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Introduction

Antagonistic coevolution between plants and pathogens triggers 
an evolutionary arms race in which the host evolves to escape 
pathogen infections, and pathogens evolve to escape host defenses. 
Genes involved in this interaction are expected to show signa-
tures of adaptive molecular evolution through positive selection1 
where advantageous mutations are retained in the population. 
For instance, several plant genes related to defense mechanisms 
have been reported to evolve under positive selection.2-4

The maize genome contains more than 32,500 protein cod-
ing genes. 22,874 of the proteins were assigned to a least one 
InterPro term.5 Domains associated with defense related genes 
(DRGs) are well represented, including 240 glycoside hydrolases, 
213 pathogenesis-related transcriptional factors, and 211 with 
N-terminal leucine-rich repeats. Identifying those genes that 
play a fundamental role during pathogen attack is a difficult but 
important task. In a previous study, we performed suppression 
subtractive hybridization experiments in the maize-Colletotri-
chum graminicola pathosystem during early stages of anthracnose 
leaf blight development.6 We found more than 200 differentially 
expressed genes from maize, including 36 DRGs and 34 genes 
encoding hypothetical or unknown proteins (HUPGs) identi-
fied as upregulated during infection. Moreover, the recent release 
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of Phytozome v8.07 offers the opportunity for fast and accurate 
access to families of orthologous and paralogous genes in the 
Poaceae lineage. Using the information available in Phytozome, 
we further analyzed the previously identified genes,6 to investi-
gate genomic patterns of positive selection on HUPGs and DRGs 
across the Poaceae lineage.

Results and Discussion

A total of 74 clusters were identified in Phytozome across the 
Poaceae (grass) node, which contain the 70 upregulated maize 
genes (36 DRGs and 34 HUPGs). Seven sequences were clas-
sified in at least two different clusters and six out the 74 clus-
ters contain the maize sequence as the only member. Three 
of them GRMZM2G040493, GRMZM2G080466 and 
GRMZM2G078124, encode proteins with unknown function 
and without any known functional domains. The remaining 
are genes GRMZM2G016922 (a putative kaurene synthase), 
GRMZM2G001084 (putative ATP-dependent Clp pro-
tease) and GRMZM2G088088 (a putative importin sub-
unit α protein). It is interesting to highlight that sequence 
GRMZM2G001084 (cluster 32722009) shows high similarity 
(99.7%) with GRMZM2G123922 (cluster 31448528), however 
they are grouped into different clusters. While cluster 31448528 
contains one member for each grass species, GRMZM2G001084 
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(episodic selection) even though the same site is neutrally or neg-
atively evolving in the rest of the lineages. As expected, MEME 
showed a greater power to detect sites under positive selection, 
finding episodic selection in all 14 clusters.

Two of six clusters identified by LRT (M7vsM8) have already 
been described as evolving under positive selection in plants. One 
of them is cluster 31466309-se, in which four sites showed ω > 
1 in the approximate mean of the posterior distribution using 
M8+BEB, two of them with posterior probabilities (Pr ω > 1) > 
0.95 (sites 4A and 285I). Additionally, 10 sites were identified by 
MEME showing episodic selection. This cluster contains mem-
bers of the chitinase class III, a well-known defense related pro-
tein involved in fungal cell-wall degradation, and described by 
Bishop et al.3 as evolving under positive selection. Furthermore, 
cluster 31443992-se showed 4 sites with ω > 1 using M8+BEB, 
two of them with (Pr ω > 1) > 0.8 (148V and 166M) and 10 sites 
under episodic selection identified by MEME. Three-D structure 
of maize protein (GRMZM2G402631_P01) was predicted based 
on template PDB ID: 1AUN with confidence = 100% and cover-
age = 86%. Sites predicted as evolving under positive selection 
were then mapped onto the tertiary structure (Fig. 1D), and sites 
under positive selection are situated on the surface of the protein, 
which is consistent with the results already described by Zamora 
et al.4 This cluster contains members of the PR5 family, thauma-
tin-like proteins with known antifungal and anti-insect activity.

