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Populus trichocarpa. The Ka/Ks ratio between paralogous/
orthologous genes revealed that a subfunctionalization 
process possibly could be occurring with the LSD genes, 
explaining the involvement of LSD members in different 
biological processes, in addition to the negative regulation 
of PCD. This study presents important novelty in the evolu-
tionary history of the LSD family and provides a basis for 
future research on individual LSD genes and their involve-
ment in important pathway networks in plants.
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Introduction

The sessile nature of plants means that they are able to 
adjust their metabolic processes according to environ-
mental changes. During the signaling of stress responses, 
which trigger changes at the transcriptome, cellular, and 
physiological levels (Atkinson and Urwin 2012), one of the 
well-characterized reactions is known as the hypersensitive 
response (HR), which triggers the network of programmed 
cell death (PCD) (van Doorn et  al. 2011). PCD regulates 
the growth and spread of lesions at the initial site of dam-
age and in the cells that surround this area (Mur et al. 2008; 
Rusterucci et al. 2001). Efforts to elucidate the genes that 
mediate the PCD processes have resulted in the identifica-
tion of the Lesion Simulating Disease (LSD) protein fam-
ily. The LSD family was initially identified in Arabidop-
sis thaliana by the analysis of mutants that spontaneously 
form necrotic lesions in the absence of pathogenic infection 
(Dietrich et al. 1994). Genes belonging to this family nega-
tively regulate PCD under stress conditions (Dietrich et al. 
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1997; Epple et  al. 2003) and are exclusive to Viridiplan-
tae (Cabreira et  al. 2013). The A. thaliana LSD1 gene 
(AtLSD1) is the well-characterized member of this family 
and acts as a cellular hub that makes a central contribution 
to the oxidative stress response (Kaminaka et  al. 2006). 
This gene enhances ROS (reactive oxygen species)-scav-
enging capacity in the signaling pathway that is related to 
oxidative stress (Jabs et al. 1996; Kliebenstein et al. 1999; 
Mateo et al. 2004; Mullineaux and Baker 2010). Together 
with EDS1 (Enhanced disease susceptibility1) and PAD4 
(Phytoalexin deficient4), AtLSD1 acts as an ROS/ethylene 
homeostatic switch, controlling light acclimation and path-
ogen defense (Muhlenbock et al. 2008). Moreover, AtLSD1 
regulates acclimation to excess excitation energy (Mateo 
et al. 2004), the response to cold stress (Huang et al. 2010), 
and lysigenous aerenchyma formation under hypoxic con-
ditions (Muhlenbock et  al. 2007). The role of AtLSD1 in 
the regulation of cellular signaling homeostasis, photo-
synthesis, water use efficiency, and seed yield has recently 
been reported (Wituszynska et al. 2013). Additionally, the 
gene OsLSD1 (Oryza sativa LSD1) regulates PCD and 
callus differentiation (Wang et  al. 2005); OsLOL2 (Oryza 
sativa LSD1-like 2) is involved in rice growth and disease 
resistance (Bhatti et al. 2008; Xu and He 2007); BohLOL1 
(Bambusa oldhamii LDS1-like 1) (Yeh et al. 2011) partici-
pates in growth and biotic stress response in bamboo, and 
GmLSD1 to GmLSD8 (Glycine max LSD) are modulated in 
response to fungi and dehydration stresses (Cabreira et al. 
2013). These studies have demonstrated the involvement of 
LSD members in important biological processes in plants, 
especially responses to abiotic and biotic stresses.

The LSD proteins contain exclusively the zinc finger 
LSD domain CxxCRxxLMYxxGASxVxCxxC (Dietrich 
et  al. 1997). This characteristic allows differentiation 
between the LSD gene family and the metacaspase gene 
family, since metacaspase genes present one zinc finger 
LSD domain and the peptidase_C14 domain. The statement 
about which domain(s) compose the proteins is important 
to distinguish between these gene families. The consensus 
sequence of LSD domains in LSD proteins shows broad 
conservation (Cabreira et al. 2013) and is required for pro-
tein–protein interactions (Coll et al. 2010; He et al. 2011a, b;  
Kaminaka et  al. 2006; Li et  al. 2013). The LSD domains 
contain conserved cysteine residues that allow the forma-
tion of the C2C2 arrangement (Cabreira et al. 2013), essen-
tial for the nuclear localization of the protein (He et  al. 
2011a). The changes in LSD protein conformation medi-
ated by the presence of a different number of LSD domains 
and the evolution mechanism that is involved in the gen-
eration of LSD proteins (containing one, two, or three LSD 
domains) remain unexplored.

In the present study, we report the phylogenetic 
reconstruction of the LSD gene family in Viridiplantae 

considering the secondary structure of proteins, chromo-
somal location, duplication pattern, and synteny analysis. 
These results provide important insights about the evolu-
tionary history of the LSD family. These insights could be 
useful in further studies of PCD mechanisms in plants.

