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ABSTRACT 

 

 Genome sequencing technologies are providing huge quantities of data for phylogenetic 

inference. However, most phylogenomic studies exclude gene families, because many have a 

complicated history of gene duplication/loss and structural change by domain shuffling, 

especially in deep phylogenies. Gene tree parsimony (GTP) methods, which seek the species tree 

that minimizes the cost of gene duplication, have been successfully applied to gene families with 

frequent duplication history. Their utility and performance in the context of gene families with 

complex histories of gene duplication and domain reshuffling remains unclear. In this study, we 

analyzed 4389 gene families from six angiosperm genomes encompassing a wide range of 

duplication rates, and a broad diversity of domain architecture. Overall species tree inference 

accuracy increased monotonically with the inclusion of more gene trees, and high accuracy was 

achieved with 50-100 gene trees. The rate of gene duplication strongly influences species tree 

inference accuracy, with the highest accuracy at either very low or very high rates of duplication 

and lowest accuracy centered around one duplication per branch in the unrooted species tree. 

This is the opposite of the relationship between substitution rates on tree construction accuracy, 

in which intermediate rates have highest accuracy. Accuracy is generally higher in gene families 

with high domain architecture diversity but has high variance in families with relatively low 

domain architecture diversity. The latter is probably due to the high variation of gene duplication 

number for those gene families. We close with some discussion of potential impacts of domain 

evolution on phylogenomic reconstruction protocols in general, including its effect on alignment. 
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INTRODUCTION 
 

 Many phylogenetic studies now use sequence data from hundreds, thousands or even 

more genes to infer species tree using a variety of methods for assembling the sometimes 

conflicting information from different parts of the genome (Rokas et al., 2003; McMahon and 

Sanderson, 2006; de Queiroz and Gatesy 2007; Burleigh et al., 2006; Buerki et al., 2011). Gene 

trees, the phylogenies of individual genes, need not agree with each other or the species tree in 

which they are contained (Maddison 1997) for many reasons, including problems in phylogeny 

inference methods (e.g., misspecification of the model) and more direct biological factors such as 

incomplete lineage sorting, horizontal gene transfer, or gene duplication/loss (Wolf et al., 2002; 

Bapteste et al., 2004; Sanderson and McMahon, 2007; Ness et al., 2011; Steel et al., 2013; 

Salichos and Rokas, 2013). Many phylogenomic studies used supermatrix methods, which 

concatenate sequences from multiple loci into one large alignment. Typically they discarded all 

genes except select single copy orthologous genes using a variety of informatics protocols (de 

Queiroz and Gatesy 2007; Baker et al. 2009; Salichos and Rokas, 2013; etc.). Especially in 

eukaryotic genomes, including those with long histories of whole genome duplication(s) like 

angiosperms, much information is discarded by excluding any collection of genes that has 

paralogs in it. Moreover, this approach, though illuminating in many cases, has obviously not 

eliminated incongruence, with much remaining due to incomplete lineage sorting (Cranston et 

al.,2009; Yoder et al., 2013; Salichos and Rokas, 2013) and probable errors in orthology 

assessment. In this paper we explore the utility of including gene families explicitly in 

phylogenomic inference, focusing particular attention on a facet of gene family evolution that 

has not yet been well explored: structural diversity of domain architecture. Gene family and 
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domain architecture diversity can both record a history of evolutionary events leaving a signal 

about species relationships. 

 

Gene Duplication and Species Tree Inference 

 Gene duplication has played a key role in the evolution of eukaryotes (Innan et al, 2010). 

In plants especially, many gene duplicates have been retained from ancient whole genome 

duplications, and some may have provided the basis for important innovations in seed plant and 

flowering plant evolution(Jiao et al, 2011). Many gene families have frequent turnover driven by 

gene duplication and loss, as in the large scale gene duplication/loss events for the bric-a-

brac/tramtrack/broad complex ubiquitin-ligase (BTB) gene families after the split of rice and 

Arabidopsis (Gingerich et al., 2007). Frequent gene duplications and losses make it difficult to 

identify orthologous single copy loci for conventional phylogenetic analysis. “Gene Tree 

Parsimony” (GTP) (Goodman et al., 1979; Guigó et al., 1996; Maddison, 1997; Page and 

Charleston, 1997; Slowinski et al., 1997; Slowinski and Page, 1999; Sanderson and McMahon, 

2007) exploits the occurrence of duplication events themselves to build trees, by searching for 

the species tree that minimizes the number of duplications across the set of gene trees (Goodman 

et al., 1979; Maddison, 1997;  Guigó et al., 1996; Page and Charleston, 1997; Slowinski et al., 

1997; Slowinski and Page, 1999; Sanderson and McMahon, 2007). GTP has proven useful in a 

limited but varied number of taxonomic groups including Drosophila (Cotton and Page, 2004), 

Elapidae (Serpentes) (Slowinski et al., 1997), vertebrates (Page, 2000; Cotton and Page, 2002), 

whales (McGowen et al., 2008), sharks (Martin and Burg, 2002),  plants (Sanderson and 

McMahon, 2007; Burleigh et al., 2010), aquatic plant (Ness et al., 2011), and has also been used 

to root the whole eukaryotic tree (Katz et al. 2012). Although empirical experience with this (and 
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like minded) methods is growing, its performance has not been thoroughly evaluated, and a key 

biological feature of gene family diversity has not been explored in this context—the domain 

architecture of protein coding genes. 