Among clusters without previous evidence of positive selec-
tion we found 31452004-e. This cluster contains members of 
isocitrate lyase enzyme, which in plants is an enzyme exclu-
sively found in the glyoxylate cycle. Even though its specific role 
in defense mechanisms has not been elucidated yet, glyoxylate 
metabolism seems to be an important part of the defense mecha-
nisms activated by plants during infection by pathogens.15

Sequence analysis revealed that nine sites showed ω > 1 
using M8+BEB, four of them with (Pr ω > 1) > 0.8 (334K, 
345R, 371T and 560P), and seven sites displayed episodic selec-
tion after analysis using MEME. The 3-D structure for protein 
GRMZM2G056369_P01 was modeled based on PDB template 
1DQU (confidence = 100% and coverage = 90%), the crystal 
structure of the tetrameric isocitrate lyase (ICL) from Aspergillus 
nidulans. Each subunit defines two domains. Domain I is associ-
ated with the center of the tetramer and shows high similarity 
to triose phosphate isomerase (TIM) barrel. Domain II forms a 
peripheral head to the subunit.16 Most sites identified as evolv-
ing under positive selection were located between sites 293 and 
371 in the protein alignment (Fig. 2), which match with resi-
dues belonging to domain II (Fig. 1C). This domain appears 
to be unique to eukaryotic ICLs and has been proposed to be 
important for the association of ICL with peroxisomes.17 Further 
functional studies will contribute to a better understanding of 
domain II and its functional relevance during plant-pathogen 
interactions.

Clusters 31469106-se, 31456723-e and 31477240-se contain 
proteins annotated as hypothetical or with unknown function. 
In the case of 31469106-se, sites under positive selection could 
not be identified by M8+BEB, but MEME identified four sites 
with evidence of episodic selection. Even though the protein 

is the only member of cluster 32722009. All sequences in clus-
ter 31448528 show high similarity along the full length of the 
protein and GRMZM2G001084 differs only in the N-terminal 
region, outside the highly conserved functional domain, which 
may be responsible for the separation into two different clus-
ters. There is no supporting EST or protein evidence for the 
N-terminal region of the GRMZM2G001084 gene model so 
we cannot exclude the possibility that the gene is incorrectly 
annotated. Subcellular localization analysis using TargetP v1.18 
suggests that the GRMZM2G123922 protein is targeted to the 
chloroplasts while that signal is absent in GRMZM2G001084. 
These results suggest that either GRMZM2G001084 is not 
correctly annotated, or that GRMZM2G001084 represents an 
ancient gene copy of GRMZM2G123922 that has gained a novel 
function after the gene duplication event.

In addition, genes GRMZM2G080466 and 
GRMZM2G016922, unique members of specific clusters, are 
upregulated during infection with both, C. graminicola and 
Ustilago maydis.6,9,10 These genes induced during infection with 
both fungal species may represent evolutionary innovations in the 
maize genome directly related with defense mechanisms and are 
very interesting candidates for future functional characterization.

The remaining 68 clusters were analyzed in order to obtain 
a set of orthologous genes and filtered to avoid highly divergent 
sequences that may cause false-positive results in the positive 
selection tests. A total of 43 clusters outperformed the filtering 
and were tested for signatures of positive selection. CODEML 
implemented in the PAML v4 software package11 was used to 
fit two kinds of models to the data: models that allow positive 
selection (M3 and M8) and models that do not (M0 and M7). 
For each model, the log likelihood (lnL) value were obtained and 
two Likelihood Ratio Test (LRTs) were performed (M0vsM3 
and M7vsM8) as 2*(lnL1-lnL0) = 2ΔL, which were compared 
with a χ2 distribution to test whether ω was statistically differ-
ent from one. Fourteen clusters showed statistically significant 
differences at any of the two LRTs, indicating that either there 
was heterogeneity in ω values among sites, or evidence of posi-
tive selection in the clusters. Next, we used BLAST to search for 
additional Poaceae orthologous sequences in public databases for 
each cluster and the positive selection tests were performed again.