Materials and methods

LSD gene annotation and structure analysis

Previously identified sequences (Cabreira et  al. 2013) 
were used to reconstruct an LSD phylogenetic tree. These 
sequences correspond to genes identified in Manihot escu-
lenta, Ricinus communis, Linum usitatissimum, Populus 
trichocarpa, Medicago truncatula, Lotus japonicus, Phaseo-
lus vulgaris, Glycine max, Cucumis sativus, Prunus persica, 
Malus domestica, Arabidopsis thaliana, Arabidopsis lyrata, 
Capsella rubella, Brassica rapa, Thellungiella halophila, 
Carica papaya, Citrus sinensis, Citrus clementina, Euca-
lyptus grandis, Vitis vinifera, Mimulus guttatus, Aquilegia 
caerulea, Sorghum bicolor, Zea mays, Setaria italica, Oryza 
sativa, Brachypodium distachyon, Selaginella moellendorffii, 
Physcomitrella patens, Chlamydomonas reinhardtii, and 
Volvox carteri. In reference to our previous annotation, the 
following four corrections were performed according to the 
recent Phytozome update (v.9.1, http://phytozome.org): (a) 
the sequences previously annotated as Aco1 (Aquilegia caer-
ulea 1) and Aco2 were removed from the analysis (Aco1 is 
unavailable in the Phytozome, and Aco2 corresponds to an 
alternative transcript of Aco3), and the sequences previously 
named Aco3 and Aco4 were renamed as Aco1 and Aco2, 
respectively; (b) the sequences annotated as Ppe4 (Prunus 
persica 4) and Bdi5 (Brachypodium distachyon 5) were also 
removed because they are unavailable in the Phytozome, pre-
cluding further analysis. The sequences used for alignments 
are provided in Supplementary Material 1.

We analyze the intron/exon structure and the intron 
phase distribution using the Gene Structure Display Server 
(GSDS) program, developed by the Center of Bioinfor-
matics (CBI), Peking University (Guo et  al. 2007). The 
sequences were accessed using the Phytozome database 
(June/2013).

Phylogenetic analysis of the LSD genes

The complete sequences from the 113 LSD genes were 
aligned using the Muscle algorithm as implemented in 
MEGA v.5.05 (Tamura et  al. 2011). The sequences were 
edited manually and back-translated to nucleotide sequences 
for analyses at the DNA level. Contiguous insertion–deletion 
events (indels) that had more than one base pair (bp) were 
treated as single mutations (Simmons and Ochoterena 2000). 

http://phytozome.org
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A Bayesian inference (BI) was generated using BEAST v. 
1.4.7 (Drummond and Rambaut 2007); a run of 207 chains 
was performed, and the trees were sampled every 1000 gen-
erations. The Yule tree prior, the HKY substitution model, 
and the uncorrelated log-normal relaxed clock were used in 
the BEAST analysis. The TRACER v.1.4 (http://beast.bio.
ed.ac.uk/Tracer) was used to check the convergence of the 
Monte Carlo Markov chains (MCMCs) and for adequate 
effective sample sizes (EES >200) after the first 10  % of 
the generations had been deleted as burn-in. The final joint 
sample was used to estimate the maximum clade credibility 
tree with the TreeAnnotator program, which is part of the 
BEAST package. The statistical support for the clades was 
determined by accessing the Bayesian posterior probability 
(PP). The trees were visualized using FigTree v1.3.1 (http://
tree.bio.ed.ac.uk/software/figtree/).

Protein secondary structure prediction

We previously identified LSD proteins containing three, two, 
and one LSD domain(s) (Cabreira et al. 2013). To evaluate 
whether proteins with a distinct number of LSD domains 
adopt a different structure, we analyzed the secondary struc-
ture of the LSD proteins. The analysis of protein sequences 
of GmaLSD1, GmaLSD8, and OsaLSD5 (Oryza sativa 
LSD5), which have three, two, and one LSD domain(s), 
respectively, was conducted using the PSIPRED second-
ary structure prediction server (http://bioinf.cs.ucl.ac.uk/
psipred/) (Buchan et  al. 2010; McGuffin et  al. 2000). We 
used the protein that does not belong to the LSD family as a 
negative control for this analysis. The AthMC1 (Arabidopsis 
thaliana metacaspase 1_At1g02170) contains the LSD1-like 
zinc finger domain (characteristic of the LSD family) and the 
peptidase_C14 domain (characteristic of the caspase family). 
We analyzed the positions of the LSD domains using the 
SMART database (http://smart.embl-heidelberg.de/).

