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Chapter 2

The matK Gene: Sequence Variation and Application

in Plant Systematics1

2.1 Introduction

The surge in the application of molecular biology information to systematic and

evolutionary questions has resulted in significant contributions to both plant and animal

systematics and in the emergence of molecular systematics as a solid interdisciplinary field. 

Among the different approaches used in molecular systematics, DNA sequencing has

become one of the most widely utilized, particularly above the genus level.  Sequence

variation in the coding and spacer regions of a number of chloroplast, mitochondrial, and

nuclear genes has been utilized, with some genes more widely used, like the rbcL, and both

coding and intergenic spacer region (ITS) of the ribosomal DNA (Chase et al., 1993; Clegg

et al., 1994; Hsiao et al., 1994; Clark, Zhang and Wendel, 1995).  The sequence data are

cumulative, the potential sizes of informative data sets are immense, and the data are

available in public computer databases.  Among these genes, sequences for the rbcL gene

are accumulating into a large data bank of over 2000 sequences that have been analyzed by

various workers to address plant systematics above the family level (Donoghue et al., 1992;

Chase et al., 1993; Duvall et al., 1993).

The matK gene, formerly known as orfK, is emerging as yet another gene with

potential contributions to plant molecular systematics and evolution (Johnson and Soltis,

1994, 1995; Steele and Vilgalys, 1994; Liang and Hilu, 1996; Gadek, Wilson, and Quinn, in

press).  The gene, ≈ 1500 base pairs (bp), is located within the intron of the chloroplast

gene trnK (Fig. 2.1), on the large single-copy section adjacent to the inverted repeat.  A

homology search indicates that the 102 amino acid positions at the carboxyl terminus are

                    
1 This chapter was published in American Journal of Botany, 84: 830-839, 1997.
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structurally related to portions of maturase-like polypeptide and might be involved in

splicing Group II introns (Sugita, Shinozaki, and Sugiura, 1985; Neuhaus and Link, 1987;

Mohr, Perlman and Lambowitz, 1993; Ems et al., 1995).  The presence of the gene in the

parasitic Epifagus, a taxon that lost  ≈  65% of its chloroplast genes, speaks for the

functional significance of the matK gene in plants.  In fact, the two exons of the trnK gene

that flank the matK were lost, leaving the gene intact (Wolfe, Morden, and Palmer, 1992),

except for a large deletion in the coding region (discussed below).  The matK gene has been

used effectively in addressing systematic questions in the families Saxifragaceae (Johnson

and Soltis, 1994, 1995), Polemoniaceae (Steele and Vilgalys, 1994; Johnson and Soltis,

1995), Poaceae (Liang and Hilu, 1996), Orchidaceae tribe Vandeae (Jarrell and Clegg,

1995), and Myrtaceae (Gadek, Wilson, and Quinn, in press).  However, the potential

application of the matK gene to systematic questions above the family level has not been

examined.  In this paper, we examine the rate, patterns, and types of nucleotide

substitutions in the gene, the functional constraints as indicated by the proportions of

nonsynonymous mutations, and the utility of the sequence variation in constructing

phylogenies from the tribe to the division level.  The study will also address the issues of

optimal number of nucleotides essential for robust phylogenies and the consequences of

utilizing different segments of the gene.

2.2 Materials and Methods

2.2.1 Materials

This study is based on sequence data from Genbank and new sequences.  The eleven

sequences from the Genbank represent the entire coding region of matK for seven monocot,

dicot, gymnosperm, and liverwort families (Table 2.1).  In addition to these sequences,

partial sequences from the 3' region of the gene were generated for nine genera representing

the monocot families Poaceae, Joinvilleaceae, Cyperaceae, and Smilacaceae (Table 2.1). 

Among the latter four families, the Poaceae is represented by eight species, a situation that

will be used to address the issue of sequence variation at the family level and its impact on

representative sample size.
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TABLE 2.1.  Twenty taxa, their families, and the sequence length (base pair,
bp) used in this study.  Accession numbers followed by GB indicate Genbank
sequences.  KH number signifies K. W. Hilu’s seed and plant collections, and HL
refers to H. Liang’s plant collection.

Species                                 Family               Length(bp)  Accession No.         Abbr.

Marchantia polymorpha Marchantiaceae 1113  X04465 (GB)      Marc  
Pinus contorta           Pinaceae 1548  X57097 (GB)      Pcon
Pinus thunbergii Pinaceae 1548  D11467 (GB)      Pthu
Saxifraga integrifolia Saxifragaceae 1518  L20131 (GB)      Saxi
Sullivantia sullivantii Saxifragaceae 1521  L20130 (GB)      Sull
Sinapis alba Brassicaceae 1575  X04826 (GB)     Sina
Solanum tuberosum Solanaceae 1530  Z11741 (GB)      Sola
Nicotiana tabacum Solanaceae 1530  Z00044 (GB)      Nico
Epifagus virginiana Orobanchaceae 1320  M81884 (GB)     Epif
Hordeum vulgare  Poaceae 1515  S01291 (GB)      Hord
Oryza sativa Poaceae 1629  X15901 (GB)     Oryz
Avena sativa             Poaceae       306  KH9406             Aven
Dactyloctenium aegypticum Poaceae       306  USDA, PI271559 Dact
Eleusine indica Poaceae 306  USDA, PI408801 Eleu
Paspalum almum             Poaceae 306     USDA, PI303958 Pasp
Arundo donax Poaceae 306   KH5546          Arun
Phyllostachys aurea Poaceae 306       KH9418        Phyl
Cyperus strigosus Cyperaceae 306       HL9508        Cype
Smilax rotundifolia Smilacaceae 306       HL9445        Smil
Joinvillea plicata            Joinvilleaceae  306     C. S. Campbell Join