 

Domain Architecture 

 Here we define some terms. Gene refers to the exon and intron nucleotide sequences of a 

protein coding gene. A gene family is the set of phylogenetically related genes (we do not use 

protein family, here, but it is essentially the same as the gene family). A protein is the mature 

gene product, comprising a sequence of amino acids with structure and function.  

Domains are the "building blocks" of proteins, usually having specific 3D molecular structures 

or conformations and conserved functions within proteins; most of them can also fold 

independently (Anfinsen et al. 1961; Jackson 1998). A domain family is a set of phylogenetically 

related domains. Domain architecture (DA), also called domain organization, is the linear 

arrangement of domain(s) in an individual gene (or protein). For example, in Figure 1A, a 

specific gene family has genes from any of four domain families—A, B, C and D, and those four 

domains are arrayed in five unique domain architectures in five individual genes—ABCD, 

ABDC, AAD, C and CD. Domain architecture diversity of a gene family is then the number of 

unique domain architectures in the gene family. 

  More than half of proteins in eukaryotic organisms are multiple domain proteins (Wang 

and Caetano-Anolles, 2006). Many can co-exist with a large variety of other domains in different 

genes (Cohen-Gihon et al., 2011). Kinase domains which conduct phosphorylation, a typical 

example, are frequently associated with other domains such as Leucine Rich Repeats, LysM, S-

locus and others. Collectively, 19 different domain families have representatives in the large 
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receptor-like kinase (RLK) gene family creating a very large number of distinct domain 

architecture in Arabidopsis and rice, with high functional diversity (Shiu et al. 2004). Another 

family with high domain architecture diversity is the F-box gene family, whose members 

mediate ubiquitination. A study in Arabidopsis, poplar and rice indicated that F-box subfamilies 

with frequent duplications were associated with domain architecture diversification, while those 

with few duplication also has little or no domain architecture variation (Xu et al., 2009). 

 

Domain Architecture and Phylogenetic Signal 

 The idea that domain architecture changes may contain phylogenetic information is 

supported by a few studies that have used domain presence-absence data to build trees broadly 

consistent with current understanding of the tree of life (Yang et al., 2005; Wang et al, 2006; 

Fukami-Kobayashi et al., 2007). Nonetheless it is unknown whether increased domain 

architecture diversity in a single gene family might improve or degrade phylogenetic inference 

using that family.  Phylogenetic analysis depends on the accuracy of alignment (e.g., Wong et al, 

2008), but sequence alignment programs can easily be misled by changes in domain architecture 

(Phuong et al., 2006), just as they can by large indels in an alignment of a single domain (Figure 

1.B). On the positive side, gene families with diverse DAs might tend to have long sequence 

length owing to the presence of multiple domains and to include many genes , which might 

provide more phylogenetic information by species tree inference strategies such as GTP.  

 The goal of our study is to explore the impact of gene duplication rate and domain 

architecture diversity on the accuracy of species tree inferences based on gene and/or domain 

family trees. Species tree construction even using the relatively fast GTP algorithm is still NP 

complete (Górecki et al., 2012), so we restrict attention to that algorithm, but anticipate that 
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broad conclusions may carry over to likelihood based inference methods (McCormack et al., 

2009). The basic approach will be to assume a "known" species tree for six angiosperms for 

which complete genome data are available, and evaluate species trees built with GTP using a 

variety of subsets of the data, in order to gauge the accuracy entailed by using domain families 

and gene families with various properties. Our current study will provide valuable information 

not only for understanding species tree—gene tree relationships at a genome wide scale, but also 

for future design of more sophisticated alignment strategies and improvement/upgrade of species 

tree inference algorithms suitable for genome-wide data such as GTP . 
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MATERIALS AND METHODS 
 

Species and Species Tree 

 We selected six angiosperm species with whole genome sequences separated by enough 

divergence to have accumulated diversity in their gene families and domain architecture, and 

also to avoid short edge lengths and incomplete lineage sorting, which is a confounding source of 

gene tree incongruence. These included four eudicots (Medicago truncatula, Glycine max, 

Fragaria vesca, Arabidopsis thaliana) and two monocots (Oryza sativa ssp. japonica and 

Sorghum bicolor)(Figure 2) (Hilu et al., 2003; Jansen et al, 2005; APG III [Angiosperm 

Phylogeny Group III]. 2009; Soltis et al., 2011; etc.).   