Results and characteristics for the 14 clusters are summa-
rized in Table 1. The comparison M0vsM3 shows that all 14 
clusters have variations for dN/dS ratio (ω) among their codons, 
indicating that selective constraints are heterogeneous between 
sites as expected. A total of 6 clusters (31469106-se, 31456723-
e, 31466309-se, 31477240-se, 31452004-e and 31443992-se) 
showed evidence for positive selection through M7vsM8 com-
parison. Using the Bayes empirical Bayes method implemented 
under M8 (M8+BEB),12 we identified several sites in the align-
ment for each cluster in which the approximate mean of the pos-
terior distribution for ω was > 1.

Since the M7vsM8 LRT is a very stringent test13 and lacks 
power to identify sites where episodes of positive selection are 
confined to a small subset of branches in a phylogenetic tree, we 
also used the Mixed Effects Model of Evolution (MEME), which 
is able14 to identify lineage-specific events of positive selection 
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using as template the crystal structure of a putative 2OG-Fe(II) 
oxygenase (PDB ID: 3OOX, confidence = 100.0% and coverage 

GRMZM2G149800_P02 (cluster 31469106-se) has been anno-
tated as a hypothetical protein, its 3-D structure was modeled 

Table 1. Results for positive selection tests and characteristics for the 14 clusters

M0 vs M3 M7 vs M8 MEME

Maize Gene
Genome 

Annotation
Cluster Species ω Δ2L ω Δ2L PSS (BEB) PSS

GRMZM2G149800
Hypothetical 

protein 
LOC100277913

31469106-se
Zm, Si, Bd, 
Os, Sb, Ta, 

Hv, Pe
24.09 245.65 2.59 21.2360 None

71T, 227R, 
232S, 342Y

GRMZM2G324297
Unknown (simi-
lar to arogenate 
dehydrogenase)