Chromosomal localization, duplication events, synteny, 
and Ka/Ks substitution rate analysis

We analyzed the chromosomal localization and the mecha-
nisms that are involved with the LSD genes evolution. The 
species previously studied (Cabreira et al. 2013) and with a 
genome available in the PLAZA v.2.5 (http://bioinformat-
ics.psb.ugent.be/plaza/) database were analyzed using the 
WGmapping tool, search id HOM000593 (July/2013).

We analyzed 100  kb syntenic regions between orthol-
ogous genes in G. max LSD (GmaLSD) and Populus 
trichocarpa LSD (PtrLSD). In addition, the syntenic 
regions that contain GmaLSD and PtrLSD paralogous 
genes were considered. We performed the analyses in the 
Genome Duplication Database (PGDD) (http://chibba.
agtec.uga.edu/duplication/) (Lee et  al. 2013), which uses 

the BLASTP tool to search for potential anchors (E <1e−5, 
top 5 matches) among every possible chromosome pair in 
multiple genomes. The homolog pairs identified are used 
as the input in the multiple collinearity scan (MCsan) pro-
gram, and an E value <1e−10 is used as a significant cut-
off (June/2013). We search the putative classification of the 
genes identified in the Phytozome and the PLAZA data-
bases (July/2013). In addition, we accessed the protein sim-
ilarity of duplicated genes in Phytozome (August/2013).

We analyze the ratio of the number of nonsynonymous 
substitutions per nonsynonymous site (Ka) to the number of 
synonymous substitutions per synonymous site (Ks) in the 
orthologous and paralogous GmaLSD and PtrLSD genes 
using the PGDD database (http://chibba.agtec.uga.edu/dupli-
cation/) (June/2013). In this database, the protein sequences 
were aligned using CLUSTALW as a guide to the CDS (cod-
ing DNA sequence) alignments by PAL2NAL (http://abacus.
gene.ucl.ac.uk/software/paml.html). Finally, the Nei–Gojo-
bori method was used to generate the Ka and Ks ratio.

Results

Genes with different LSD domain structures form 
separate groups along the LSD gene family evolution

The unrooted phylogenetic tree generated by Bayesian 
information (BI) was well supported, as show by posterior 
probability (PP) (Fig.  1). Two major clades of sequences 
were observed, the first comprising the sequences with 
one and two LSD domains and the second including the 
sequences with three LSD domains (Fig. 1). The phylogeny 
was structured according to the number of LSD domains 
encoded by the LSD genes. The Rco2 (Ricinus communis 
2) gene was the unique exception to this pattern. It encodes 
two LSD domains and localized in the group of genes that 
encode proteins with three LSD domains. We do not iden-
tify clades comprising only monocot and eudicot genes. 
These genes were interspersed along the phylogenetic tree, 
forming several subclades. We found a subclade containing 
only LSD genes from chlorophyte, lycophyte, and moss.

We compare the exons/introns of the individual LSD 
genes (Fig.  1). Among the 113 sequences, the number of 
introns ranged from 0 (Ppa1 and Ppa2) to 9 (Vvi3). In 
general, phylogenetically related genes exhibited a simi-
lar gene intron/exon composition. In the 27 sequences of 
subclades A and C (two LSD domains; Fig. 1, blue genes), 
around 63  % contains three introns, except Sbi2, Mes4, 
and Csi3 (two introns); Ptr4, Lus7, Mes2, Cpa1, and Tha3 
(four introns); Sit1 (six introns); and Mgu3 (seven introns). 
The subclade B genes (one LSD domain; Fig. 1, red genes) 
contain one to six introns. The subclade D (three LSD 
domains; Fig.  1, black genes) formed by monocots and 

http://beast.bio.ed.ac.uk/Tracer
http://beast.bio.ed.ac.uk/Tracer
http://tree.bio.ed.ac.uk/software/figtree/
http://tree.bio.ed.ac.uk/software/figtree/
http://bioinf.cs.ucl.ac.uk/psipred/
http://bioinf.cs.ucl.ac.uk/psipred/
http://smart.embl-heidelberg.de/
http://bioinformatics.psb.ugent.be/plaza/
http://bioinformatics.psb.ugent.be/plaza/
http://chibba.agtec.uga.edu/duplication/
http://chibba.agtec.uga.edu/duplication/
http://chibba.agtec.uga.edu/duplication/
http://chibba.agtec.uga.edu/duplication/
http://abacus.gene.ucl.ac.uk/software/paml.html
http://abacus.gene.ucl.ac.uk/software/paml.html
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chlorophyte, lycophyte, and moss comprised sequences 
that ranged from zero (Ppa1 and Ppa2) to six introns (Sit 3 
and Smo1). In the 37 sequences of subclade E (three LSD 
domains; Fig. 1, black genes), 76 % contains five introns, 
except Gma6 (three introns); Bdi1, Gma7, and Aco1 (four 
introns); Csi1 and Lus5 (six introns); Sit5 (seven introns); 
and Vvi3 and Mtr2 (eight introns). In the 35 sequences 
of subclade F (three LSD domains; Fig.  1, black genes), 
around 72 % contained four introns and the sequences Csa3 
(two introns); Rco2, Tha1, Bra5, Ath2, and Osa2 (three 
introns); Mgu2, Gma4, and Lus2 (five introns); and Vvi2 
(six introns) were exceptions.