2.2.2 DNA Isolation, Amplification, and Sequencing

Total cellular DNA was isolated from leaf material of individual plants following

Hilu (1994).  Two primers, MG1 and MG15 (Fig. 2.1), were designed based on sequences

at the two conservative coding exons of the trnK gene.  These primers were used to amplify
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the whole trnK exons, including the matK gene nested between them.  Primer composition

and conditions for DNA amplification are reported in Liang and Hilu (1996).  Using the

amplified trnK gene as a template, two primers, MATK5 and MATK7B, internal to the

matK coding region (Fig. 2.1) were then used to sequence sections of the genes with the

cycle sequencing method.  The Bethesda Research Laboratories (BRL) system and

procedure were used for cycle sequencing, as described in Liang and Hilu (1996).  The

primers were labeled with 33P-dATP. The sequencing reaction products were loaded on 5%

polyacrylamide sequencing gel and run in 1X TBE (Sambrook, Fritsch, and Maniatis, 1989)

at a constant power of 1800 V and 60 W.  The gels were fixed in a 10% acetic acid solution

for 10 min, oven-dried, and exposed to Kodak Biomax films for 48 - 72h.

Amino Acid

Nucleotide

matKtrnK5' trnK3'rps16 psbA

MG15MG1
MATK7B

MATK5

Fig. 2.1.  Relative position of the PCR amplification primers (MG1: 5' CTA
CTG CAG AAC TAG TCG GAT GGA GTA GAT and MG15: 5' ATC TGG GTT
GCT AAC TCA ATG) and sequencing primers (MATK5: 5'CGA TCC TTT CAT
GCA TT and MATK7B: 5'GTA TTA GGG CAT CCC ATT) used in this study. 
Boxed areas represent coding regions and connecting lines spacer regions. The
patterns of variation in the number of variable nucleotide and amino acid sites in 31
sectors of coding region of the matK, computed from the eleven Genbank sequences,
are presented.
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2.2.3 Data Analysis

The sequences were grouped into two data sets.  One set included the 11 taxa for

which complete sequences are available, while the other set encompassed the partial

sequences generated for the nine species and the corresponding sequence regions from the

11 species found in the Genbank (Table 2.1).  Thus, the latter set of 20 sequences shared 11

sequences with the first set, a situation that will be used to compare phylogenies produced

with partial vs. complete sequences.  The DNA sequences were aligned with the PILEUP

program of the Genetics Computer Group (GCG) software package (Devereux, Haeberli, 

and Smithies, 1984), using a VAX computer system.  The gap weight and gap length

weight were set to 5.0 and 0.3, respectively.    Alignments were not complicated due to the

rare occurrences of indels.  Indels were not included in the data analysis.  The basic

sequence statistics, including nucleotide frequencies, transition / transversion (tr/tv) ratio

and variability in different regions of the sequences were computed by MEGA (Kumar,

Tamura, and Nei, 1993) and MacClade 3.0 (Maddison and Maddison, 1992).

The aligned sequences were used as the input data for PAUP 3.0 (Swofford, 1990)

and MEGA.  The data sets were transformed into a NEXUS format using MacClade 3.0

and then analyzed by the Wagner parsimony method of PAUP using Marchantia as an

outgroup.  The parsimony analyses were conducted using a heuristic search with

MULPARS, TBR branch swapping, and CLOSEST addition to estimate relationships and

tree topology.  Strict consensus trees were generated by the CONSENSUS option based on

the equally most parsimonious trees produced by heuristic search.  Both bootstrapping and

decay analyses (Felsenstein, 1985; Bremer, 1988; Donoghue et al., 1993) were performed in

PAUP to determine relative support for various clades found in the parsimony analysis.  The

Delete-Half Jackknife (PHYLIP, Felsenstein 1992) was also used in the data analysis to

check on random sampling of characters.

2.3 Results and Discussion

The results from analyses of the complete sequences of the ten seed plant species
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and Marchantia will be presented and discussed first.  The alignment of these eleven matK

sequences showed that among these 1581 base pairs (bp), 1086 (69%) were variable and

803 (51%) were phylogenetically informative.  The Epifagus matK gene contained a 204-bp

deletion that starts at the first position of the 5' end.  The remaining part of the gene was

devoid of indels of this magnitude.  The presence of large deletions in the 5' region of the

gene in the parasitic Epifagus points to the low functional constraint on the 5’ region. 

Seventeen smaller indels, 3 - 15 bp, were found along the entire length of the coding region,

except for a 448 bp section (located ≈ 180 bases from the 3' end) that was devoid of indels.