31456723-e
Zm, Si, Bd, 
Os, Sb, Ta, 

Hv
1.10 470.95 1.30 17.4570

151Q**, 
158R, 240K, 
253D, 257A, 
306S, 323Q, 
349R, 368F

147A, 182S, 
211L, 301S, 

358R

GRMZM2G453805
Chitinase  

class III
31466309-se

Zm, Si, Bd, 
Os, Sb, Ta, 

Pe
6.83 216.60 7.31 14.2870

4A**, 9A, 
260P, 285I*

87G, 138G, 
160S, 169A, 
184L, 222G, 
224A, 269I, 
282I, 293V

GRMZM2G168502
Hypothetical 

protein 
LOC100217285

31477240-se
Zm, Si, Bd, 
Os, Sb, Ta, 

Hv, Pe
0.83 222.73 3.85 10.2076

130V, 347S*, 
356T

32V, 99N, 
120N, 144A, 
184V, 203C, 
206A, 235E, 
293S, 296C

GRMZM2G056369
Putative 

Isocitrate lyase
31452004-e

Zm, Si, Bd, 
Os, Sb, Ta, 

Hv
0.40 145.16 1.10 8.5392

30G, 76G, 
334K, 345R, 
371T, 560P, 
561R, 564T, 

572M

142L, 293S, 
320C, 330G, 
331V, 344D, 

345R

GRMZM2G402631
Pathogenesis-
related protein 

5
31443992-se

Zm, Si, Bd, 
Os, Sb, Ta, 
Hv, As, Pe, 
Sc, Or, Tm

1.12 201.12 1.31 8.3213
57P, 91Q, 

148V, 166M

39G, 53T, 
56N, 58G, 
84G, 98A, 

109L, 146R, 
182T, 185P

GRMZM2G465226
Pathogenesis-

related 
protein 1

31458297-se
Zm, Si, Bd, 
Os, Sb, Ta, 

Hv, Pe
0.79 219.62 7.57 1.8310 None

99S, 108D, 
128A, 134V

GRMZM2G338809
Hypothetical 

protein 
LOC100382111

31445034-se
Zm, Si, Bd, 
Os, Sb, Ta, 

Hv, Pe
0.33 272.13 1.63 0.5130 None

35T, 37A, 
121F, 131A, 
266V, 271S, 
278C, 342I, 
393K, 413A

GRMZM2G011085
Putative 

uncharacterized 
protein

31447249-e
Zm, Si, Bd, 
Os, Sb, Hv, 

Pe
0.10 20.92 1.00 0.0032 None

95L, 160T, 
195V

Cluster: clusters are named according to Phytozome v8.0 (Grass node), adding “e” when the cluster was expanded to other Poaceae species and “s” 
when a subtree was extracted from original Phytozome cluster. Species: one sequence for each of the following species was included in the cluster: 
Zm: Zea mays, Sb: Sorghum bicolor, Si: Setaria italica, Os: Oryza sativa, Bd: Brachypodium distachyon, Ta: Triticum aestivum, Hv: Hordeum vulgare, Pe: Phyl-
lostachys edulis, As: Aegilops speltoides, Sc: Secale cereale, Or: Oryza rufipogon, Tm: Triticum monococcum. ω = dN/dS estimated under M3 and M8. Δ2L: 
likelihood ratio estimated as 2*(lnL1-lnL0) between M0vsM3 and M7vsM8, in bold those are statically significant at 0.05. PSS: Positively selected sites 
indentified by BEB when the approximate mean of the posterior distribution for w is > 1. Clusters with posterior probability > 0.8, * > 0.95 and ** > 
0.99 are in bold type. PSS (MEME) show sites identified by MEME as under episodic selection (p-value < 0.1). In both cases amino acids refer to maize 
sequence.
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in maize leaves during C. graminicola infection.6 Finally, cluster 
31477240-se showed three sites with ω > 1 using M8+BEB, one 
of them with (Pr ω > 1) > 0.95 and 10 sites with evidences of 
episodic selection. While annotated as hypothetical proteins, all 
sequences in this cluster contain two copies of a domain associ-
ated with drug/metabolite transport. Simmons et al.23 have also 
described a putative multidrug transporter (Zm-mfs1) upregu-
lated in maize during Cochliobolus heterostrophus and Cochliobolus 
carbonum infection. Multidrug transporters play critical roles 
in plant defense, such as decreasing the accumulation of toxins 
secreted by the pathogen and exporting secondary metabolites 
out of the cell.24 Ten transmembrane regions were predicted using 
TMHMM v.0.92b25 for all sequences in this cluster and eight 
out of ten sites identified by MEME were found in the trans-
membrane regions (Fig. 3). Interestingly, substitutions located 
at transmembrane segments cause modifications in the activity 
and substrate specificity of some transporters belonging to this 
family.26,27 Unlike most transporters, the relationship between 
multidrug transporters and their substrates is not highly specific, 
and they have the ability to recognize and transport a wide vari-
ety of structurally different organic compounds.28 However, it is 
possible that the sites under positive selection might be crucial 
to determine the kinetic capabilities of the transporter. In this 
sense, rapid evolution would be acting on the selection of a more 

= 84%) (Fig. 1A). In addition, using the Superfamily database18 
we found that this maize protein belongs to a superfamily of 
clavaminate synthase-like proteins, an oxidoreductase involved 
in the biosynthesis of clavulanic acid and other 5S clavams.19 
Clavulanic acid is a well-known antibiotic, with metabolites of 
the clavam family having shown antibacterial and antifungal 
activities.20 In the case of cluster 31456723-e, nine sites showed 
ω > 1 using M8+BEB, six of them with (Pr ω > 1) > 0.8. In addi-
tion, MEME identified five sites under episodic positive selec-
tion. The 3-D structure of maize protein belonging to this cluster 
(GRMZM2G324297_P02) was predicted based on template 
PDB ID: 3KTD (confidence = 100% and coverage = 65%) and 
sites identified as evolving under positive selection were located 
throughout the protein surface (Fig. 1B). Proteins in this clus-
ter show similarities with arogenate/prephenate dehydrogenases. 
Members of this group of enzymes catalyze a step during tyrosine 
biosynthesis in the shikimate pathway, which is involved in the 
biosynthesis of aromatic amino acids and a wide range of sec-
ondary metabolites. Although the regulation and coordination 
of the synthesis of these amino acids are not well understood, 
many secondary metabolites have shown to be important dur-
ing plant defense against herbivores, pests and pathogens.21,22 
In fact, the accumulation of phenolic compounds and increased 
levels of hydroxycinnamic acid derivatives have been detected 