 

Genome And Gene Family Data 

 Gene families were obtained from the Plant Plaza 2.5 database, which was constructed by 

all-against-all BLASTP (cutoff E_value=1e-05) and graph-based clustering method (Markov 

clustering implemented in Tribe-MCL, MCL_I=2) to cluster homologous protein sequences 

(Enright et al., 2002; Proost, et. al, 2009). Domain annotations are critical to our study and we 

therefore used two independent sources: the Pfam (Bateman et al., 2002) and Superfamily 

(Wilson et al., 2009) databases for the protein domain annotations, which were also downloaded 

from Plant Plaza 2.5 database (Hunter et al., 2009, Proost, et. al, 2009). From the 39144 gene 

families in Plant Plaza 2.5, a subset of 4389 gene families having complete six taxon coverage 

were used in analyses of the relationship between species tree inference accuracy and gene 

duplication rates. Only a subset of these gene families are annotated with respect to domain 

architecture: 3178 gene families  with Pfam domain annotation (and all six species) and 1494 
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gene families with Superfamily domain annotation (and six species) were used in the analysis of 

domain architecture diversity.  

 

Gene Tree And Species Tree Reconstruction 

 Full length protein-coding DNA sequences (CDS) for each gene family were aligned with 

TranslatorX, which translated DNA into proteins for alignment via MUSCLE (Edgar 2004) and 

translated back into DNA alignment with the default parameter setting (Abascal et al., 2010). We 

inferred the phylogenetic tree for each gene family (gene tree) initially using RAxML (CAT + 

GTR) (Stamatakis 2006) and Fasttree 2. (Price et al., 2010) (CAT+GTR). However, 14 gene 

families with very large number of leaves failed to finish in the time we allotted for each run, 

whereas all gene families finished using Fasttree 2, and we therefore proceeded with the latter, 

although we did see a slight advantage to RAxML's performance with respect to the likelihood 

score on those trees that did terminate.  

 For each gene family, a species tree was estimated via gene tree parsimony (GTP) as 

implemented in Duptree (Bansal et al., 2007; Wehe et al., 2008). Duptree takes the unrooted 

gene tree(s) generated by Fastree 2 as input and performs a heuristic search among rooted 

species tree using a fast local rooted subtree pruning and regrafting (rSPR) algorithm (Bansal et 

al., 2007) in order to minimize the total number of duplications (Wehe et al., 2008). Because our 

gene trees were unrooted, all the gene trees were automatically rerooted with option  “-r opt” in 

Duptree by minimizing the total number of duplication (Wehe et al., 2008). A similar approach 

was taken for construction of domain trees (see below). 
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 For some analyses a species tree was estimated from a collection of gene trees or domain 

trees In that case, Duptree was used again to optimize the total number of duplications across all 

trees in the collection. 

 

Species Tree Accuracy and Duplication Rates 

 For each of the 4389 gene families with six taxon coverage, the number of duplications of 

each gene family were obtained by two ways—one by reconciling the gene tree to the known 

species tree via Notung 2.6 (Chen et al., 2000); the other by directly using Duptree's 

reconciliation based on its estimate of the species tree, which might not always match the known 

tree (Bansal et al., 2007; Wehe et al., 2008). We define a relative duplication rate of gene family 

as the inferred number of duplications per branch in the unrooted species tree: number of 

duplications/(2n-3)”, where n = 6. We sorted the 4389 gene families by inferred relative 

duplication rate, then grouped them into bins of two sizes for display (so there were a total of  22 

or 44 bins).The accuracy of species tree inference of each bin was calculated in two ways: first, 

by the percentage of the gene families producing species trees that completely agree with the 

known species tree; second, by how close the  average distance of species tree topologies is to 

the known species tree. The distance of species tree topology of each gene family to the known 

species tree topology was measured by TOPD implementing NODAL method in terms of the 

root-mean-squared distance (RMSD) of the two topology matrices (Puigbo et al, 2007). 

Relationship of the accuracy and duplication rate were plotted in Gnumeric 1.12.1 and fitted with 

Moving Average as trend line with option (span 5 and averaged abscissa). We also summarized 

gene losses for every gene family using the reconciliation algorithm in Notung 2.6 (Chen et al., 

2000). The relationship between duplication and loss for each gene family is plotted in Figure 6. 
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Domain Architecture and Other Sequence Features 

 For each gene with domain annotation available, its domain architecture (DA) was 

obtained by parsing the text description using a PERL script (for example an Arabidopsis 

thaliana sequence AT1G71830 with a Pfam DA of "PF08263-PF00560-PF00560-PF00560-

PF00069"). For each gene family, the numbers of non-redundant DAs were counted using the 

two databases, Pfam and Superfamily, separately. DNA sequences for each domain were 

extracted from protein-coding DNA sequences (CDS) based on the Pfam and Superfamily 

annotations by custom PERL scripts. For each gene family, domain sequences annotated by the 

same domain ID were considered to be part of a "domain family", for example domain sequences 

with "PF00069" and "PF00560" are defined as two domain families, and the numbers of domain 

families for each gene family were counted for Pfam and Superfamily annotation systems 

separately. Other gene family features including the number of leaves (genes), the average gene 

sequence length, total number of nucleotides, total number of domain sequences, the characters 

(sites) in the sequence alignment were summarized via custom scripts. Basic statistics were 

conducted and summarized with Gnumeric 1.12.1(Table 1).  

