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Abstract: Genomes and genes diversify during evolution; however, it is unclear to what extent genes still retain the 
relationship among species. Model species for molecular phylogenetic studies include yeasts and viruses whose genomes 
were sequenced as well as plants that have the fossil-supported true phylogenetic trees available. In this study, we generated 
single gene trees of seven yeast species as well as single gene trees of nine baculovirus species using all the orthologous 
genes among the species compared. Homologous genes among seven known plants were used for validation of the fi nding. 
Four algorithms—maximum parsimony (MP), minimum evolution (ME), maximum likelihood (ML), and neighbor-joining 
(NJ)—were used. Trees were reconstructed before and after weighting the DNA and protein sequence lengths among genes. 
Rarely a gene can always generate the “true tree” by all the four algorithms. However, the most frequent gene tree, termed 
“maximum gene-support tree” (MGS tree, or WMGS tree for the weighted one), in yeasts, baculoviruses, or plants was 
consistently found to be the “true tree” among the species. The results provide insights into the overall degree of divergence 
of orthologous genes of the genomes analyzed and suggest the following: 1) The true tree relationship among the species 
studied is still maintained by the largest group of orthologous genes; 2) There are usually more orthologous genes with 
higher similarities between genetically closer species than between genetically more distant ones; and 3) The maximum 
gene-support tree refl ects the phylogenetic relationship among species in comparison.
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Introduction
Living organisms survive their environment through genetic variations such as transposition (McClintock, 
1984), gene conversion (Archibald and Roger, 2002), horizontal gene transfer (Doolittle, 1999), adaptive 
selection (Logares et al. 2007), mutation or recombination (Vuli et al. 1999). This increasing genetic 
divergence of species makes it a challenge to reconstruct the true trees and to evaluate to what degrees 
the genes still retain their species relationship in taxa.

Various taxonomic groups such as some known plants have a well corroborated phylogeny or true 
tree that is based on combined support from fossil records and morphological characteristics (Russo 
et al. 1996). Such a set of organisms provides a reference for evaluating the reliability of molecular 
data-based alternative methods for determining phylogenetic relationships. Historically, determining 
the phylogeny of microbes was diffi cult due to the lack of discernible morphological characters (Fitz-
Gibbon and House, 1999). Molecular phylogenetics has made great progress in studying the evolutionary 
relations among taxa, although incongruence in the phylogenetic tree reconstruction occurs from the 
methods used and genes studied (Russo et al. 1996; Doolittle, 1999; Baldauf et al. 2000; Rokas et al. 
2003; Philippe et al. 2005; Simpson et al. 2006). Recently, whole genome sequences of a number of 
species became available, and it has increased the possibility to reconstruct a true tree through genome 
scale phylogeny (Rokas et al. 2003; Philippe et al. 2005).

There are mainly two alternative approaches for reconstructing genome-scale phylogenetic trees. 
The fi rst is to concatenate many sequences head-to-tail into one and then reconstruct a tree (Kluge, 
1989; Huelsenbeck et al. 1996; Yang, 1996; Rokas et al. 2003; Soltis et al. 2004). The second approach 
is to reconstruct many single-gene trees and then use the resulting trees to infer a majority rule consen-
sus tree (Herniou et al. 2001; Gadagkar et al. 2005).

Yeasts and viruses are two important groups of model organisms for studying evolution and phylo-
genetics. The most accepted tree for representing the true tree of the seven yeast species was from the 
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phylogenetic analysis of the concatenated sequence 
of 106 orthologous genes (Rokas et al. 2003). 
Similarly, the “true tree” of nine baculoviruses has 
been established from 63 shared gene sequences 
(Herniou et al. 2001).

Although fossil-based and molecular data-based 
phylogenetic analyses have been documented in 
various organisms, it is unknown to what extent 
the orthologous genes are divergent in term of 
tracing relations among species. In this study, gene 
by gene phylogenetic analysis of yeasts, baculovi-
ruses, and plants confi rmed that the most frequent 
gene tree among species compared is actually the 
true tree. The method, or called “maximum gene-
support tree” approach may provide a potential tree 
reconstruction method that overcome incongruence 
in molecular phylogenies.