Table 1. Results for positive selection tests and characteristics for the 14 clusters

GRMZM2G039639 Protein P21 31461924-se
Zm, Si, Bd, 
Os, Sb, Ta, 

Hv, Pe
0.80 179.11 1.00 0.0002 None

23L, 34V, 
98V, 107A, 

145G, 161S, 
165A, 202K, 

209P

GRMZM2G080499
Hypothetical 

protein
31455526-e

Zm, Si, Bd, 
Os, Sb, Hv

0.52 82.64 1.00 0.0001 None
67T, 90T, 93T, 

161P, 400S, 
452T, 803V

GRMZM2G117971
Hypothetical 

protein 
LOC100191593

31462333-se
Zm, Si, Bd, 
Os, Sb, Ta, 

Hv
0.45 133.46 2.57 0.0001 None

33Q, 36G, 
50N, 103T, 
108S, 118S, 
131K, 138Q

GRMZM2G322129
Putative 

uncharacterized 
protein

31457048
Zm, Si, Bd, 

Os, Sb
0.85 189.35 1.00 1.6598 None

28V, 37P, 
38H, 119R, 
135L, 172G, 
173S, 203S, 
228R, 250K, 
255D, 263M, 
284H, 312D, 
434L, 595S

GRMZM2G057093 Chitinase 31480783 sec
Zm, Si, Bd, 

Os, Sb
0.74 80.97 4.38 0.0614 None 177T, 277S

Cluster: clusters are named according to Phytozome v8.0 (Grass node), adding “e” when the cluster was expanded to other Poaceae species and “s” 
when a subtree was extracted from original Phytozome cluster. Species: one sequence for each of the following species was included in the cluster: 
Zm: Zea mays, Sb: Sorghum bicolor, Si: Setaria italica, Os: Oryza sativa, Bd: Brachypodium distachyon, Ta: Triticum aestivum, Hv: Hordeum vulgare, Pe: Phyl-
lostachys edulis, As: Aegilops speltoides, Sc: Secale cereale, Or: Oryza rufipogon, Tm: Triticum monococcum. ω = dN/dS estimated under M3 and M8. Δ2L: 
likelihood ratio estimated as 2*(lnL1-lnL0) between M0vsM3 and M7vsM8, in bold those are statically significant at 0.05. PSS: Positively selected sites 
indentified by BEB when the approximate mean of the posterior distribution for w is > 1. Clusters with posterior probability > 0.8, * > 0.95 and ** > 
0.99 are in bold type. PSS (MEME) show sites identified by MEME as under episodic selection (p-value < 0.1). In both cases amino acids refer to maize 
sequence.
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have already described sites under positive selection outside of the 
LRR region in this family, concluding that these sites could also 
be important for the detection and signaling transduction during 
plant pathogen interactions.

We also found evidence of episodic selection in two addi-
tional clusters containing hypothetical or uncharacterized pro-
teins. The first is cluster 31445034–se that includes proteins 
similar to ammonium transporters. These transporters may play 
important roles in plant defense against alkalinizing pathogens 
as Colletotrichum spp, which secrete ammonia to increase the 
pH of the host tissue and infect the host.36,37 The second clus-
ter is 31447249-e, which contains proteins with similarity to the 
PRELI/MSF1 domain, and has three sites that have undergone 
episodic selection. The function of the PRELI/MSF1 domain is 
unknown, although it is conserved in lipid-binding proteins and 
proteins involved in vesicle transport and secretion mechanisms.38

efficient transporter protein to grant a better meta-
bolic fitness of the host cells during the pathogenic 
attack.