 

Species Tree Inference Accuracy and Domain Architecture Diversity 

 The effect of domain architecture diversity on species tree accuracy was assessed 

similarly to how it was performed for duplication rates above, except the number of families with 

domain annotations from Pfam or Superfamily available is different, and we used 32 bins in 

binning trees with different amounts of domain architecture diversity. 
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Domain Tree and Concatenated Domain Tree Reconstruction 

 Using the subsequence for each domain extracted based on annotation, phylogenies for 

each domain family ("domain tree") were reconstructed using the same protocol as that described 

for gene tree reconstruction. Domain trees based on Pfam and Superfamily were generated 

separately. In a final treatment sequences from each domain in each gene were also concatenated 

following the domain architecture order, excluding any non-domain sequence, and concatenated 

and aligned to build phylogenetic tree ("concatenated domain tree"). For each gene family, the 

concatenated domain tree was established with the same alignment and tree reconstruction 

method described in “gene tree” reconstruction. 

 

Species Tree Inference Accuracy from Gene Trees, Domain Trees And Concatenated Domain 

Trees 

 First, we binned gene families into three groups according to ascending order of DA 

diversity levels (No. of DAs in the gene family)—"low DA", "Mid DA" and "high DA". For 

each DA level, we assembled different sized collections of gene trees by randomly sampling the 

pool of gene families with replacement (1, 3, 5, 10, 20, 50 and 100 gene trees). At each sample 

size, we constructed 200 replicate collections of gene trees. For each of these collections, species 

trees were inferred from "gene trees", "domain trees" and "concatenated domain trees" using 

Duptree.  Accuracy was assayed by the percentage of the 200 replicates in which an estimated 

species trees  agrees with the known species tree. 
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RESULTS 
 

Species Tree Inference Accuracy and Gene Duplication Rate 

 The number of duplications per gene family (determined by reconciliation against the 

known species trees) is highly skewed across the 4389 gene families with all six species, with a 

mean of 21.2 and a median of 7 duplications (Figure 3). Gene families with lowest relative 

duplication rate and highest duplication rates have relative higher accuracy (Figure 4, Figure 5) 

or shorter average topology distance to the known species tree (Figure 6), while those gene 

families with relative duplication rate close to one duplication per branch in the unrooted species 

tree have the lowest accuracy (Figure 4, Figure 5) or the longest average topology distance 

(Figure 6). In general, the relationship between accuracy and relative duplication rate reveals a 

“V” shape if accuracy is represented by percentage of gene families agreeing with the known 

species tree (Figure 4, Figure 5) or inverted “V” shape if accuracy is measured by average tree 

topology distance to the known species tree (Figure 6). Similarly, the “V” or “inverted V” 

patterns of accuracy and duplication rate relationship were found in analyses based on 

duplications from Notung 2.6 under 22 bins (Figure 7, Figure 8) and analyses based on 

duplications from Duptree under 44 bins (Figure 9, Figure 10, Figure 11)  or 22 bins (Figure 12, 

Figure 13). 

  Also we found a highly strong positive correlation between the number of duplications 

and the number of  losses generated by Notung 2.6. (R
2
=0.763845, p<0.01)(Figure 14), but gene 

losses after gene duplications severely confound orthology/paralogy relationship creating 

conflicting phylogenetic signals among duplicates as previous studies suggested.  However, the 

accuracy starts to increase when a gene family contains enough duplicates as GTP itself is a 
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reconciling process that leverages the conflicting signal with enough data (gene copies), for 

example gene family HOM000277 (Figure 15). 

 

Gene Duplication and Domain Architecture Diversity 

 Domain architecture (DA) variation is common across our sample of gene families. In 

the 3178 gene families having a Pfam domain annotation, 62.9% gene families have more than 

one DA. These include 1608 gene families with more than one domain family and 391 with 

only one domain family. Of the other 37.1% of gene families from Pfam with only one DA, 

there are 64 gene families with more than one domain family and 1115 gene families with only 

domain family (Figure 16). Results are qualitatively similar for the Superfamily annotated gene 

families (Figure 17). Although most gene families have only one or two domain architecture, 

there is a long tail toward increasing diversity of domain architecture across gene families 

(Figure 18; Figure 19). The regression of the number of duplications per family on domain 

architecture per family is significant for both Pfam (R
2
is 0.508457, and p-value<0.01; Figure 20) 

and Superfamily (R
2
is 0.357371, and p-value<0.01; Figure 21), indicating that structural 

divergence in domain architecture is correlated with gene duplication. 

 

Species Tree Inference and Domain Architecture Diversity  

 The accuracy of species tree inference is positively correlated with domain architecture 

diversity (log10 transformed) for those families with relative high domain architecture diversity 

indicated by a smoother “moving average” trend line, but for those with relatively low domain 

architecture diversity the correlation is not as apparent as those big spikes in the “moving 

average” trend line (Figure 22, Figure 23). Similar patterns were found when we plotted the 
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average tree topology distance against the domain architecture diversity (log10 

transformed)(Figure 24, Figure 25). The weak correlation with accuracy for those bins with low 

domain architecture diversity is probably due to higher variance in the number of duplications in 

those gene families (Figure 26, Figure 27), such that the duplication rate of a gene family could 

be a much stronger driving force affecting species tree inference accuracy. 