Methods and Datasets

Source of sequence data sets
Three data sets were utilized. The fi rst data set 
contained 106 gene sequences from seven yeast 
species. These sequences have been previously 
analyzed using the genome-scale approach of 
concatenated alignment (Rokas et al. 2003). The 
yeast data set was retrieved from the Saccharo-
myces genomes database (http://www.yeastgenome.
org). S. bayanus, S. castellii, S. cerevisiae, 
S. kluyveri, S. kudriavzevii, S. mikatae, and 
S. paradoxus were included. The fungus Candida 
albicans was included as the outgroup species. 
The second data set included 63 shared gene 
sequences from nine completed baculovirus 
genomes, as described by Herniou et al. (2001). 
The third data set contained 36 common homolo-
gous gene sequences from seven higher green 
plants, established by BLASTN (v2.2.6) search 
with the highest BLASTN score hit (e-value 
�0.0009) against NCBI nr/nt database using avail-
able Ginkgo biloba genes one by one. These 
sequences were retrieved from GenBank. The 
plant species included two gymnosperms, Picea 
glauca and Pinus taeda; two monocots, Oryza 
sativa and Triticum aestivum; and two dicots, 
Populus tremula and Arabidopsis thaliana. Ginkgo 
biloba was specifi ed as the outgroup species. 
These species were selected because their phylog-
eny is well corroborated by the fossil record and 
morphological characters (Cronquist, 1981; 
Panchen, 1992; Campbell, 1993).

Phylogenetic analysis
For the yeast and plant data sets, individual gene 
sequences were aligned using ClustalX with 
default settings (Thompson et al. 1997). All gene 
alignments were manually edited to exclude inser-
tions or deletions and uncertain positions from 
further analysis. The phylogenetic analysis soft-
ware PAUP* (Version 4.0b10) (Swofford, 2002) 
was used for tree inference based on four methods: 
MP, ME, NJ, and ML. Each nucleotide data set 
was analyzed under the optimality criteria of 
maximum parsimony for MP, distance for ME and 
NJ, and maximum likelihood for ML. The MP 
analyses were performed with unweighted parsi-
mony. The ME, NJ and ML analyses were per-
formed assuming the HKY85 model of nucleotide 
substitution. For the NJ analysis on amino acids, 
the absolute difference was used. The bootstrap 
consensus tree was searched using the branch-and-
bound algorithm for MP and ML on nucleotides, 
and the full heuristic search was used for ME and 
NJ based on a 50% majority rule. 1000 replicates 
were used for all tests except for the ML, where 
100 replicates were completed. Random sampling 
of genes was performed using a random number 
generator. For the baculovirus data set, only the 
phylogenetic trees obtained by Herniou et al. 
(2001) with the MP method were used.

The maximum gene-support tree 
approach
From the yeast data set, bootstrap consensus trees 
were recovered using all 106 individual genes with 
seven combinations of four methods (ME, ML, MP 
and NJ) for nucleotides or three methods (ME, MP, 
NJ) for deduced amino acids. Tree distances for all 
pairwise comparisons among trees were calculated 
using the symmetric difference metric by PAUP* 
(Swofford, 2002) and PHYLIP (Felsenstein, 1989). 
This is the number of steps required to convert 
between two trees, that is, the number of branches 
that differ between a pair of trees (Robinson and 
Foulds, 1981). Two trees with identical topology 
have a tree distance of zero. For the baculoviruses, 
the comparison of topologies between the MP trees 
using the Shimoaira-Hasegawa (SH) test were 
directly cited from Herniou et al. (2001). For the 
plant data set, comparisons between the trees were 
performed manually.

The index of gene-support is the number of 
genes that support a certain topology. The resulting 
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numbers of genes were calculated for all unique 
trees from the results of each method. A maximum 
gene-support tree was defi ned as a unique tree that 
was recovered by the highest number of genes 
among all the trees generated. The statistics analy-
ses were performed using the SAS system for 
Windows V8.

Re-sampling for subsets of genes
Subsets of genes were randomly re-sampled using 
a random number generator. Ten replicates were 
used for each initial number of re-sampled genes. 
Precision was defi ned as the percentage of the 
number of congruent trees divided by the total 
number of trees. 100% precision was used as a 
criterion to determine the minimum number of 
genes required to overcome incongruence.

An executable program in C language for cal-
culating frequencies of unique trees from tree 
distance data is available from the authors upon 
request (shan@cs.dal.ca; lixq@agr.gc.ca).

Results

Incongruence among different 
individual-gene phylogenies
Wide incongruence was observed among indi-
vidual gene trees. The 106 individual genes 
inferred 20 to 51 unique trees for the 7 yeast spe-
cies using 7 combinations of 4 phylogenetic 
methods with nucleotides or 3 methods with 
deduced amino acids (Table 1). Nucleotides 

inferred fewer unique trees (20–38) than amino 
acids (40–51) (Table 1). For example, the 
occurrence of the maximum gene-support tree 
for MP based on nucleotides was 37, while that 
based on amino acids was only 14 of 106 genes. 
Trees recovered from amino acids had more 
incongruence and less gene-support than those 
from nucleotides.