The clusters of proteins annotated as hypotheti-
cal proteins deserve attention since they may repre-
sent genes that have not been previously described 
as important during plant-pathogen interactions. 
One of them is cluster 31462333-se, which showed 
eight sites under episodic selection. Maize protein 
(GRMZM2G117971_P01) shows high similar-
ity with Barwin proteins and the 3-D structure 
was predicted based on template PDB ID: 1BW3 
(confidence = 100% and coverage = 83%, Figure 
1F). Barwin domains are common to pathogenic-
ity related proteins IV (PR4), which have been 
described with antifungal activity against a wide 
variety of pathogens, such as LrPR4.29 In the case 
of cluster 31455526-e, seven sites showed signa-
tures of episodic selection. Maize protein in this 
cluster (GRMZM2G080499_P01) is annotated 
as unknown function protein, but presents a ser-
ine/threonine protein kinases domain. Several 
serine/threonine protein kinases have shown to be 
involved in the recognition of pathogen-derived 
signal molecules30-32 and some have already been 
identified as evolving under positive selection in 
plants.3

Another cluster with several sites presenting 
episodic selection is cluster 31457048. A total of 
16 sites were identified by MEME, the highest 
number of sites between all the clusters analyzed 
in this study. The maize protein in this cluster 
(GRMZM2G322129_P01) shows similarity to a 
transducin-like protein from sorghum. Ontologies 
associated with this cluster in Phytozome are 
mainly related to nucleotide/protein binding 
activities. In addition, the C-terminal region shows 
similarity to the armadillo (Arm) repeat, which is 
present in proteins acting in intracellular signal-
ing events and in proteins with other essential 
functions such as cytoskeletal regulation.33 Interestingly, 15 out 
of 16 sites under episodic selection appear outside the armadillo 
domain, at the N-terminal region of the protein. Four motifs 
with the conserved pattern LxxLxL in the C-terminal region 
were also identified in all sequences in the cluster with the exemp-
tion of GRMZM2G322129_P01 (containing only three motifs). 
The LxxLxL pattern has been proposed by molecular modeling 
as being sufficient to provide the characteristic horseshoe cur-
vature present in leucine-rich repeat (LRRs) proteins.34 Among 
the most important LRR proteins involved in plant defense are 
the nucleotide-binding site-leucine-rich repeat (NBS-LRR), 
pivotal players for pathogen detection. However, no NBSs were 
detected in any of the proteins of the cluster. Furthermore, most 
sites under positive selection were detected outside of the puta-
tive LRR region, where the recognition of the pathogen would 
be expected to occur. However, Mondragón-Palomino et al.35 

Figure 1. Modeled 3-D structure for six maize proteins based on fold recognition 
using Phyre2. (A) GRMZM2G149800_P02 (cluster: 31469106-se, PDB ID: 3OOX). (B) 
GRMZM2G324297_P02 (cluster: 31456723-e, PDB ID: 3KTD). (C) Tetrameric structure of 
isocitrate lyase from A. nidulans (PDB ID: 1DQU). Domain II highlighted in yellow. (D) 
GRMZM2G402631_P01 (cluster: 31443992-se, PDB ID: 1AUN). (E) GRMZM2G039639_P01 
(cluster: 31461924-se, PDB ID: 1DU5). (F) GRMZM2G117971_P01 (cluster: 31462333-se, 
PDB ID: 1BW3). Amino acids inferred as evolving under positive selection are colored. 
PSS (M8+BEB) when the approximate mean of the posterior distribution for ω is > 1 and 
posterior probability > 0.5 (yellow) and > 0.8 (red). PSS (MEME), p-value < 0.1 (cyan).
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interactions, allosteric regulations and signal perception. Six clus-
ters showed positive selection even using one of the most strin-
gent tests, the LRT between models M7 and M8 implemented in 
CODEML. According to Phytozome v8.0, five out the 14 clus-
ters contain a single-copy gene at each of the analyzed Poaceae 
species (31456723-e, 31452004-e, 31447249-e, 31455526-e and 
31457048), therefore these genes are excellent candidates for fur-
ther functional analysis.