 

Comparison of Species Tree Inference Accuracy among Gene Tree, Domain Tree, and 

Concatenated Domain Tree Methods  

 When we compared species tree inference accuracy from gene tree, domain tree(s) and 

concatenated domain tree under increasing sample sizes, we saw three patterns (Figure 28, 

Figure 29). One obvious trend is that the accuracy increases as the sample size (No. gene 

families) increases for all three methods (Figure 28, Figure 29). The second general trend is that 

species tree inference accuracy increases as domain architecture diversity gets higher given the 

same sample size for all three methods (Figure 28, Figure 29). The third and perhaps most 

interesting trend is that inference using gene trees generally has a higher accuracy than the either 

domain trees or concatenated domain trees, and the accuracy for latter methods is very similar 

(Figure 28, Figure 29). These effects are dependent on the domain architecture diversity. For 

example, in the Pfam based analysis under “mid DA” level,  the accuracy for gene tree is 58%, 

for the domain tree is 52.5%, for the concatenate domain tree is 47.5%, but at “high DA” level, 

the differences among gene tree, domain tree and concatenated domain tree were not obvious 

(Figure 28, Figure 29), probably due to high duplication rates for those gene families. Thus, 

using domain sequence only does not help to increase species tree inference accuracy, but 

combining more gene family data together (by increasing sample size of gene trees) does. This 
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suggests that reliance on only domain region sequences may be excluding informative sequences 

from nondomain regions. Alternatively, domain sequences are shorter than gene sequences, and 

thus the domain tree or concatenated domain tree may simply tend to have higher error variance. 

 

Relationship among Domain Architecture Diversity, Sequence Length and No. Characters in 

Alignment 

 The positive relationship between species tree accuracy and domain architecture diversity 

may be driven in part by the correlation between the number of duplications and domain 

architecture diversity. Other sequence features may also drive this pattern.  Regression tests of 

domain architecture diversity on other features indicated that domain architecture diversity has 

no relationship with average sequence length (R
2
=0.03526, p<0.01 for Pfam based analysis, 

R
2
=0.06441,p<0.01 for Superfamily based analysis), but a strong relationship with the number of 

characters(sites) in the alignment (R
2
=0.39296, p<0.01 for Pfam based analysis; R

2
=0.44180, 

p<0.01 for Superfamily based analysis) (Table 1). Domain architecture diversity was strongly 

correlated with the number of duplications (R
2
=0.50846, p<0.01 for Pfam based analysis; 

R
2
=0.35737, p<0.01 for Superfamily based analysis), and the number of leaves in the gene tree 

(R
2
=0.51775, p<0.01 for Pfam based analysis; R

2
=0.34749, p<0.01 for Superfamily based 

analysis). These results imply that higher domain architecture diversity in a gene family is not 

always associated with longer sequence length, but it does correlate with longer alignments. 

Much of this increased length is due to the introduction of long gaps corresponding to 

nonhomologous domains. Gaps in general decrease alignment accuracy and should degrade 

phylogenetic signal (Dwivedi and Gadagkar, 2009), but longer alignments on average contain 

more sites and thus possibly more phylogenetic signal. The average SH-like local supports from 
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the Shimodaira-Hasegawa test, a quick estimate for the confidence of each split in the tree, 

showed a weak negative correlation with number of characters in alignments (Pfam dataset: 

R
2
=0.00730, p<0.01; Superfamily dataset: R

2
=0.00953, p<0.01) (Figure 30, Figure 31) but a 

weak positive correlation with sequence length (Pfam dataset: R
2
=0.05982, p<0.01; Superfamily 

dataset: R
2
=0.06095, p<0.01) (Figure 32, Figure 33). This indicated longer sequence length 

indeed in general contains more phylogenetic signal (better reliability of tree topology) but a 

greater number of characters(sites) in alignment which possibly are inflated by indels might not.  

However, more work is needed to tease these conflicting factors apart.  
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DISCUSSION 
 

Accuracy of Species Tree Inference in Relation to Rates of Gene Duplication 

 A key result of this paper is the "inverted" curve of the accuracy of GTP reconstruction 

versus rate of gene duplication. Unlike the pattern observed for substitution rates of single copy 

genes, in which the best accuracy is achieved at an intermediate rate of substitution (Yang, 1998; 

Bininda-Emonds and Sanderson 2001), the best species tree inference is made at low or high 

rates of duplication, with intermediate rates being worst. Our sample of gene trees is very large, 

encompassing the entire genomes of six divergent angiosperms, a clade at least 140 MYR old, so 

these results are likely to be generalizable to many other taxa. When rates of duplication are very 

low or nonexistent, the gene tree closely matches the species tree that would be obtained from 

use of a single copy orthologous locus. Any conflict between such "nearly" single copy gene 

trees is resolved by gene tree parsimony by minimizing an optimality score that is not extremely 

different from what would be done by algorithms trying to minimize lineage sorting events in 

species tree inference (Bansal et al., 2010) where the genes really were single copy. In fact there 

is a relationship between the two optimality criteria (Bansal et al., 2010). Thus it is not surprising 

that GTP performs best in the limit of decreasing rates of gene duplication. Unlike the situation 

with substitution rate and accuracy, in which no substitutions mean no signal, no duplications do 

entail the signal retained by the individual single copy gene trees. At the other extreme, gene 

families with high duplication rates evidently provide a large sample size of evolutionary events 

for GTP to use in inference, and accuracy even in large complex gene families can be quite good. 