The maximum gene-support tree
The maximum gene-support trees for the seven 
yeast species from different methods (MP, ME, 
ML, NJ) based on both nucleotide sequences and 
amino acid sequences were all identical (Fig. 1). 
The maximum gene-supports of the unique trees 
recovered by 106 genes were 37, 33, 25, 28 for 
MP, ME, NJ, and ML on nucleotides, respec-
tively, and 14, 14, and 17 for MP, ME, and NJ 
on amino acids, respectively (Table 1). The 
maximum gene-support percentages were 35%, 
31%, 24%, 26% for MP, ME, NJ, ML on nucle-
otides, respectively, and 13%, 14%, and 16% for 
MP, ME, and NJ on amino acids, respectively. 
The second most gene-support percentages were 
considerably smaller, 9%, 15%, 22%, 9% for 
MP, ME, NJ, ML on nucleotides, respectively, 
and 10%, 9%, and 8% for MP, ME, and NJ on 
amino acids, respectively (Table 1). Gene-
support is defi ned as the number of genes that 
infer the same unique tree. The occurrence of 
maximum gene-support trees for nucleotides 
consistently had greater gene-support values 
than those for amino acids.

Table 1. Maximum gene-support (MGS), weighted maximum gene-support (WMGS), the second highest gene-
support (2nd HGS), weighted second highest gene-support (2nd WHGS), number of unique trees (NUT), and 
threshold gene number (TGN) required to overcome incongruence based on a data set of 106 genes from seven 
yeast species*.

 MGS WMGS 2nd HGS 2nd WHGS NUT TGN
Nucleotides
MP 37(35%) 42(40%) 10(9%) 13(12%) 31 15
ME 33(31%) 32(30%) 16(15%) 17(16%) 23 26
NJ 25(24%) 25(23%) 23(22%) 23(22%) 20 106
ML 28(26%) 34(32%) 9(9%) 12(11%) 38 25
Amino acids
MP 14(13%) 18(17%) 11(10%) 9(9%) 51 55
ME 14(14%) 14(14%) 10(9%) 10(9%) 40 50
NJ 17(16%) 17(16%) 8(8%) 10(9%) 40 50
*Gene-support: number of genes that infer a unique tree; Gene-support percentage in parenthesis: the percentage of a gene-support divided 
by total genes; Number of unique trees: number of unique trees inferred from 106 genes; Threshold gene number: the minimum number of 
genes required for overcoming incongruence.
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Gene length and tree distance
A signifi cant negative correlation between gene 
length and symmetric distance of a tree from the 
maximum gene-support tree was observed (Fig. 3). 
The greater the gene length, the shorter symmetric 
distance the tree was to the maximum gene-
support tree.

The weighted maximum 
gene-support tree
Because sequence length is an important factor 
affecting single gene tree inference, adjustments were 
conducted by means of a weight factor, which is equal 
to the gene actual length divided by the average length 
of all the genes. The average sequence length of 106 
genes was 1198 bps. The weight factors of the 106 
genes were distributed between 0.33 and 2.50 (Fig. 2). 
For example, if the weight factor of gene A is 0.33, 
the value it contributes to the weighted maximum 
gene support is 0.33. No evident differences between 
the weighted and the unweighted maximum gene-
supports were observed in any of the seven 
combinations in this study (Table 1). The weighted 
maximum gene-support tree was also consistent with 
the maximum gene-support tree (Fig. 1).

Gene-support and tree distance
There was a signifi cant correlation between gene-
support and symmetric distance of a tree from the 
maximum gene-support tree (Fig. 4). The greater 
the gene-support for a tree, the closer the tree was 
to the maximum gene-support tree. The topologies 
of the second gene-support trees were very similar 

to the maximum gene-support tree. Generally, only 
one or two steps were required to convert between 
the two trees.

The minimum number of genes 
required to overcome incongruence
The precision of MP trees based on nucleotide 
sequences inferred from 5, 10, 15 or 20 genes was 
80%, 90%, 100% or 100%, respectively. Therefore, 
at least 15 genes were required to overcome incon-
gruence for the seven yeast species studied. For 
other methods, the minimum number of genes was 
26, 106, 25 for ME, NJ, ML, respectively, based 
on nucleotides and 55, 50, and 50 for MP, ME, and 
NJ, respectively, based on amino acids (Table 1). 
Rokas et al. (2003) found that the number of genes 
suffi cient to support all branches of the species tree 
was 20 based on the concatenated alignments of 
106 genes from the same seven yeast species. The 
number varied with methods and taxa.