Materials and Methods

Tests for positive selection. Figure 4 shows the workflow 
designed to analyze positive selection in the 36 DRGs and the 34 
HUPGs. It consists of three main steps: (Step 1) Identification 
of orthologs and paralogs. Using a custom Python script we sys-
tematically identified Phytozome gene clusters in the Poaceae 
(Grass) node looking for all clusters containing at least one of 
the 70 genes IDs under study. In some cases, maize genes appear 
in more than one cluster, so all of them were taken into account 
for the analysis. Grass gene clusters in Phytozome v8.0 contain 
sequences from Zea mays (Zm), Sorghum bicolor (Sb), Setaria 
italica (Si), Oryza sativa (Os) and Brachypodium distachyon (Bd). 
Gene families with more than 1 sequence for each species were 
manually curated by analyzing the phylogenetic tree and select-
ing those sequences clustered together in a subtree resembling 
the species phylogeny, an indication of orthology.4 We addition-
ally analyzed gene clusters containing more than 4 sequences of 
maize in order to look patterns of positive selection in groups 
of paralogs. (Step 2) Remove highly divergent gene clusters. We 
first aligned protein clusters using MUSCLE v3.842 with the 

Finally, we obtained three clusters of proteins with known 
function where MEME detected sites under episodic selec-
tion. Two of them, 31458297-se and 31480783 sec contain 
well-known pathogenicity related proteins as PR1 and chitin-
ases displaying just four and two sites evolving rapidly, respec-
tively. The third cluster is 31461924-se and showed nine sites 
under episodic selection. The maize protein from this clus-
ter (GRMZM2G039639_P01) is annotated as protein P21, a 
family that belongs to the thaumatin-like proteins and with 
highly similarity to osmotins PR5. Three-D structure for 
GRMZM2G039639_P01 was modeled based on template PDB 
ID: 1DU5 (confidence = 100% and coverage = 89%), the crys-
tal structure of zeamatin, an antifungal protein from maize with 
membrane-permeabilizing activity.39,40 Sites predicted as evolv-
ing under episodic selection were mapped along the whole sur-
face of the protein (Fig. 1E), showing a similar pattern to the 
PR5 previously described in this work and by Zamora et al.4 
Although the mechanism of action of osmotins has not been elu-
cidated yet, it has been proposed that these proteins may target 
cell-wall and membranes of the fungal cell.41

We present here a total of 14 gene clusters with evidence for 
positive selection in the Poaceae lineage. Maize genes belonging 
to these clusters have been shown to be upregulated in maize 
during development of anthracnose caused by the hemibiotro-
phic fungus C. graminicola. Some of them have already been 
identified as evolving under positive selection while others are 
reported here for the first time. In general, most of the residues 
under positive selection detected in this study are exposed to 
the surface of the proteins (Fig. 1). These results are expected 
for proteins with important functions such as ligand-protein 

Figure 2. Multiple sequence alignment of protein cluster 31452004-e. Arrows indicate sites identified under positive selection by both methods, 
M8+BEB and MEME.