The product of RNA splicing results from the joining 
of a 5′ splicing site to a 3′ splicing site (Sharp 1981). The 
RNA splicing is an important mechanism, which can gener-
ate different intron phases and different reading frames. The 
reading frame is related to the position of the intron within 
or between codons. Introns between codons are designated 
phase 0, introns between the first and the second bases of a 
codon are designated phase 1, and introns between the second 
and the third bases of a codon are designated phase 2. A cor-
relation between intron phases results in an excess of sym-
metric exons and symmetric exon sets were reported (Long 
et al. 1995). We observe that the intron phases were remark-
ably well conserved in the related genes. In general, consid-
ering the subclades that contain sequences with three LSD 
domains, subclade E had the first and second introns in phase 
1, and subclade F had the first, second, and third introns in 
phase 1. We identified sequences with variable intron phase in 
subclade D (formed by monocot and chlorophyte, lycophyte, 
and moss). Among the sequences with two LSD domains, the 
majority possessed the first and second introns in phase 1.

Distinct number of LSD domains and the maintenance 
of secondary structure in LSD proteins

The prediction of secondary structure, which constitutes 
the second level of protein structure, provides the loca-
tion of β-sheets or/and α-helices within a protein or protein 
family. To predict which structure (β-sheets or α-helices) is 

predominant in the chain of LSD proteins, we analyzed the 
amino acid sequences of three different LSD proteins. In 
general, the predictions were accurate and reliable, based 
on the confidence of prediction value represented in Fig. 2 
(blue bars). We observed that β-sheets are the main compo-
nent of the secondary structures of GmaLSD1 (three LSD 
domains), GmaLSD8 (two LSD domains), and OsaLSD5 
(one LSD domains) (see Fig. 2 and Supplementary Mate-
rial 2 for details). As exemplified by soybean and rice, these 
observations were confirmed in several species such as M. 
esculenta, R. communis, C. papaya, Z. mays, and S. bicolor 
(Supplementary Material 3). Therefore, the number of LSD 
domains did not alter the secondary structure of LSD pro-
teins. AtMC1 (negative control) revealed a different protein 
structure than that of the LSD proteins. It has both β-sheets 
and α-helices, but the α-helices are the main component. 
We identified two β-sheets in regions that contain the zinc 
finger LSD domains in LSD proteins, but only one β-sheet 
was found in this region in the AtMC1 control.

Genome distribution and expansion of LSD genes

Figure 3 illustrates the chromosomal location of LSD genes 
and the putative mechanism of their duplication. The com-
plete results are presented in Supplementary Table S1. We 
found LSD genes distributed on various chromosomes 
throughout the genomes analyzed.

Single LSD isoforms (without a corresponding paralo-
gous gene) were more often found than genes subjected to 
block and tandem duplication processes. This was observed 
for the single LSD gene in Chlamydomonas reinhardtii and 
for the two copies of the LSD gene in chromosome 7 and 4 
for S. bicolor and Z. mays, respectively. Nevertheless, we 
observed that the block and tandem duplication contrib-
uted substantially to LSD family expansion in species such 
as P. trichocarpa and G. max. These species have passed 
through polyploidization events.

We identified that the duplication processes were 
restricted to genes with three LSD domains (Supplemen-
tary Table S1). All genes that contained two or one LSD 
domains did not have a matching paralogous gene.

Although some gene copies were generated from tandem 
or block duplication, we found that some genes appeared as 
part of both processes, as the genes in chromosome 3 and 
12 of O. sativa ssp. japonica. These data indicate that these 
genes are included in a set of tandem-duplicated genes that 
are present in a block-duplicated region.

Syntenic analysis of LSD orthologous/paralogous genes 
in Glycine max and Populus trichocarpa

We analyze a 100-kb syntenic region between LSD orthol-
ogous/paralogous genes. Supplementary Table S2 shows 

Fig. 1   Evolutionary relationships among the 113 LSD genes based 
on unrooted tree obtained by Bayesian inference. The PP is shown 
above the branches. The taxa terminologies are abbreviated using the 
first letter of the genus and the first two letters of the species named 
according to (Cabreira et  al. 2013), (see Supplementary Table S2). 
The black shading indicates the sequences with three LSD domains. 
The blue shading indicates the sequences with two LSD domains. 
The red shading indicates the sequences with one LSD domain. The 
eudicot species (triple asterisk), the monocot species (double aster-
isk), and the basal organism (asterisk) are shown. The right side 
provides a detailed illustration of the relative intron/exon length and 
number in each gene. The intron/exon figures were generated using 
the GSDS program and redrawn. The orange square indicates the 
Rco2 sequence (color figure online)

◂
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the protein family classification for all genes per syntenic 
region based on the Phytozome and PLAZA databases. In 
addition, we analyze the Ka/Ks values.