It is the middle ground of intermediate rates of duplication where species tree inference suffers 

most, in the vicinity of one duplication per branch of the tree. A key unresolved question is how 
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this pattern of accuracy will scale to larger species trees or to a set of taxa (clade), such as a 

genus, whose most recent common ancestor was relative young such 20 million years.  

In particular, does it become increasingly more difficult to find gene trees on the high-rate side 

of the dip in accuracy as species tree size increases? If so, users of GTP may well have to filter 

gene trees down to those with fewer duplications. 

 The appeal of a species tree construction method like GTP over more conventional 

supermatrix methods is that orthology detection and paralog removal can be skipped. This 

accomplishes two things: it brings to bear a much larger fraction of the genome on species tree 

inference, and it sidesteps one of the most problematic steps in phylogenomic analysis (Chen et 

al., 2007; Salichos and Rokas, 2011). Orthology detection has been reviewed in many places 

(Kuzniar et al., 2008; Altenhoff and Dessimoz, 2009; Dessimoz et al., 2012), but we note a few 

relevant issues here. Ortholog relationships can be obscured for methodological and biological 

reasons. Sim ulations suggest matters become worse at higher duplication and loss rates 

(Dalquen et al. 2013), which likely reflects noise and model misspecification. Salichos and 

Rokas (2011) found that all methods tend to produce many more false positive results in the 

context of whole genome duplications. Loss of true orthology relationships is especially severe 

then because of reciprocal loss of paralogs in descendant lineages. In three polyploid yeast 

genomes about 20% of loci suffered reciprocal loss (Scannell et al., 2006). Also genomic 

analysis on the closely related taxa, Tetraodon and zebrafish, indicated that reciprocal loss of 

genes after whole genome duplication is common and could be highly associated with 

reproductive isolation and the speciation process (Semon and Wolfe, 2007).  

 Ironically, some of the best orthology detection tools use gene tree reconciliation–—but 

they require a species tree as input. If species tree construction is the goal, one is left with other 
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methods such as reciprocal best blast hits (Li et al., 2003). The strong performance of GTP in 

species tree inference supports the notion of a more integrative approach to inference with 

genome scale data sets across deep divergences in the tree of life. For example, this might entail 

an iterative procedure starting with all gene families and using GTP (or a more nuanced model-

based alternative) to estimate an approximate species tree; use this to identify single copy 

orthologs to be used in concatenated analyses; then return those resulting trees to the pool of 

"gene" trees for species tree inference. Important variations on this idea might account for 

linkage and synteny if that level of genome scale data are available. 

 

Domain Architecture Diversity and New Alignment Approaches 

 Previous studies indicated that domain and domain architecture changes are not only 

common but also frequent during plant evolution: domain gain rate is about 6.64/Ma,  domain 

loss rate is about 6.11/Ma on average, (gene) fusion rate is about 4.59/Ma and (gene) fission rate 

is about 1.98/Ma (Kersting et al., 2012). As an important feature for gene diversity, domain 

architecture has not yet been paid much attention in molecular phylogeny. A main contribution 

of our current analysis is characterization of the relationship between duplication events, domain 

architecture diversity, and species tree inference accuracy. High duplication rates generate gene 

families with abundant signal for accurate species tree inference overall, but it also brings about 

high levels of domain architecture diversity, which can pose significant problems for sequence 

alignment (and by extension, phylogenetic inference). For example, if a pair of genes in the same 

gene family have domain architectures, “AB” and “BA”, many alignment programs used by 

default in phylogenomics pipelines will have trouble aligning the homologous domains. 

Alignment not only can affect tree inference, it can affect the results of other down-stream 
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evolutionary analyses such as positive selection detection and branch length measurement 

(Kumar and Filipski , 2007; Lunter et al., 2007; Wong et al, 2008; Jordan and Goldman, 2012; 

Blackburne and Whelan, 2013). Future studies on domain architecture evolution models can 

provide valuable information for designing new multiple sequence alignment algorithms to deal 

with gene families with complex domain architecture. We would not be surprised if the 

phylogenetic analysis of such families will raise as many issues regarding data set assembly and 

analysis as the fundamental question of orthology and paralogy has raised over the years. Indeed, 

consideration of domain evolution leads to a fascinating conceptual hierarchy of domain trees 

within gene trees within species trees–—the intrinsic complexity of which will have to be 

confronted algorithmically as more complete genomes and transcriptomes become available. 
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APPENDIX A: TABLES AND FIGURES 

 
 

 

 

Table 1. Correlation of determination (R
2
) for number of domain architectures and other gene 

family feature. Note that all correlation tests with p-value<0. 