 The small indels are mostly found in multiples of three nucleotides, and thus in most cases

did not result in a frame shift.  The exception are two indels, one is found only in the

Hordeum sequence and is caused by an insertion of one adenine base and the other is

located at the end of the 3’ region in the two grasses genera (four bases in length ) and in

the two pine species (extended to ten bases). Therefore, most of these indels may be

functionally constrained mutations.  The 448-bp section devoid of indels seems to be

functionally important as indels were not found even in Epifagus.  This section of the gene

corresponds to what is called “domain X”; a section that  matK genes share with group II

intron maturases and is believed to reflect an essential function in binding of the intron RNA

during reverse transcription and RNA splicing (Mohr , Perlman, and Lambowitz, 1993; Ems

et al., 1995).

The eleven sequences were compared for the distribution of variable sites along the

entire coding region (Fig. 2.1).  The comparison among all eleven species underscored the

presence of conserved sections distributed among variable ones.   For instance, two regions,

≈ 100 bp from the 5’ and 150 bp from the 3’ ends, were consistently conserved in all the

permutations of comparisons made (Fig. 2.2).  The 448-bp region that lacks indels showed

decline in number of variable sites in all cases (Fig. 2.2).  Therefore, it is evident that the

gene does not represent a homogenous unit in terms of amount of nucleotide variation. 

This point is addressed further in the section Phylogenetic Analyses.
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Fig. 2.2.  Comparative sequence variation among taxa representing different
taxonomic hierarchy using the Genbank sequences of the matK coding region.  The x-
axis represents the 5’ to 3’ coding region divided into 31 sectors of 50 bp; The y-axis
represents the absolute number of nucleotide substitution within each sector.

The patterns and magnitudes of nucleotide variation in the matK gene were

evaluated at the genus, family, subclass, class, and division in a comparative study using the

11 complete sequences (Fig. 2.2).  The nucleotide variation ranged from 1.1% at the

intrageneric level (between Pinus contorta and P. thunbergii) to 8.4% between two grass

genera belonging to  different subfamilies.  The divergence in matK sequences took a

significant leap above the family level, resulting in a distinct gap between the intrafamiliar

and interfamiliar variation in the sequences.  Variation among monocot families could not

be evaluated since complete sequences were available only for the Poaceae.  The dicots are

represented in this comparison by the Brassicaceae, Saxifragaceae, Solanaceae and
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Orobanchaceae, i.e., families that have been placed in the subclasses Dilleniidae, Rosidae,

and Asteridae (Cronquist, 1981).  The average nucleotide variation among the dicots was

40%, about fivefold the variation found among genera of the same family.  When sequences

from monocot and dicot taxa were contrasted, the variation increased to 51%.  Thus, the

increase at the class level was significantly lower than that observed at the subclass part of

the hierarchy, and was evident in comparisons above the class level (Fig. 2.2).  If the

molecular clock hypothesis is invoked here, these data might lead to the conclusion that

divergence that led to the establishment of families required more time compared with the

divergence at higher taxonomic levels.  This explanation can only be substantiated if

sequences from additional families known to be phylogenetically related are included and

shown to have similar pattern of sequence divergence.  An alternative explanation is that the

gene has gone through stages of variable rates of substitution.  Substitution saturation and

multiple hits could also be used to explain the observed lower divergence at the subclass

level and above as compared with that  at the family level.  However, the 50% difference in

variable sites between the two angiosperm subclasses would not render the substitution

saturation as a major factor.  Comparative studies with other genes may help differentiate

between these hypotheses.

The nucleotide sequences were also translated into amino acids to compare the

patterns of amino acid variation with those of the nucleotide substitutions and to further

evaluate the functional constraints on the gene.  The 1581 nucleotides were translated into

527 amino acids, 456 (87%) of which were variable.  The percentage variation at the amino

acid level is much higher than that at the nucleotide level (87 vs. 67%).  This pattern is

evident for the entire gene (Fig. 2.1), implying an overall relaxed directional selection on the

gene, or possibly a tendency toward neutral selection.  In functionally constrained genes,

such as rbcL, nucleotide sequences are translated into lower amino acid variation.  Johnson

and Soltis (1995) reported in their study of the Saxifragaceae 5% amino acid variation for

the rbcL compared with 59% for the matK.  The observed relative pattern of amino

acid/nucleotide variation for the matK gene across the plant kingdom further confirms that

reported for the families Saxifragaceae (Johnson and Soltis, 1995) and Poaceae (Liang and
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Hilu, 1996).  To further examine this pattern, the nucleotide substitution in the three codon

positions was calculated, and the results show 32, 31, and 37% substitution for the first,

second and third positions, respectively.  These approximately even rates of substitution in

the three codon positions could explain the high variability found in amino acids in the matK

gene since the first two codon positions result mostly in nonsynonymous substitutions.  In

evolutionarily more conserved genes, the rate of substitution at the third codon position far

exceeds those at the other two codon positions, leading to higher rate of synonymous

mutations.  Theoretically, the first, second, and third codon positions are translated to 96,

100, and 31% nonsynonymous substitutions, respectively (Li and Graur, 1991).  The matK

gene exhibited a pattern of codon position substitution similar to the one discussed above in

the study of 18 grass genera where 27, 25 and 48% substitutions were observed in the first,

second, and third codon positions, respectively (Liang and Hilu, 1996).   Similar variations

were also found in the matK sequences of the Polemoniaceae (Steele and Vilgalys, 1994)

and in Saxifragaceae and Gilia (Johnson and Soltis, 1995). 

2.3.1 Transition / Transversions in matK

Transitions are generally more frequent than transversions (Quicke, 1993). 