The minimum size (number of genes) in the 
dataset required for generating a MGS tree generally 
decreased with increased maximum gene-support 
percentages (Table 1). This number depended not 
only on the maximum gene-support, but also on the 
second highest gene-support. The closer the two 
values were, the more diffi cult it was to identify the 
congruent tree. This is illustrated by the NJ method 
using nucleotides, where the maximum gene-
support was 25 and the second highest gene-support 
was 23 (Table 1). In this case, the minimum required 
number of genes was 106 because the two trees 
were very similar and differed by only one branch. 
In contrast, for the NJ method on amino acids, the 
minimum number of genes was only 30 when the 
maximum gene-support was 18 and the second 
highest gene-support percentage was 8.

The maximum gene-support, the second highest 
gene-support, and the gap between them expanded 
when more genes were involved although the 
maximum gene-support percentages and the 
second highest gene-support percentages did not 
increase (Table 2). At the same time, precision 
increased. Therefore, higher confi dence is obtained 
when more genes are involved.

Validation using data sets 
of other taxa
Using 63 shared genes from nine complete 
baculovirus genomes, the maximum gene-support 

Figure 1. The rooted tree with the maximum gene-support inferred 
from 106 genes of seven yeast species. The outgroup in the analysis 
was C. albicans. The single gene trees were recovered using boot-
strap consensus with a 50% majority rule.
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based on MP with amino acids was 7. The 
maximum gene-support tree was identical to the 
tree recovered from the concatenated alignments, 
but not from the majority rule approach (Herniou 
et al. 2001). The maximum gene-support trees 
(Fig. 5) of 36 shared single genes (Table S1) of 
seven green plants using three methods were the 
same trees recovered by fossil record and morpho-
logical characters (Cronquist, 1981; Panchen, 
1992; Campbell, 1993). The maximum gene-
supports were 8, 8, and 6 for 36 genes using MP, 
ME and NJ, respectively.

Probability of a gene suitable 
for reconstructing a true tree
It is a usual practice to use more than one phyloge-
netic method to analyze the same data set in order 
to test congruence between trees. In Table 1, the 
maximum gene-support tree reconstructed by MP 
on nucleotides for the seven yeast species was 37, 
which means that any of these 37 genes will recon-
struct this tree. Similarly, ME identifi ed 33 genes 
that meet this requirement (Table 1). However, only 
14 genes were present in the maximum gene-support 
trees generated by both the MP and ME methods 
on amino acids. When this analysis was extended 
to all seven calculations (four algorithms using 
nucleotide sequences and three algorithms using 

amino acids), only 1 of these 106 genes, YDR176W 
of 711 nucleotide bp, was represented in all maxi-
mum gene-support trees. The results suggest that 
selecting a gene suitable for reconstructing a tree 
that represents the congruent phylogenetic relation-
ship among taxa with several methods is very dif-
fi cult. These genes cannot be easily identifi ed, since 
they appear to be quite rare.

Discussion
This study uses orthologous/homologous genes 
to demonstrate that the gene tree supported by the 
largest group of genes is identical to the true tree 
for the seven plant species tested or the best 
genome-based phylogenetic tree. The maximum 
gene-support tree provides an evaluation of the 
degree of evolution of genes at the genome level. 
Further studies using more living organisms can 
verify this intriguing evolutionary phenomenon.

This study also demonstrates that incongruence 
in molecular phylogenies can be caused by both 
genes and methods. The maximum gene-support 
tree approach is different from the approaches used 
by the majority rule consensus tree or the concat-
enated alignments tree. Both the majority rule 
consensus tree and the maximum gene-support tree 
approaches are based on a majority rule method. 
The fi rst step for the two approaches reconstructs 

Figure 2. Distribution of sequence length of 106 genes.
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all single gene trees. However, the subsequent steps 
are different. The majority rule consensus tree 
method counts the occurrences of each subtree, 
creates nodes for the subtrees that occur in a major-
ity of input trees, i.e. the majority subtrees, and 
“hooks them” together into a tree (Gadagkar et al. 
2005). For the concatenated alignments approach, 
the fi rst step is to concatenate small alignments into 
one large alignment, and then a tree is reconstructed 
using the large alignment (Kluge, 1989; Huelsen-
beck et al. 1996; Yang, 1996; Rokas et al. 2003; 
Soltis et al. 2004). The concatenated alignments 
approach apparently reconstructs more accurate 
trees than the majority rule consensus tree approach 
(Gadagkar et al. 2005). In contrast, the maximum 
gene-support tree approach directly compares 
whole trees, counts the occurrences of unique trees, 
and fi nds the tree that is supported by the greatest 
number of genes. The main advantage of this 
approach is its simple algorithm. A maximum gene-
support tree is a representation of a consensus tree 
from multiple trees inferred from individual genes. 
The majority rule consensus tree is useful only if 
topologically is identical with one of the original 
trees (Wiley et al. 1991), while the maximum gene-
support tree always meets this requirement. An 
absolute majority rule is not suitable for this 
approach because too many candidate trees are 
produced using different methods. For example, in 
this study 20 to 51 unique trees were inferred from 
106 yeast genes using seven combinations of 
sequence types and methods. We refer to this rela-
tive majority rule tree as a maximum gene-support 
tree and a maximum frequency gene tree in order 
to avoid confusion with a majority rule consensus 
tree or a bootstrap tree with a majority rule 
(Felsenstein, 1989; Gadagkar et al. 2005).