No. Gene families 3178 1494

0.758039 0.669565

No. Leaves 0.51775 0.347495

No. Duplications 0.508457 0.357371

No. DA/No. Leaves 0.008716 0.026524

No. Domains 0.425372 0.167357

No. Characters 0.392957 0.441798

0.664012 0.387604

0.675441 0.39015

No. Domains/No. Leaves 0.130507 0.003361

Pfam 
annotation 

system

Superfamily 
annotation 

system

Correlation of determination  

(R2) for No. Domain 
Architectures(DA) and other 
features for gene families

No.Domain families

No. Leaves × No. Nucl.

No. Nucl
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Figure 1. Domain architecture diversity and alignment. A: definition of domain families and 

domain architecture. B: Ambiguity of homologous sequence alignment produced by domain 

architecture variations including alignment of nonhomologous domains and failure of alignment 

of homologous domains. 
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Figure 2. The known species tree of the six taxa in our research. The tree is based on single copy 

nuclear gene family HOM006375 whose topology is consistent with previous reports. 
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Figure 3. Frequncy of gene duplications in gene families. Gene family frequency distribution 

according to number of duplications for the  4389 gene families with six taxa coverage. Average 

number of duplications =21.2 , Median number of duplications =7 and 78 gene families have no 

duplication. Number of duplications are estimated by Notung 2.6. 
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Figure 4. Relationship between species tree inference accuracy and gene duplication rate. The 

4389 gene families with six taxa coverage are sorted according to the "descending order of 

number of duplications", then grouped into "44 bins". Each dot represents a bin. Number of 

duplications are estimated by Notung 2.6. 
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Figure 5. Relationship between species tree inference accuracy and gene duplication rate (log10 

transformed). The 4389 gene families with six taxa coverage are sorted according to the 

"descending order of number of duplications", then grouped into "44 bins". Each dot represents a 

bin. Number of duplications are estimated by Notung 2.6. 
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Figure 6. Relationship between average inferred species tree topology distance to the known 

species tree and gene duplication rate (log10 transformed). The 4389 gene families with six taxa 

coverage are sorted according to the "descending order of number of duplications", then grouped 

into "44 bins". Each dot represents a bin. Number of duplications are estimated by Notung 2.6. 



35 

 

 

Figure 7. Relationship between species tree inference accuracy and gene duplication rate (log10 

transformed). The 4389 gene families with six taxa coverage are sorted according to the 

"descending order of number of duplications", then grouped into "22 bins". Each dot represents a 

bin. Number of duplications are estimated by Notung 2.6. 
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Figure 8. Relationship between average inferred species tree topology distance to the known 

species tree and gene duplication rate (log10 transformed). The 4389 gene families with six taxa 

coverage are sorted according to the "descending order of number of duplications", then grouped 

into "22 bins". each dot represent a bin. Number of duplications are estimated by Notung 2.6. 

 

 



37 

 

 

Figure 9. Relationship between species tree inference accuracy and gene duplication rate. The 

4389 gene families with six taxa coverage are sorted according to the "descending order of 

number of duplications", then grouped into "44 bins". Each dot represents a bin. Number of 

duplications are estimated by Duptree. 
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Figure 10. Relationship between species tree inference accuracy and gene duplication rate (log10 

transformed). The 4389 gene families with six taxa coverage are sorted according to the 

"descending order of number of duplications", then grouped into "44 bins". Each dot represents a 

bin. Number of duplications are estimated by Duptree. 
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Figure 11. Relationship between average inferred species tree topology distance to the known 

species tree and gene duplication rate (log10 transformed). The 4389 gene families with six taxa 

coverage are sorted according to the "descending order of number of duplications", then grouped 

into "44 bins". Each dot represents a bin. Number of duplications are estimated by Duptree. 
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Figure 12. Relationship between species tree inference accuracy and gene duplication rate (log10 

transformed). The 4389 gene families with six taxa coverage are sorted according to the 

"descending order of number of duplications", then grouped into "22 bins". Each dot represents a 

bin. Number of duplications are estimated by Duptree. 
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Figure 13. Relationship between average inferred species tree topology distance to the known 

species tree and gene duplication rate (log10 transformed). The 4389 gene families with six taxa 

coverage are sorted according to the "descending order of number of duplications", then grouped 

into "22 bins". Each dot represents a bin. Number of duplications are estimated by Duptree. 
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Figure 14. Relationship between number of duplications and number of losses. Each dot 

represents a gene family and a total of  4389 gene families of six taxa coverage are plotted here. 

R
2
=0.763845, p<0.01. Number of duplications and number of losses are estimated by Notung 2.6. 
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Figure 15. Three examples of gene tree—species tree reconciliations. Three gene families—

"HOM00027", "HOM001760", "HOM007188" are of different levels of duplication rates. Gene 

tree were rooted and reconciled with known species tree with Notung 2.6. and visualized with 

PrIMETV(Sennblad et al., 2007).  Speciation events are inferred as blue circles. 

 



44 

 

 

.  