We chose two related species (soybean and poplar) with 
the entire genomes assembled and annotated and with a rela-
tively large number of LSD members. Poplar and soybean 
have experienced different numbers of genome duplications: 
poplar underwent one complete genome duplication after the 
genome triplication event (γ) and soybean passed through 
two duplication events (Lin and Paterson 2011). Therefore, 
this analysis allows a comparison between syntenic regions 
after a different number of genome duplications.

Figure 4 illustrates the syntenic region between orthologous 
genes in soybean (GmaLSD) compared with poplar (PtrLSD) 
genes. Poplar and soybean frequently contain the same pro-
tein families distributed in their syntenic regions, indicating 

a common origin for the chromosomes. We observed Ka/Ks 
ratios in orthologous genes that suggest a negative selection. 
Only one exception to this pattern was observed in the syntenic 
regions between GmaLSD3 and PtrLSD1 and GmaLSD3 and 
PtrLSD2. In these regions, the Ka/Ks ratio of Glyma15g22100 
and Ptrichoc_0011s15820 and Glyma15g22100 and 
Ptrichoc001s43290 (belonging to the nitrate, formate, and iron 
dehydrogenase family) suggests neutral selection.

We observed three different types of block duplica-
tion between poplar and soybean (Supplementary Table 
S2). A small duplication block was found in the syntenic 
regions that contain GmaLSD1 and PtrLSD1 (78.0  % 
protein similarity), GmaLSD1 and PtrLSD2 (75.1  % pro-
tein similarity), GmaLSD2 and PtrLSD1 (69.3  % pro-
tein similarity), GmaLSD3 and PtrLSD1 (67.2  % pro-
tein similarity), GmaLSD3 and PtrLSD2 (59.9  % protein 

Fig. 2   Secondary structure of LSD proteins. GmaLSD1 (three LSD 
domains), GmaLSD8 (two LSD domains), and OsaLSD5 (one LSD 
domain) were analyzed using the PSIPRED program. AthMC1 was 

used as a control for the analysis. The orange line under the amino 
acid sequence highlights the LSD domains, and the blue line high-
lights the C14 domain (color figure online)
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similarity), GmaLSD4 and PtrLSD1 (75.3 % protein simi-
larity), GmaLSD4 and PtrLSD2 (73.0  % protein similar-
ity), GmaLSD5 and PtrLSD3 (82.8  % protein similarity), 
and GmaLSD5 and PtrLSD5 (82.1 % protein similarity). A 
large duplication block was observed in the syntenic region 
that contains GmaLSD6 and PtrLSD3 (75.3  % protein 
similarity) and GmaLSD7 and PtrLSD3 (77.6  % protein 
similarity, data not shown). A huge duplication block was 
observed in the syntenic regions that possess GmaLSD6 
and PtrLSD5 (75.3  % protein similarity), GmaLSD7 and 
PtrLSD5 (77.6  % protein similarity), and GmaLSD8 and 
PtrLSD4 (58.6 % protein similarity).

Figure 5 shows the syntenic regions between LSD paral-
ogous genes in soybean and poplar. In accordance with the 
syntenic regions between the orthologous genes, we observed 
a high degree of conservation in the protein families. For the 

majority of the genes, the Ka/Ks ratio also suggested negative 
selection (Supplementary Table S2). Two exceptions were 
observed: in the syntenic region that contains GmaLSD3 and 
GmaLSD4 and in the region that contains Glyma09g09990 
and Glyma15g22100 (nitrate, fromate, and iron dehydroge-
nase family). These exceptions could suggest neutral selec-
tion. The same pattern was observed for Glyma01g40750 and 
Glyma17g16560 (E3 ubiquitin ligase family) in the syntenic 
region that contains GmaLSD6 and GmaLSD7.

