perform a
more deeply genome wide analysis targeting the annotated
R genes, particularly these of the NBS-LRRs family, in older
to decipher their expansion and the evolutionary signatures
acting upon them in the genome of upland cotton.
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