The maximum gene-support tree approach 
showed advantages over the concatenated alignment 
approach when the seven combinations of methods 
and sequence types were tested. The trees were 
reconstructed by ME, NJ on amino acids and NJ on 
nucleotides using the concatenated alignments of 
yeasts (Fig. 6) because they were not reported by 
Rokas et al. (2003) and Phillips et al. (2004). The 
topologies of the trees were identical with those of 
MP and ML from the same concatenated alignments 
(Rokas et al. 2003), although 58%, 76% and 96% 
supports were observed on NJ trees (Fig. 6). On the 
other hand, the tree resulting from ME on nucleotides 
using concatenated alignments (Phillips et al. 2004) 
was different from the tree of MP and ML recovered 
by the same concatenated data set when base biases 
were not adjusted (Rokas et al. 2003). The concat-
enation of genes that share some biases can produce 
the incorrect phylogeny with strong support (Rokas 
et al. 2003) due to accumulation of systematic errors 
of base biases (Phillips et al. 2004). When gene 
sequences are concatenated, the deviated gene may 
over-contribute to the computing, and dominate or 

Figure 3. The correlation between symmetric differences from trees 
to the MSG tree and gene lengths.

Figure 4. Relationship between gene-support percentage of unique 
trees and symmetric distances of the trees from the maximum gene-
support tree. The symmetric difference is the number of steps required 
to convert between two trees. MP trees inferred from nucleotides 
were used here (no data shown for other methods included).
*Indicates statistical signifi cance at the p = 0.05 level. Top panel: Full 
dataset; Bottom panel: After taking off the last point.

0

1

2

3

4

5

6

7

0 1000 2000 3000 4000

Length of genes (bp) 

r = -0.3982***(n=104)

sy
m

m
et

ric
 d

iff
er

en
ce

s

0
1

2
3

4
5

6
7

0 10 20 30 40

Gene Supports 

Sy
m

m
et

ri
c 

di
ff

er
en

ce
s

R = -0.4657* (n = 31)

0
1
2
3
4
5
6
7

0 2 4 6 8 10 12

Gene Supports 

Sy
m

m
et

ri
c 

di
ff

er
en

ce
s

R = -0.4017* (n = 30)



187

Maximum gene-support tree

Evolutionary Bioinformatics 2008:4 

sweep the signal (Doyle, 1992; De Queiroz, 1993; 
Miyamoto and Fitch, 1995). The maximum gene-
support tree approach does not have this kind of 
problem or systematic error accumulation because 
each gene tree is separately reconstructed and 
contributes equally.

It is well known that the longer sequences of 
single genes usually tend to reconstruct better trees 
than shorter sequences. We showed that there is a 
significant negative correlation between gene 
length and symmetric distance of a tree from the 
maximum gene-support tree (Fig. 3). In order to 
remove the effects of gene length, adjustment was 
performed by average length of all sampled genes. 
In the datasets analyzed, weighted maximum gene-
support (WMGS trees) did not show any difference 
from the maximum-gene support trees (MGS 
trees). It is unclear whether this just happened to 
the three datasets used or because each gene is an 
entity for certain functions despite the length dif-
ference. Since the sequence length effect is well 
known, the weighted maximum gene-support tree 
approach is recommended at this stage. Further 
research is required to determine whether the 
WMGS tree approach is biologically more sound 
than the MGS tree approach.