We verified two different types of duplication block 
in LSD paralogous genes (Supplementary Table S2). A 
huge duplication block was found between GmaLSD1 
and GmaLSD2 (99.4  % protein similarity), GmaLSD3 
and GmaLSD4 (87.8  % protein similarity), GmaLSD5 
and GmaLSD6 (86.9 % protein similarity), GmaLSD6 and 
GmaLSD7 (78.9  % protein similarity), and PtrLSD3 and 

Fig. 3   Analysis of chromosomal location and the mechanism of LSD 
gene generation in the available species using the WGmapping tool 
in the PLAZA database. For each species, the individual scale in Mb 
is shown. The black vertical line represents the chromosomes, scaf-

folds, or contigs and shows their number at the top. The black, red, 
and green horizontal lines represent the single-copy genes, the block, 
and the tandem-duplicated genes, respectively (color figure online)
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PtrLSD5 (78.2  % protein similarity). A large duplication 
block was observed in the syntenic region that contains 
GmaLSD5 and GmaLSD7 (80  % protein similarity) and 
PtrLSD1 and PtrLSD2 (88.3 % protein similarity).

We observed that the number of LSD domain was main-
tained between paralogous/orthologous genes (Figs.  4, 5). 
Therefore, the syntenic regions showed that duplicated LSD 
genes originate proteins with equal structure of domains.

Discussion

LSD gene diversification occurred before the separation 
of the monocots and eudicots

The phylogenetic analysis performed in this study shows that 
the distribution of the LSD genes among the Viridiplantae 

species reflects the number of LSD domains that they encode 
and that this distribution is well supported (Fig. 1). The pro-
posed scenario based on the unrooted tree suggests that all 
genes evolved during the same time and emphasizes the 
idea that the common ancestor of each of these genes pre-
ceded the separation of monocots and eudicots. Addition-
ally, the incongruence observed in the localization of Rco2 
(with two LSD domains) could be explained by the finding 
that while other proteins with two LSD domains comprise 
the second and third domains (i.e., the core and C-terminal 
domains), Rco2 is exclusively formed by the first and third 
LSD domains (i.e., the N- and C-terminal domains) (data 
not shown). Thus, despite the absence of the second domain, 
Rco2 is closer to proteins that show three LSD domains.

Structural divergence between exon/intron within 
gene families is also a mechanism for their evolution (Li 
et  al. 2009). The differences observed in the exon–intron 

Fig. 4   Syntenic regions between GmaLSD and PtrLSD orthologous 
genes analyzed in the PGDD database. The green horizontal line rep-
resents the chromosome. The blue and red vertical line and arrows 
represent the duplicated orthologous genes; the red line represents 
the sequence that was used as the search query (indicated at the top 

of each of the syntenic regions). The white arrow indicates that there 
were no duplicated genes. The gene code that was used in the PGDD 
is located next to the arrows. The e value for each syntenic region is 
shown (color figure online)
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structure of paralogous/orthologous genes could be 
explained by several mechanisms, such as exon/intron gain/
loss, point mutation, insertion/deletion, exonization (a pro-
cess in which an intronic or intergenic sequence becomes 
exonic), and pseudoexonization (the opposite process of 
exonization) in a DNA sequence (Xu et al. 2011). Although 
related paralogous/orthologous genes contain exon/intron 
that is conserved, events of exon/intron modifications 
might have occurred during the evolution of the LSD fam-
ily. We observed modifications in the number of intron to 
specific genes, as observed in the subcluster that is con-
tained in subclade E (between the Tha2 and Gma6 genes) 
(Fig.  1). The genes that belong to this subcluster contain 
five introns, except Mtr2, Gma7, and Gma6.

Genes that showed modifications in their intron number 
had also alterations in their intron phase. This pattern is 

remarkable in the subclade that is formed between the Tha2 
and Gma6 genes (contained in subclade E). In these, Mtr2 
and Gma7 showed modifications, but remained clustered 
with related genes. We conclude that, despite the variation, 
they still resemble their corresponding paralogous/ortholo-
gous genes.

In summary, we verify that the analysis of intron/exon 
structure of LSD genes corroborates the phylogenetic anal-
ysis. Therefore, the combination of these results suggests 
that all the LSD genes might have a common ancestor.

β‑sheet composition in LSD proteins is maintained 
independent of the number of LSD domains

Protein secondary structure carries information about the 
structural arrangements that occur in a protein. To date, 

Fig. 5   Syntenic regions between the GmaLSD and PtrLSD paralo-
gous genes analyzed in the PGDD database. The green horizontal 
line represents the chromosome. The blue and red vertical line and 
arrows represent the duplicated paralogous genes; the red line rep-
resents the sequence that was used as the search query (indicated 
at the top of each of the syntenic regions). To illustrate the lack 

of duplication of GmaLSD8 and PtrLSD4, Glyma07g31590 and 
Ptrichoc0004s04280 were used as query sequences. The white arrow 
indicates that there were duplicated genes. The gene code that was 
used in PGDD is located next to the arrows. The e value for each syn-
tenic region is shown. The black squares represent the lack of dupli-
cated GmaLSD8 and PtrLSD4 genes (color figure online)
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data involving the proteins of the LSD family are associated 
with protein–protein interactions (Coll et al. 2010; He et al. 
2011b; Kaminaka et al. 2006; Li et al. 2013), the role of the 
zinc finger LSD domains (He et al. 2011a), and their con-
servation in protein sequences (Cabreira et al. 2013). These 
studies revealed that zinc finger LSD domains are funda-
mental for the functionality of these proteins.