Figure 3. Multiple sequence alignment of protein cluster 31477240-se. Vertical black arrows indicate sites identified under positive selection, horizon-
tal arrows indicate: potential transmembrane regions (red), potential cytoplasmic regions (gray) and potential extracellular regions (blue). Most sites 
under positive selection appear at the potential transmembrane regions.
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between 5 and 12 members and the relative sequence divergence 
was between 0.11 (31452004-e) and 0.56 (31456723-e) nucleo-
tide changes per codon per branch estimated as S/(2T-3) accord-
ing to Anisimova et al.,13 so the low numbers of taxa as well as the 
low sequence divergence may prevent the identification of sites 
under positive selection by M8+BEB. In addition, the M8+BEB 
method may fail to recognize sites where selection is episodic. 
The MEME algorithm pools information over branches in the 
phylogenetic tree to gain power to detect episodic selection at 

default options and then filtered the 
multiple sequence alignments (MSA) 
to discard clusters with highly diver-
gent sequences. MSAs were retained 
for further analysis if the average pair-
wise identity within the cluster was 
greater than 70%, the percentage of 
gapped residues was less than 25%35 
and the percentage of sites conserved 
by Gblocks (using the default param-
eters)43 was greater than 70%. Clusters 
that did not meet these requirements 
were discarded (as in the case of both 
paralogous sets) and the ones that did 
it were then tested for positive selec-
tion. (Step 3) Positive selection tests. 
CODEML implemented in the PAML 
v4 software package11 was used to fit 
two kinds of models to the data, mod-
els that allow positive selection (M3 
and M8) and models that do not (M0 
and M7). For each model, the log like-
lihood (lnL) values were obtained and 
two likelihood ratio tests (LRTs) were 
performed (M0vsM3 and M7vsM8) 
as 2*(lnL1-lnL0) = 2ΔL, which was 
compared with a χ2 distribution to test 
whether ω was statistically different 
from one (critical value 5.99 at 5% sig-
nificance level).

Clusters showing statistically sig-
nificant differences at any of the two 
LRTs were “expanded” by adding more 
orthologous sequences from other 
Poaceae species and then conducting 
the positive selection tests again. For 
each of the 14 clusters, we used the 
protein sequence from maize as query 
in TBLASTN searches against the 
“nr” and “est” DNA databases and fil-
tering results for Poaceae species. An 
e-value < 10-20, and a coverage > 90% 
of the complete ORF were required to 
be considered as putative orthologs. 
The new “expanded” orthologous 
clusters were then tested again using 
CODEML. When the LRT indicated 
positive selection, the Bayes empirical Bayes (BEB) method was 
used to calculate the posterior probabilities that each codon is 
from the site class of positive selection under model M8.12

We used the MEME algorithm,14 part of the HyPhy pack-
age44 implemented in the Datamonkey webserver,45 to test for 
evidence of episodic selection. The LRT is reliable even if only a 
few similar sequences are analyzed,13 but the power of prediction 
of positive selection sites by M8+BEB is low when few closely 
related sequences are used.46 Sizes of clusters analyzed here were 

Figure 4. Flowchart of methods used to identify families of defense-related genes (DRGs) and hypo-
thetical or unknown protein-coding genes (HUPGs) under positive selection in the Poaceae lineage.
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or involved in metabolic pathways that are important for defense. 
Accordingly, these genes represent a set of important candidates 
for functional validation through biochemical and genetic stud-
ies in order to identify targets to take into account in plant breed-
ing programs as well as in pursuit of environmentally friendly 
plant protection compounds.
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a site, reducing the stringency of the analysis. Sites indicated as 
evolving under positive selection by MEME and M8+BEB were 
visually inspected, and only the ones that do not appear at low-
quality alignment regions were reported.

3-D modeling. When possible, protein 3-D structure models 
were built based on fold recognition using the Protein Homology/
analogY Recognition Engine v.2.0 (Phyre247) and the 3-D repre-
sentation of molecular structures was obtained using Geneious 
v5.4.48 Amino acids predicted as evolving under positive selection 
where then mapped into the protein structure.

Conclusions and Perspectives

We identified a set of genes that probably have been playing 
important roles during plant-microbe interactions for millions of 
years of antagonist coevolution between grasses and their patho-
gens. This information may aid the understanding of molecular 
mechanisms involved in plant defense since products of these 
genes may be interacting with effectors produced by pathogens 
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