This maximum gene-support tree approach 
avoids repeating intensive computing of large data 
sets of genome-scale concatenated alignments. It 
took 19 days to complete the phylogenetic analysis 

using ML with concatenated alignments of just 36 
genes of seven plant species on a PowerPC Macin-
tosh computer with 1.2 GHz CPU. Other authors 
have previously commented on the computational 
limitations of the ML method using concatenated 
alignments (Wolf et al. 2002). The computation 
time for thousands of genes from higher eukaryotes 
would be even more unacceptable. In addition, 
when more gene sequences are involved, the con-
catenated approach requires all the computing 
processes to be repeated, while the maximum gene-
support tree approach simply requires the addition 
of new single trees of the new genes. However, the 
ML method can still be an effective and effi cient 
method with the maximum gene-support tree 
approach by distributing computing tasks to avail-
able PC computers since each tree is inferred by 
each gene independently. For the concatenation 
approach, a parallel version of ML is necessary, 
but this is not available in most laboratories.

When recovered trees include polytomies, a 
more logical approach would be to add all equally 
parsimonious trees recovered from a single gene 
to the total tree data set rather than fi rst calculating 
consensus trees for each individual gene. One gene 
may contribute two or more trees for these genes 
while another gene contributes a single tree. 
Adjustment may be conducted by a contribution 
factor. The gene contribution may be divided by 
the number of equally parsimonious trees.

Table 2. The number of sampled genes, the maximum gene-supports (MGS), the second highest gene-supports 
(2nd_HGS), the differences between MGS and 2nd_HGS (DMGS), the maximum gene-support percentages 
(MGSP), the second highest gene-support percentages (2nd_HGSP), the differences of MGSP and 2nd_HGSP 
(DMGSP), and precisions*.

Genes MGS 2nd_HGS DMGS MGSP 2nd HGSP DMGSP Precision
% % % %

5 1.6(0.5) 1.0(0) 0.6(0.5) 32.0(11.0) 20.0(0) 12.0(11.0) 60
10 3.2(1.4) 1.4(0.5) 1.8(1.3) 32.0(14.0) 14.0(5.2) 18.0(13.2) 80
15 4.0(1.6) 2.4(0.7) 1.6(2.0) 26.7(10.4) 16.0(4.7) 10.7(13.0) 60
20 5.3(2.3) 2.5(0.5) 2.8(2.6) 26.5(11.6) 12.5(2.6) 14.0(13.0) 90
24 6.6(1.8) 2.7(0.7) 3.9(2.2) 27.5(7.7) 11.3(2.8) 16.3(9.1) 90
25 6.5(1.5) 2.9(0.6) 3.6(1.8) 26.0(6.0) 11.6(2.3) 14.4(7.4) 100
30 8.3(1.6) 3.1(0.7) 5.2(2.1) 27.7(5.2) 10.3(2.5) 17.3(7.2) 100
106 28 9 19 26.4 8.5 17.9 100
r 0.91*** 0.86*** 0.78*** −0.11 −0.44 0.07 0.55
df 64 64 64 64 64 64 6
*ML trees inferred from nucleotides (data not shown for other methods). Sample replicates: 10. Precision: the percentage of the number of 
congruent trees divided by the total number of trees.
Values in parenthesis are standard deviations of the values. ***: Signifi cant correlation at P � 0.001 level. r: Correlation coeffi cient. Df: 
Degree of freedom.
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When the gene number is small, the gene 
number for the maximum gene-support tree may 
be equal to that of the second-highest gene-
support trees. As well, the gene support confi -
dence can be very low, such as when only 2 genes 
return the same tree. For this situation, it is evi-
dent that the number of genes is too small to reach 
the minimum requirement for widely incongruent 
single gene trees. The solution is to involve more 
genes in the analysis (similar to increasing sample 
size in other investigations). As shown in Table 2, 
when only 5 genes were used, difference between 
maximum gene-support and the second highest 
gene-support was 0.6, thus the precision was 60%. 
The precision increased to 100% when 25 genes 
were used, and the gap between the maximum 
gene-support tree and the second highest 

gene-support tree was 3.6 (Table 2). The increased 
gap and gene-support enhance the confi dence for 
reconstructing a phylogenetic tree. Evidently, 
gene-support percentages did not increase 
when more genes were included (Table 2). The 
jackknife method is suitable for re-sampling 
individual genes in order to determine the preci-
sion and to judge whether the required gene 
number threshold has been reached. If the maxi-
mum gene-support is very close to the second 
highest gene-support, it is diffi cult to identify 
the maximum gene-support tree, even though 
gene-support is rather large as shown by NJ on 
amino acids. One solution is still to include more 
genes. Since the tree distance between a maxi-
mum gene-support tree and a second highest 
gene-support tree differs by just one or two 
branches, cross-validation with other maximum 
gene-support trees inferred by other methods may 
be an alternative feasible approach.