β-sheets are formed by the pairing of multiple β-strands 
that are held together by typical patterns of hydrogen bonds 
that run in parallel or antiparallel (essential to maintain 
protein stability), which involve interactions between resi-
dues that are often separated by large distances along the 
primary sequence of proteins (Cheng and Baldi 2005). We 
showed that β-sheets are the main component in the assem-
bly of these LSD proteins (Fig. 2; see also Supplementary 
Material 2 and Supplementary Material 3 to an overview 
of these results). Three sequential β-sheets (indicated by 
the yellow arrow) generally overlap the LSD domain posi-
tion (indicated by the orange line) (Fig. 2). Regardless of 
the number of LSD domains (exemplified as GmLSD1, 
GmLSD8, and OsaLSD5), the structures of β-sheets are 
maintained. Thus, the high conservation of LSD domains 
(Cabreira et al. 2013) and β-sheets that overlap with their 
positions points to a possible similar protein secondary 
structure in all the LSD family. The results of previous 
studies and the present data suggest an important role for 
LSD domains in LSD protein structure and activity.

The majority of LSD genes are single‑copy genes

In gene families, gene duplication events are fundamen-
tal for the families’ evolution because duplicated genes 
provide the raw materials for the generation of new gene 
functions (Yin et  al. 2013). Duplication of genomic con-
tent can occur by many independent mechanisms, such 
as tandem duplication (local duplications that involve one 
or two genes), block/segmental duplications (duplications 
of subchromosomal-length regions), and whole-genome 
duplications (WGD) originated by polyploidy events 
(Flagel and Wendel 2009).

The analysis of the distribution of LSD genes reveals 
that they are located on various chromosomes, and several 
members were found on duplicated chromosomal segments 
(Fig. 3). Similar results were observed for the annexin gene 
family in Viridiplantae (Jami et al. 2012).

Block duplication process is more frequent in plants 
because most of them are polyploids, and numerous dupli-
cated chromosomal blocks are maintained within their 
genomes (Yin et al. 2013). Several plant species, such as A. 
thaliana (Simillion et al. 2002), rice (Yu et al. 2005), and soy-
bean (Schmutz et  al. 2010), experienced WGD during their 
evolution. This phenomenon is particularly prominent in eud-
icot plants, which share a γ event (Lin and Paterson 2011).

The genes originated by the tandem duplication process 
do not present a matching paralog (Fig. 3; Supplementary 
Table S1), suggesting that the duplicated copies are quickly 
lost. The exceptions to this scenario are the tandem-dupli-
cated genes in poplar (PtrLSD1 and PtrLSD2) and soybean 
(GmaLSD3 and GmaLSD4), and species that had under-
gone genome duplications during their evolutionary histo-
ries (Lin and Paterson 2011). Therefore, we suggested that 
the majority of the LSD genes are single-copy genes that 
were duplicated, but maintained throughout evolution in an 
ancestral genome. These events resulted in a current sce-
nario that consists of a large number of orthologous LSD 
genes.

A common origin of LSD genes is particularly interest-
ing for sequences that possess one and two LSD domains. 
Although certain sequences with three LSD domains are 
subject to duplications, the sequences with one or two LSD 
domains do not show duplicated genes (Supplementary 
Table S1). Synteny analysis of GmaLSD8 and PtrLSD4 
(both of which present two LSD domains) supports this 
result (Fig.  5). These genes are located in a very large 
duplication block and do not have matching paralogs. This 
result shows that they are descendants from an ancestral 
genome and that their duplication did not occur after the 
split between these genomes or that the duplicated copy 
was lost during evolution.

Synteny analysis demonstrates high conservation 
between the related species poplar (Populus trichocarpa) 
and soybean (Glycine max)

Synteny is an inference that two or more chromosomes 
or segments are derived from a common ancestor (Lyons 
et al. 2008). The analysis of physical synteny may be used 
to explain the events that a genome has undergone prior to 
achieving its current structural form. These genomic events 
can include the evolutionary repositioning of genes respon-
sible for shared phenotypes between two related species 
(McClean et al. 2010).

Although several breakpoints occur in the syntenic 
regions between poplar and soybean, a significant syn-
teny is still maintained (Fig. 4). These breakpoints can be 
explained by the different number of duplications in these 
species. Thus, syntenic regions containing LSD genes iden-
tified as intraspecies (GmaLSD × GmaLSD and PtrLSD × 
PtrLSD) and interspecies (GmaLSD × PtrLSD) emphasize 
that the LSD genes originated from a common ancestor.