Transversions are considered the more reliable type of mutations in constructing

phylogenies (Quicke, 1993).  Consequently, some workers have assigned more weight to

transversions in phylogenetic analyses, or based the analyses on transversions alone,

resulting in what is called transversion parsimony (Lake, 1987; Quicke, 1993).  Transition/

transversion ratios have been observed to be 2.0 for relatively recently diverged sequences

and exceed 0.4 for highly substitution-saturated sequences (Holmquist, 1983). The ratio of

transition to transversion (nr/nv) ranged from 0.39 between the two pine species to 1.35

between Pinus contorta and Sullavantia sullivantii (Saxifragaceae).  The ratios were

generally around unity, except for the two pine species (Table 2.2).  These low ratios are

indicative of relatively high proportion of transversions in the gene.  Marchantia  showed

low nr/nv ratios when compared with different groups of seed plants, with the mean ranging

from 0.70 to 0.79, and a low standard deviation values of 0.014-0.072.  However, the mean
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of tr/tv  between dicots and monocots was 0.88, a value that is not significantly different

from the nr/nv ratios calculated between Marchantia and seed plants.  These results,

therefore, do not reflect divergence time if one assumes that transversions are slow to

accumulate and can reflect the depth of divergence in clades.  In addition, the 0.39 ratio

observed between the two pine species, which is similar to the 0.4 ratio suggested by

Holmquist (1983) for highly saturated sequences, is difficult to  explain because of the high

sequence similarity and the close phylogenetic affinity between the two taxa.  The rate of

transversion substitutions must be influenced by other factors, possibly intrinsic genetic or

external environmental.  The likelihood of transversions was also found to be influenced by

the GC content (Mortan, 1995; Liang and Hilu, 1996).  If this is true, then transversions,

and subsequently nr/nv values, might not represent particularly conserved characters in

phylogenetic studies, but are rather a product of an intrinsic nucleotide composition pattern

that characterizes a lineage.  This was true for some lineages of the grass family (Liang and

Hilu, 1996).

TABLE 2.2.  Transition / transversion ratios of the 11 taxa from Genbank. 
Abbreviations are listed in Table 2.1.

ÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍ
Hord Oryz Sola Nico Saxi Sull Sina Epif Pcon Marc Pthu 

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Hord ----
Oryz 1.25 ----
Sola 0.89 0.82 ----
Nico 0.92 0.87 0.61 ----
Saxi 0.93 0.84 1.24 1.37 ----
Sull 1.02 0.92 1.21 1.40 1.15 ----
Sina 0.97 0.91 1.04 1.14 1.13 1.20  ----
Epif 0.75 0.75 0.77 0.80 0.97 0.94  0.85  ----
Pcon 1.07 1.05 1.27 1.28 1.27 1.35  1.28  1.13  ----
Marc 0.72 0.68 0.80 0.82 0.83 0.82  0.76  0.64  0.78  ----
Pthu 1.05 1.04 1.24 1.24 1.24  1.31  1.27  1.09  0.39  0.76  ----
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
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2.3.2 Phylogenetic Analyses Based on matK Gene

Genes that are under lower evolutionary constraints can provide sequence

information more than what is needed for generating robust phylogenies.  This point brings

us to the questions:  How many informative sites are needed to achieve the goal of a robust

phylogeny?   Would the robustness of the phylogeny be improved beyond a certain number

of  mutations?   Would it be more informative (phylogenetically), practical, and productive

to invest in increasing the sample size of the group at the expense of the number of

nucleotides to be sequenced for a gene?  Relevant to these issues is also the point that a

gene is not a homogenous population of nucleotides since different parts of the gene assume

different functional responsibilities and some sections might lack a function.  Consequently,

rates of nucleotide substitution can vary along the entire coding, or even the noncoding

regions of a gene (Li  and Graur, 1991; Sastri et al., 1992; Clegg et al., 1994; Clark, Zhang,

and Wendel, 1995).  Some sections might represent phylogenetic noise and are best not

included in the analysis.  Section(s) of the gene that are extremely variable might represent

regions with saturation of sites and multiple hits and, thus, are phylogenetically less

informative.  It is therefore imperative for a gene proposed for phylogenetic analyses to be

examined thoroughly for patterns of variability and to assess the usefulness of its various

sections.

Analyses based on the entire gene --To address the above points, we performed two

experiments with the data sets of the 11 complete sequences.  In the first, the gene was

divided into five sectors of 300 bases each (sector 5 contained the remaining 375 bases),

and performed parsimony analysis on informative sites from each sector.  The objective of

this approach was to look for sectors that may provide a high degree of distortions in the

phylogeny.   In the second, we used informative sites in increments of ten bases until tree

topology reached a plateau, then moved up to using larger numbers of sites until the full set

of informative sites was used.  In the latter experiment we proceeded once from the 3' to the

5' and then repeated the analyses starting from the 5' end of the gene. 