Obtaining a suffi cient number of shared genes 
may become diffi cult, and even unrealistic if too 
many taxa are involved. More orthologous genes 
are likely required when more species are tested. 
However, when many small trees are recovered 
using a minimum number of shared genes by 
means of the maximum gene-support tree 
approach, a larger picture of evolutionary relation-
ships can gradually be reconstructed using a divide 
and conquer strategy of overlapping and connect-
ing many smaller trees (Sanderson et al. 1998; 
Semple and Steel 2000).

As shown in Table 1, the gene-supports and its 
percentages of the maximum gene-support trees 
on nucleotides were greater than those on amino 
acids. When nucleotide sequences were used, more 
genes reconstruct the same tree, which means that 
nucleotide sequences may be more suitable for 
inferring species phylogeny. This result supports 
the hypothesis (Ayala et al. 1996) that evolution is 
more regular at the nucleotide level than at the 
protein level and, thus, more dependable as a 
molecular clock.

This maximum gene-support tree approach is 
likely an appropriate method to assess the phyo-
genetic relationship across certain range of taxa, 
as evident from the analysis of the three data sets 
(nine virus races, seven yeast species, a fungus, 
and seven botanically distant plants) in this study. 
The phylogenetic relationships have been previ-
ously identifi ed using fossil records and morpho-
logical characteristics for these plants (Cronquist, 

Figure 5. The rooted maximum gene-support tree based on 36 genes 
from seven plant species. G. biloba was specifi ed as the outgroup.

Figure 6. Phylogenetic analyses of the concatenated alignments of 
106 genes from seven yeast species. Numbers above branches are 
bootstrap values (ME on amino acids/NJ on amino acids/NJ on 
nucleotides).
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1981; Panchen, 1992; Campbell, 1993) is now with 
further congruent support from the maximum gene-
support tree. More studies are still needed to 
establish the generality of using the maximum-
gene-support tree model in phylogeny with a huge 
number of species when their genome sequences 
are available.

In a hypothetical scenario in which a million or 
more species are compared at the same time, a 
single gene’s polymorphism, particularly for the 
short sequence genes, may not be useful in distin-
guishing all the species regardless of the degree of 
polymorphism the gene has in the population. In 
this scenario, it is unclear whether the maximum-
gene-support tree is still a good representation of 
the true tree. To date, it is unlikely any of the phy-
logenetic methods are prefect, because each of 
them has their advantages and disadvantages. The 
maximum gene-support tree approach has its 
strength in comparing relatively close species 
because the approach is based on biological phe-
nomenon, observed in the present study, that there 
are usually more orthologous genes with higher 
similarities between genetically closer species than 
between genetically more distant ones.

Two conclusions can be drawn from the present 
study: 1) The true tree relationship among species 
within each database studied is still maintained by 
the largest group of orthologous genes, although 
genes are of great divergence among organisms; 
and 2) The maximum gene-support tree, at least 
when the taxonomic range and the species number 
are not too large, is likely an effective novel 
approach for phylogenetic analysis with various 
advantages compared to existing approaches in the 
genome-scale or the large-gene-number-scale 
phylogenetic analysis.
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Table S1. The names and GenBank GIs of the 36 genes of seven plant species. 


		Serial No

		Gene name

		Arabidopsis thaliana

		Ginkgo biloba

		Oryza sativa

		Picea glauca

		Pinus taeda

		Populus tremula

		Triticum aestivum



		1

		14-3-3 protein [Populus x canescens]

		19867870

		27918578

		27576456

		49056383

		49011449

		18007655

		9358307



		2

		40S ribosomal protein S24 (RPS24A) [Arabidopsis thaliana]

		8333422

		27889350

		3767644

		40775252

		5903897

		3853886

		38999197



		3

		40S ribosomal protein S5 (RPS5A) [Arabidopsis thaliana]

		5841333

		27888835

		2800554

		50174597

		49011331

		24005088

		25198336



		4

		60S ribosomal protein L11 (RPL11B) [Arabidopsis thaliana]

		37427419

		27888766

		25803988

		40775248

		34351444

		23996035

		32656103



		5

		60S ribosomal protein L13E [Picea abies]

		16605

		27888733

		2311423

		50150835

		37566969

		23995674

		25222054



		6

		60S ribosomal protein L30

		19866717

		27889091

		2311814

		49053100

		8173511

		23961836

		25196338



		7

		Actin-depolymerizing factor, putative [Arabidopsis thaliana]

		1269231

		27888971

		7212631

		40767649

		3366019

		3853246

		25557489



		8

		AT4g27960 [Arabidopsis thaliana]

		8333427

		27888932

		14713790

		50152668

		34355474

		24019749

		11117148



		9

		Calmodulin [Arachis hypogaea]