LSD genes with the same number of LSD domains 
formed syntenic regions (Figs.  4, 5). As exemplified by 
soybean and poplar, this observation was confirmed in sev-
eral species such as M. esculenta, R. communis, C. papaya, 
and S. bicolor (data not shown). Therefore, these results 
show that the LSD genes that encode proteins with one, 
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two, and three LSD domains are not the result of loss or 
gain in LSD domains. We conclude that the duplicated cop-
ies retain the original number of domains.

Although duplicated genes can undergo neofunction-
alization (when one copy acquires a novel function) or 
subfunctionalization (in which both copies are mutated 
and adopt complementary functions), pseudogenization is 
the most common fate of the copies after the duplication 
process (Cagliari et  al. 2011). The Ka/Ks ratio generates 
insights into the processes that drive the changes at the 
molecular level. A Ka/Ks ratio >1 shows that neofunc-
tionalization through positive selection acted during the 
sequence divergence, and a Ka/Ks ratio <1 suggests that 
subfunctionalization through negative selection operated 
during the divergence (Fan et al. 2013; Zhang et al. 2002).

The results for the homologous Rxp regions in soybean 
suggest that smaller Ks values (0.16, 0.17) are associated 
with recent duplication regions and that high Ks values 
(0.62–0.67) are associated with ancient polyploidy events 
(Kim et  al. 2009). Based on these data, we observed that 
the syntenic regions with GmaLSD1 and GmaLSD2, 
GmLSD3 and GmaLSD4, and GmaLSD5 and GmaLSD6 
can be associated with recent duplication regions (low Ks 
values). Moreover, the syntenic regions with GmaLSD6 
and GmaLSD7 and GmaLSD5 and GmaLSD7 generally 
exhibit high Ks values, suggesting an association with an 
ancient polyploidy event. Therefore, these results suggest 
that the GmaLSD genes could have been derived from dif-
ferent duplication events.

Because gene duplication makes a major contribution to 
the evolution of new gene functions, duplicated genes can 
experience a substantial relaxation of selection compared 
with unduplicated genes (Kondrashov et  al. 2002). An 
evolutionary model of gene duplication proposed by Kon-
drashov et al. (2002) holds that an apparent early phase of 
relaxed constraint or even near-neutrality that is followed 
by a negative selection period occurs at the first stages after 
gene duplication. The model proposed that the later stages 
of this process most likely provide a long-term advantage 
by enabling the creation of new functions. In terms of the 
syntenic regions analyzed, the Ka/Ks ratio shows that both 
paralogous and orthologous sequences appear to be evolv-
ing under similar levels of negative selection (Supple-
mentary Table S2). This finding indicates that a subfunc-
tionalization process probably could be occurring in LSD 
genes. In fact, we observed different expression patterns of 
GmaLSD genes in various organs and plants subjected to 
Phakopsora pachyrhizi infection and dehydration (Cabreira 
et al. 2013). Thus, the differential expression together with 
the low Ka/Ks supports a possible subfunctionalization of 
these genes. Previous studies have shown that the preva-
lence of variable expression in soybean after polyploidi-
zation has revealed that several paralogous genes undergo 

subfunctionalization (Fan et al. 2013; Roulin et al. 2013). 
Accordingly, our results reinforce the theory of the reten-
tion of duplicate genes through subfunctionalization, which 
may constitute a transitional step to neofunctionalization 
(Roulin et al. 2013).

Figure  6 summarizes and provides a comprehensive 
overview of the results. In summary, we state that the 
diversification of the LSD family precedes the separation 
of monocots and eudicots. We observed that the different 
number of LSD domains does not alter the protein sec-
ondary structure, which suggests a similar conformation 
in all LSD proteins. Proteins that are composed of one, 
two, and three domains are not a result of a loss or gain 
in LSD domains. Duplicated LSD genes generated cop-
ies with equal numbers of LSD domains. The majority of 
the LSD genes are maintained as a single copy in the dif-
ferent species and are orthologous in several genomes. 
Together, these results suggest the existence of a common 
ancestor of the LSD proteins. Finally, although the major-
ity of members are related to the negative regulation of 
PCD, LSD members probably could be involved in other 

Fig. 6   Model of possible LSD family evolution. The rectangles rep-
resent genes encoding proteins with three LSD domains (black), two 
LSD domains (blue), and one LSD domain (red). The dark pink and 
green rectangles represent the mutated copy with complementary 
functions. The black rectangle shows the copy that keeps the original 
function, and the brown rectangle indicates the copy that acquires a 
novel function (color figure online)
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biological processes, due the occurrence of functionaliza-
tion processes.
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