One to three trees were obtained from using each of the five sectors of the gene; the
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most parsimonious or the consensus tree (when more than one tree was obtained) are

shown in Fig. 2.3. The five sectors generated different  tree topologies with various degrees

of congruencies.  In all trees, families represented by more than one genus appeared

monophyletic.  Sector 3 resulted in the least informative phylogeny as the dicot clades were

unresolved, and the two gymnosperm species grouped with the monocots, forming a

terminal lineage (Fig. 2.3).  The remaining sectors differed primarily in the position of the

monocot, Sinapis, and Epifagus lineages.  The consistency index (C.I.) values for the trees

ranged from 0.71 to 0.80, the retention index (R.I.) from 0.68 to 0.79, and the homoplasy

index (H.I.) from 0.19 to 0.29.  Sector 3 displayed the lowest C.I. and R.I., the highest H.I.,

and the longest tree compared with those based on 300 bp.  In general, the 3’ region

(Sectors 4 and 5) resulted in trees (Fig. 2.3) most similar in topologies to that obtained from

the whole gene (Fig. 2.4), differing only in the position of Sinapis (Brassicaceae) in the

dicots.

The trees resulting from the sequential increments of informative sites are shown in

Fig. 2.4. Stability of the tree with the addition of new informative sites was used as a

criterion for adequacy of number of sites needed because the question here is not how the

topology of the tree compares to our perceived notion of the group phylogeny.  Starting

from the 3' end of the matK coding region, the topology of the tree stabilized after using 50

informative sites (Fig. 2.4c).  The stable tree showed the pine species as a basal clade and a

sister group to the angiosperms, resolved the two classes of angiosperms in two lineages,

showed the Orobanchaceae taxon (Epifagus) as a sister taxon to the Solanaceae, and

resolved the Brassicaceae and Saxifragaceae into two distinct groups. Increasing the

number of informative sites to 100  improved the statistics of the tree considerably, resulting

in a concensus tree that has the same topology and similar robustness as that obtained from

using the entire gene (Fig. 2.4d). 
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Fig. 2.3.  Five cladograms based on sequence data from different part of the
matK coding region.  The 5’ to 3’ region was divided into five sectors (Sectors 1-5,
respectively), each composed of 300 bp except for Sector five that has additional 75
bases.  The cladogram of sectors 2, 4, and 5 represents the single most-parsimonious
tree, while the other two represent the consensus trees.  All five trees were generated
by the heuristic search with closest addition.
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The lowest bootstrap value was 65% in the tree based on 100 sites, which

corresponds to the lowest bootstrap value (84%) in the tree based on the entire sequence. 

Three of the clades in the 100 site-based tree were supported by 100% bootstrap value, and

the remaining clades had bootstrap values comparable to the tree based on the entire gene

(Fig. 2.4d, e).  Using the tree obtained from the entire gene as a model, the 30 informative

sites generated a tree that did not support the monophyly of the dicot taxa (Fig. 2.4a), and

differed in the placement of the Epifagus and Sinapis lineages; the latter was internal to the

Saxifragaceae assemblage (Fig. 2.4a).  Increasing the number of informative sites to 40

resolved the dicots as a monophyletic group and showed Sinapis as a sister group to the

Saxifragaceae, unlike the stable tree which has Sinapsis as a sister to dicots.  The increase in

informative sites used was accompanied by an increase in bootstrap values for most clades

(Fig. 2.4), indicating higher confidence in the clades.  The bootstrap values approached

those obtained from using the whole gene in the tree based on 100 informative sites (Fig.

2.4d).  In contrast, the C.I. and R.I. values showed a slight reduction from 0.79 to 0.76 and

0.77 to 0.74, respectively.  Sanderson and Donoghue (1989) showed that there is no

significant correlation between number of characters and C.I. values.  These C.I. and R.I.

values are quite similar to those obtained from using all the informative sites.  The Delete-

Half Jackknife approach of PHYLIP was used to examine the effect of random sampling of

the first 50 informative sites.  The tree topology did not change, except for Sinapis

appearing as a sister taxon to the Saxifragaceae genera.  The Delete-Half Jackknife values

were quite similar to the bootstrap values.  It is worth noting again that in all cases, the

informative sites used resolved genera into clades representing their respective families. 

The 100 informative sites represent ≈ 250 bp of the gene sequences, a remarkably small

portion to produce this topology.
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Fig. 2.4.  Cladograms based on the incremental addition of informative sites from the 3' end
of the matK gene.  Bootstrap values are indicated by percentages, and additional steps required to
collapse each branch (decay index) is noted in parentheses.  The single most parsimonious tree based
on informative sites from the whole coding region (2.4e) also contains the number of mutations
supporting the clades.
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Using the same incremental approach of informative sites starting at the 5' end of the

matK gene, totally different results were obtained.  The consensus trees of 16 - 208 most

parsimonious trees showed completely unresolved clades until 250 informative sites were

used (trees are not shown).  At that point, one most-parsimonious tree was generated,

which was congruent with the topology of the stable tree obtained from the 3' end.  The 250

informative sites cover ≈ 600 bp of the 5' end, a section corresponding to 40% of the gene. 

 These results, as well as those obtained from the five sectors of the gene, show that the 5'

end of the gene is under low evolutionary constraints, and, thus, is not as informative as the

3' end in addressing phylogenetic questions at higher taxonomic levels.  The 5’ region is

more useful at lower taxonomic levels, possibly below the family.  Sequence studies in the

Saxifragaceae support the usefulness of the matK 5’ region at the intrafamiliar level

(Johnson and Soltis, 1995).