Figure 16. Pie chart of gene family distribution according to number of domain architecture (DA) 

and No. Domain families for the 3178 gene families with Pfam annotation of six taxa coverage. 
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Figure 17. Pie chart of gene family distribution according to number of domain architecture (DA) 

and number of Domain families for the 1494 gene families with Superfamily annotation of six 

taxa coverage. 
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Figure 18. Gene family frequency distribution according to number of domain architecture (DA) 

for the 3178 gene families with Pfam annotation of six taxa coverage. Mean No. DA =3.13 , 

Median No. DA =2. 

 

 



47 

 

 

 
Figure 19. Frequency of domain architecture diversity of gene families. Gene family frequency 

distribution according to number of domain architecture (DA) for the 1494 gene families with 

Superfamily annotation of six taxa coverage. Mean number of DA =2.05 , Median number of DA 

=1. 
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Figure 20. Relationship between number of duplications and number of domain architecture. 

Each dot represents a gene family and a total of  3178 gene families with Pfam annotation of six 

taxa coverage are plotted here. R
2
=0.508457, p<0.01. Number of duplications are estimated by 

Notung 2.6. 
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Figure 21. Relationship between number of duplications and number of domain architecture. 

Each dot represents a gene family and a total of  1494 gene families with Superfamily annotation 

of six taxa coverage are plotted here. R
2
=0.357371, p<0.01. Number of duplications are 

estimated by Notung 2.6. 
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Figure 22. Relationship between species tree inference accuracy and number of domain 

architecture (log10 transformed). The 3178 gene families with Pfam annotation of six taxa 

coverage are sorted according to the "descending order of number of duplications", then grouped 

into "32 bins". Each dot represents a bin. Number of duplications are estimated by Notung 2.6. 

Average number of domain architecture for each bin is used. 
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Figure 23. Relationship between species tree inference accuracy and number of domain 

architecture (log10 transformed). The 1494 gene families with Superfamily annotation of six 

taxa coverage are sorted according to the "descending order of number of duplications", then 

grouped into "15 bins". Each dot represents a bin. Number of duplications are estimated by 

Notung 2.6. Average number of domain architecture for each bin is used. 

 

 



52 

 

 

 
Figure 24. Relationship between average inferred species tree topology distance to the known 

species tree and gene duplication rate (log10 transformed). The 3178 gene families with Pfam 

annotation of six taxa coverage are sorted according to the "descending order of number of 

duplications", then grouped into "32 bins". Each dot represents a bin. Number of duplications are 

estimated by Notung 2.6. Average number of domain architecture for each bin is used. 
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Figure 25. Relationship between average inferred species tree topology distance to the known 

species tree and gene duplication rate (log10 transformed). The 1494 gene families with 

Superfamily annotation of six taxa coverage are sorted according to the "descending order of 

number of duplications", then grouped into "15 bins". Each dot represents a bin. Number of 

duplications are estimated by Notung 2.6. Average number of domain architecture for each bin is 

used. 
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Figure 26. Relationship betwee gene duplicationa rate (log10 transformed) and number of 

domain architecture (log transformed). The 3178 gene families with Pfam annotation of six taxa 

coverage are sorted according to the "descending order of number of duplications", then grouped 

into "32 bins". Each dot represents a bin. Number of duplications are estimated by Notung 2.6. 

Average number of domain architecture for each bin is used. 

 

 

 

 



55 

 

 

Figure 27. Relationship between gene duplication rate (log10 transformed) and number of 

domain architecture (log transformed). The 1494 gene families with Superfamily annotation of 

six taxa coverage are sorted according to the "descending order of number of duplications", then 

grouped into "32 bins". Each dot represents a bin. Number of duplications are estimated by 

Notung 2.6. Average number of domain architecture for each bin is used. 

 

 

 

 



56 

 

 

 
Figure 28. Accuracy of species tree inference from gene tree, domain tree, concatenated domain 

tree under different sample sizes (number of gene families) and different Domain Architecture 

diversity levels (High, Mid, Low). Domains are annotated by Pfam. 
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Figure 29. Accuracy of species trees inference from gene tree, domain tree, concatenated domain 

tree under different numbers of sample size (number of gene families) and different Domain 

Architecture diversity levels (High, Mid, Low). Domains are annotated by Superfamily. 
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Figure 30. Relationship between SH-like local supports and number of characters(sites) in 

alignment. Each dot represents a gene family and a total of  3178 gene families with Pfam 

annotation of six taxa coverage are plotted here. R
2
=0.00730, p<0.01.  
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Figure 31. Relationship between SH-like local supports and number of characters(sites) in 

alignment. Each dot represents a gene family and a total of 1494 gene families with Superfamily 

annotation of six taxa coverage are plotted here. R
2
=0.00953, p<0.01.  
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Figure 32. Relationship between SH-like local supports and average sequence 

length(nucleotides). Each dot represents a gene family and a total of  3178 gene families with 

Pfam annotation of six taxa coverage are plotted here. R
2
=0.05982, p<0.01. 
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Figure 33. Relationship between SH-like local supports and average sequence 

length(nucleotides). Each dot represents a gene family and a total of 1494 gene families with 

Pfam annotation of six taxa coverage are plotted here. R
2
=0.06095, p<0.01.  
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