		47829277

		27888469

		47506412

		40760719

		34354209

		3856858

		9739999



		10

		Chlorophyll a/b binding protein CP29 [Vigna radiata]

		32885927

		27888931

		29684585

		50178477

		48943124

		24005334

		8845049



		11

		Chlorophyll a/b-binding protein [Picea glauca]

		315905

		27918813

		4716678

		50175858

		47579825

		14491444

		21838448



		12

		Chlorophyll a-b binding protein 36, chloroplast precursor (LHCII type I CAB-36) (LHCP)

		47829474

		27919128

		36355271

		50175858

		47578726

		24019830

		32784307



		13

		Defender against cell death (DAD-1)

		19864830

		27888478

		427990

		50176691

		51498938

		24003441

		9741968



		14

		Disease-resistent-related protein [Oryza sativa]

		47828161

		27888660

		700897

		49051093

		5043937

		24006336

		9696341



		15

		Histone H2B [Arabidopsis thaliana]

		47828295

		27918825

		25800711

		40773517

		34490270

		3855806

		9412282



		16

		Hypothetical protein F11P17.12 [imported] [Arabidopsis thaliana]

		8722938

		27919094

		29684937

		40773347

		49009735

		24020750

		20442002



		17

		Light-harvesting chlorophyll a/b binding protein of photosystem II [Pseudotsuga menziesii]

		8679534

		27888619

		29612907

		50155019

		48944321

		38573820

		25444513



		18

		OSJNBb0012E24.5 [Oryza sativa (japonica cultivar-group)]

		48977972

		27888971

		7212631

		50160305

		20665642

		18006760

		9698530



		19

		Plastid developmental protein DAG, putative [Arabidopsis thaliana]

		19875687

		27888899

		29657005

		50165257

		34341971

		14491897

		22029060



		20

		Polyubiquitin [Fragaria x ananassa]

		47830375

		27888607

		29661417

		49126509

		34353685

		38594187

		38989668



		21

		Polyubiquitin 6 – rice

		23302939

		27888607

		29678711

		49049866

		34349177

		38594168

		21319828



		22

		Probable phospholipid hydroperoxide glutathione peroxidase (PHGPx)

		8334424

		27888930

		11442957

		50150052

		51495452

		23997414

		25202466



		23

		Putative chlorophyll A-B binding protein type I [Pinus pinaster]

		8679534

		27888619

		14981614

		49049718

		48944321

		38573820

		25444513



		24

		Putative ethylene-responsive transcriptional coactivator [Oryza sativa (japonica cultivar-group)]

		47830185

		27889065

		51529706

		49125634

		34505949

		18014373

		51529706



		25

		Putative histone H2A [Pinus pinaster]

		48976448

		27888779

		3767070

		40777088

		48941761

		24076130

		9421764



		26

		Putative nifU-like protein [Oryza sativa (japonica cultivar-group)]

		47828968

		27918576

		25798405

		50145201

		34360268

		24109343

		9696756



		27

		Putative ubiquitin [Pinus pinaster]

		937826

		27888783

		33659175

		40774023

		21787910

		18006929

		24980594



		28

		Ribosomal protein S11 (probable start codon at bp 67)

		47828662

		27888499

		5607432

		50149659

		34347714

		24004330

		20081851



		29

		Ribulose bisphosphate carboxylase small chain, chloroplast precursor (RuBisCO small subunit)

		48976218

		27918803

		15855145

		49052023

		48943929

		14488877

		24978689



		30

		Similar to CG31613-PA [Rattus norvegicus]

		19874758

		27888660

		33664790

		40774831

		34361051

		23997296

		20088147



		31

		Thioredoxin M-type, chloroplast precursor (TRX-M)

		47829038

		27889121

		6528815

		50171743

		48942681

		23996233

		25429750



		32

		Tubulin alpha-1 chain 

		8680218

		27919054

		29661051

		49135517

		34349366

		38571735

		39570710



		33

		Type I (26 kD) CP29 polypeptide [Lycopersicon esculentum]

		8679534

		27889103

		14980886

		49049804

		48943221

		38574381

		12865470



		34

		Ubiquitin homolog [Arabidopsis thaliana]

		19800556

		27919349

		29661418

		49062199

		49010877

		38572251

		23070605



		35

		Ubiquitin-conjugating enzyme UBC2 [Mesembryanthemum crystallinum]

		2747787

		27888783

		27577233

		40774696

		3365470

		14490645

		9365286



		36

		Xyloglucan endo-1,4-beta-D-glucanase (EC 3.2.1.-) 1 - common nasturtium

		47831742

		27888476

		25797725

		40780279

		34506595

		3855398

		9360221
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