Analysis based on part of the matK 3' region--Now that we have established the

effectiveness of the matK 3' region in providing useful information for phylogenetic studies

at higher taxonomic levels and that robust phylogenies can be generated from partial

sequences, a larger sample was used to further test these points.  Of the 306 bp used from

the 3’ end of the coding region of 20 species (Table 2.1), 230 were variable, and 140 were

phylogenetically informative.  Using the heuristic search, a single most parsimonious tree of

480 steps was obtained (Fig. 2.5). The C.I., R.I., and H.I. for the tree were 0.63, 0.73, and

0.37, respectively.  Bootstrap values, decay indices and number of mutations supporting the

clades are cited on the tree (Fig. 2.5).  The overall topology of the tree is similar to the

stable tree (Fig. 2.4e) except for the dicots being paraphyletic.  The monophyly of the

angiosperms was supported by a 100% bootstrap, 41 apomorphies, and a decay index of 4.

 Strong support for the monophyly of the monocot assemblage was also evident with 100%

bootstrap, 19 mutations, and a decay index of 3.  Within the monocots, the Poaceae

appeared monophyletic and terminal.  Two grass subfamilies were represented by two

genera each (Pooideae and Chloridoideae); the genera appeared in clades representing their
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respective subfamilies.  The Oryzoideae (Oryza) and Bambusoideae (Phyllostachys) genera

appeared basal in the family, which is in agreement with the more comprehensive matK

study of Hilu and Liang (1996) and the ndhF and rbcL sequencing work (Barker, Linder,

and Harley, 1995; Clark, Zhang, and Wendel, 1995).  The Joinvilleaceae diverged as a sister

taxon to the Poaceae (Fig. 2.5).  This phylogenetic position is strongly supported in this

analysis (bootstrap 94%, 14 apomorphies, and 2 decay index).  This finding is in agreement

with recent analyses that suggested a close relationship between the Joinvilleaceae and

Poaceae (Campbell and Kellogg, 1987; Linder and Rudall, 1993; Doyle, Donoghue, and

Zimmer, 1994).  The position of Cyperaceae in the tree reflects the taxonomic treatment of

the two families as members of the same subclass (Cronquist, 1981).  The Cyperaceae -

Joinvilleaceae - Poaceae clade was supported by 98% bootstrap. 

The 300 bases used in constructing the phylogeny of these 20 taxa represent only

one-fifth of the gene.  This amount of sequence information can be obtained by using one

primer.  The resolution obtained at the different taxonomic levels is impressive when one

considers the number of sites used.  As it was demonstrated earlier, it is quite conceivable

that doubling or tripling the number of sequences can improve the robustness of the tree. 

This part of the study further supports the effectiveness of the matK gene in plant

systematics, and the potential of partial sequencing in providing useful insights into

systematic problems.

In conclusion, the matK gene with its underlying features represents a molecule that

has strong potential in providing insight into evolutionary and systematic problems at

various levels.   The ≈ 1500-bp size and the high rate of substitutions makes the gene a

valuable source of information for addressing systematic and evolutionary questions at

various taxonomic levels.   The presence of a relatively conserved 3' region and a less

conserved 5' region provides two sets of characters from the matK that can be used at a

different taxonomic hierarchy from the tribal to the kingdom levels.  The study has

demonstrated the potential of partial sequencing in resolving systematic relationships from

the tribe to the division level.  Considering the time and financial constraints DNA
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sequencing imposes, this property presents the  opportunity to emphasize the number of

taxa to be examined at the expense of the amount of bases to be sequenced without

affecting the robustness of the phylogeny.  The relatively low nucleotide divergence (≈ 1-

8%) at the intrafamiliar level and the consistent monophyly of representative taxa of the

families examined make it possible for families to be represented by a small number of taxa

in a systematic study aiming at constructing phylogenies at or above the order level.  This

sample adjustment will result in augmenting the number of representative families for more

comprehensive analyses.
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Fig. 2.5.  The single most-parsimonious tree rooted with Marchantia  for all 20
taxa based on 306 bp from the 3’ matK coding region.  The tree was generated
through heuristic search with MULPARS, TBR branch swapping and Simple
addition.  Numbers below each branch indicate base substitutions.  Above branches,
bootstrap support is indicated as percentages based on 100 bootstrap replications,
while the number of additional steps required to collapse each clade (decay index) is
indicated in parentheses.
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Molecular systematic studies have relied on data that varied from partial to complete

sequence of genes.   A gene is a complex unit, comprised of stretches of nucleotides that

vary in the rate of substitutions, probably due to different levels of evolutionary constraints

imposed on them.  The evolutionary constraints can be related to the functional and/or

structural aspects of the expression products or directly to the functional mechanisms of the

gene, such as regions essential for initiation, splicing, and translation.  It could also be

linked to its protein product, in case of protein coding genes, where the amino acid

composition could or could not accommodate certain mutations depending on the

involvement of the protein part in the direct function or the structural architecture of the

protein.  Clegg et al. (1994) indicated that patterns of amino acid replacement in the rbcL

gene reveal substantial variation in site-dependent probabilities of substitution.  They noted

that regions that do not accept changes are clearly constrained by functional requirements,

while those that accept changes may be simply unconstrained or, in a few cases, they may

reflect responses to adaptive changes.

It is evident from this study that the use of the entire matK gene might not be as

informative or necessary as the use of sections of the gene.  In fact, some sectors of the

gene might provide phylogenetic noise (Fig. 2.3).  The highly variable regions, such as the

5’ region, might be used with caution in systematic studies at high taxonomic levels because

of site saturation and possible multiple hits.  Appropriate models and algorithms for

phylogenetic reconstruction (Swofford et al., 1996) need to be used in this case to recover

phylogenetic information.  Gadek, Wilson, and Quinn (in press), using their outgroup taxa

as an example,  stated that despite matK’s rapid evolution and the potential for homoplasy

due to multiple substitutions at broad taxonomic levels, it allows recovery of relationships at

the ordinal level.  This study showed that when sequences from the 3' region were used, the

topology and robustness of the tree reached a plateau after 100 informative sites were used.

 This is analogous to the question of the number of characters needed to be used in

phenetics to reach a consistent phenogram (Sneath and Sokal, 1973).  The situation was

quite different when the 5' region was used.  The detailed study of the various sections of

the matK gene showed that a gene has to be examined in its entirety to evaluate the
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potential use of its different parts in addressing particular evolutionary questions.  The

characterization of nucleotide and amino acid substitution along the gene may also provide

information on site-dependent probabilities of nucleotide substitutions.  Such information

could provide a guide to the regions to be used in phylogenetic analysis since methods of

phylogenetic inference assume the probability of replacements are independent of site

(Clegg et al., 1994).

Lane et al. (1985) have shown in their study of nine species of bacteria, animals,

fungi, and plants that the two trees generated from partial and complete sequences of the

16S rDNA gene were identical in topologies.  They argued that it is not important that the

complete sequences of the molecules be determined, but what is important is that the

number of nucleotides compared is statistically meaningful.  We suspect that the systematic

utility of partial sequences may be gene and taxonomic group dependent.  Nevertheless,

characterization of the types, pattern, and rates of nucleotide divergence in a gene prior to

its utilization in systematic and evolutionary studies may frequently be an important

prerequisite for generating robust and reliable phylogenies.

2.4 Literature Cited

BARKER, N. P., H. P LINDER, AND E. H. HARLEY.  1995.  Polyphyly of

Arundinoideae (Poaceae): Evidence from rbcL  sequence data. Systematic Botany.

20: 423-435.

BREMER, K.  1988. The limits of amino acid sequence data in  angiosperm phylogenetic 

reconstruction. Evolution 42: 795-803.

CAMPBELL, C. S., AND  E. A . KELLOGG.  1987.  Sister group relationships of the

Poaceae. In  T. R. Soderstrom, K. W. Hilu, C. S. Campbell, and M. A.  Barkworkth

 [eds.],  Grass  systematics and evolution, 217-224.   Smithsonian Institution Press, 

Washington, DC.

CHASE, M. W. et al.  1993.  Phylogenetics of seed plants: an analysis of nucleotide

sequences from the plastid gene rbcL. Annals of the Missouri Botanic Garden 80:

528-580.



40

CLARK, L. G., W. ZHANG, AND J. F. WENDEL.  1995. A phylogeny of the grass family

(Poaceae) based on ndhF sequence data. Systematic Botany. 20: 436-460.

CLEGG, M. T., B. S. GAUT,  G. H. LEARN, AND B. R. MORTON.  1994.  Rates and

patterns of chloroplast DNA evolution. Proceedings of the National Academy of

Sciences, USA 91: 6795-6801.

CRONQUIST, A.  1981.  An integrated system of classification of flowering plants. 

Columbia University Press, New York, NY.

DEVEREUX, J., P. HAEBERLI,  AND O. SMITHIES.  1984.  A comprehensive set of

sequence analysis programs for the VAX. Nucleic Acids Research 12: 387-395.

DONOGHUE, M. J., R. G. OLMSTEAD, J. F. SMITH, AND J. D. PALMER.  1992.

Phylogenetic relationships of Dipsacales based on rbcL sequences. Annals of the

Missouri Botanic Garden 79: 333-345.

DOYLE, J. A., M. J. DONOGHUE, AND E. A. ZIMMER.  1994.  Integration of

morphological and ribosomal RNA data on the origin of angiosperms. Annals of the

Missouri Botanic Garden 81: 419-450.

DUVALL, M. R., M. T. CLEGG, M. W. CHASE, W. D. CLARK, W. JOHN KRESS,

HAROLD G. HILLS, L. E. EGUIARTE, J. F. SMITH, B. S. GAUT, E. A.

ZIMMER, AND G. H. LEARN.  1993.  Phylogenetic hypotheses for the

monocotyledons constructed from rbcL sequence data. Annals of the Missouri

Botanic Garden 80: 607-619.

EMS, S. C., C. W. MORDEN, C. K. DIXON, K. H. WOLFE, C. W. DEPAMPHILIS,

AND J. D. PALMER.  1995.  Transcription, splicing and editing of plastid RNAs in

the nonphotosynthetic plant Epifagus virginiana.  Plant Molecular Biology.  29:

721-733.

FELSENSTEIN, J.  1985.  Confidence limits on phylogenies: an approach using the

bootstrap. Evolution. 39: 783-791.

__________.  1992.  PHYLIP: Phylogeny inference package. Version 3.4.  University of

Washington, Seattle, WA.

GADEK, P. A.,  P. G. WILSON, AND C. J. QUINN.  In press.  Phylogenetic

reconstruction in Myrtaceae using matK, with particular reference to the position of



41

Psiloxylon and Heteropyxis. Australian Systematic Botany.

HILU, K. W.  1994.  Evidence from RAPD markers in the evolution of Echinochloa Millets

(Poaceae). Plant Systematics and Evolution 189:  247-257.

HOLMQUIST, R.  1983.  Transitions and transversion in evolutionary descent: an

approach to understanding. Journal of Molecular Evolution 19: 134-144.

HSIAO, C.,  N. J. CHATTERTON,  K. H. ASAY, AND K. B. JENSEN.  1994. 

Phylogenetic relationships of 10 grass species: an assessment of phylogenetic utility

of the internal transcribed spacer region  in nuclear ribosomal DNA in monocots.

Genome 37: 112-120.

JARREL, D.C., AND M. T. CLEGG.  1995.  Systematic implications of the

chloroplast-encoded matK gene on the tribe Vandeae (Orchidaceae). American

Journal of Botany 82: 137.

JOHNSON L. A., AND D. E. SOLTIS.  1994.  matK DNA sequences and phylogenetic

reconstruction in Saxifragaceae s. str. Systematic Botany 19: 143-156.

____________.  1995.  Phylogenetic inference in Saxifragaceae sensu stricto and Gilia

(Polemoniaceae) using matK sequences. Annals of the Mossouri Botanic Garden

82: 149-175.

KUMAR, S.,  K.TAMURA, AND M. NEI.  1993.  MEGA: molecular evolutionary

genetics analysis. Version 1.01. Pennsylvania State University, University Park, PA.

LAKE, J. A.  1987.   A rate-independent technique for analysis of nucleic acid sequences:

evolutionary parsimony. Molecular Biology and Evolution 4: 167-191.

LANE, D. J., B. PACE, G. J. OLSEN, D. A. STAHL, M. L. SOGIN, AND N. R. PACE. 

1985.  Rapid determination of 16s ribosomal RNA sequences for phylogenetic

analyses.  Proceedings of the National Academy of Sciences, USA.  82: 6955-6959.

LI, W. -H.,  AND  D. GRAUR.  1991.  Fundamentals of molecular evolution. Sinauer, 

Sunderland, MA.

LIANG, H., AND  K. W. HILU.  1996 .  Application of the matK gene sequences to grass

systematics. Canadian Journal of Botany 74: 125-134.

LINDER, H. P., AND P. J. RUDALL.  1993.  The megagametophyte in Anarthria

(Anarthriaceae, Poales) and its implications for the phylogeny of Poales. Amercan



42

Journal of Botany 80: 1455-1464.

MADDISON, W. P.,  and D. R. MADDISON.  1992.  MacClade: analysis of phylogeny

and character evolution. Version 3.0. Sinauer,  Sunderland, MA.

MOHR, G, P. S. PERLMAN, AND A. M. LAMBOWITZ.  1993.  Evolutionary

relationships among group II intron-encoded proteins and identification of a

conserved domain that may be related to maturase function.  Nucleic Acid Research

 21: 4991-4997.

MORTAN, B. R.  1995.  Neighboring base composition and transversion /transition bias in

a comparison of rice and maize chloroplast nondcoding regions.  Proceedings of the

National Academy of Sciences, USA 92: 9717-9721.

NEUHAUS, H., AND G. LINK.   1987.  The chloroplast tRNALYS(UUU) gene from

mustard (Sinapis   alba) contains a class II intron potentially coding for a maturase-

related polypeptide. Current Genetics  11: 251-257.

OLMSTEAD, R. G., AND  J. D. PALMER.  1994.  Chloroplast DNA systematics: a

review of methods and data analysis. American Journal of Botany 81: 1205-1224.

QUICKE, D. L. J.  1993.  Principle and techniques of contemporary taxonomy. Chapman &

Hall, Glasgow, UK.

SAMBROOK, J.,  E. F. FRITSCH., AND T. MANIATIS.  1989.  Molecular cloning. Vol.

1. Cold Spring Harbor Laboratory Press,  Plainview, NY.

SANDERSON, M. J., AND DONOGHUE M. J.  1989.  Patterns of variation in levels of

homoplasy.  Evolution 43: 1781-1795.

SASTRI, D. C.,  K. W. HILU, R. APPELS,  E. S. LAGUDAH,  J. PLAYFORD, AND B.

BAUM.  1992.   An  overview of evolution at the 5S RNA gene loci in plants. 

Plant Systematics and Evolution 183: 169-181.

SNEATH, P. H. A., AND R. R. SOKAL.  1973.  Numerical taxonomy. W. H. Freeman,

San Francisco, CA.

STEELE, K. P., AND R. VILGALYS.  1994.  Phylogenetic analyses of Polemoniaceae

using nucleotide sequences of the Plastid gene matK. Systematic Botany 19:

126-142.



43

SUGITA, M., K. SHINOZAKI, AND M. SUGIURA.  1985.  Tobacco chloroplast

tRNALys(UUU) gene contains a 2.5-kilobase-pair intron: an open reading frame and

a conserved boundary sequence in the intron. Proceedings of the National Academy

of Sciences, USA  82: 3557-3561.

SWOFFORD, D. L.  1990.  PAUP: phylogenetic analysis using parsimony. Version 3.0. 

Illinois Natural History Survey, Champaign, IL.

WOLFE, K. H., C. W. MORDEN, AND J. D. PALMER.  1992.  Function and evolution of

a minimal plastid genome from a nonphotosynthetic parasitic plants. Proceeding of

the National Academy of Sciences, USA 89: 10648-10652.


