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Abstract

APETALA3 (AP3)/DEFICIENS (DEF) is a MADS-box transcription factor that is involved in establishing the identity of petal and
stamen floral organs. The AP3/DEF gene lineage has been extensively examined throughout the angiosperms in order to better under-
stand its role in floral diversity and evolution. As a result, a large number of cloned 4P3/DEF orthologues are available, which can be
used for the design of taxon specific primers for phylogeny reconstruction of close relatives of the group of interest. Following this
reasoning, we investigated the phylogenetic utility of the two AP3/DEF paralogues (ImpDEFI and ImpDEF?2) that were recently iden-
tified in the genus Impatiens (Balsaminaceae). K-domain introns 4 and 5 of both 4P3/DEF duplicates were amplified and sequenced for
59 Impatiens species. Phylogenetic analyses of the separated and combined ImpDEFI and ImpDEF?2 data sets result in highly congruent
topologies with the previously obtained chloroplast atpB-rbcL data set. Combination of chloroplast and nuclear matrices results in a
well-supported evolutionary hypothesis of Impatiens. Our results show that introns 4 and 5 in AP3/DEF-like genes are a valuable source

of characters for phylogenetic studies at the infrageneric level.
© 2006 Elsevier Inc. All rights reserved.

Keywords: APETALA3/DEFICIENS; Gene duplication; Impatiens; ImpDEFI; ImpDEF2; K-domain; Phylogenetic utility

1. Introduction

During the last decade several attempts have been
undertaken to apply low-copy nuclear genes for phyloge-
netic reconstruction (Bailey and Doyle, 1999; Bailey
et al., 2002; Emschwiller and Doyle, 1999; Fan et al.,
2004; Grob et al., 2004; Howarth and Baum, 2002; Lewis
and Doyle, 2001; Mason-Gamer et al., 1998; Moller
et al., 1999; Oh and Potter, 2003; Sang et al., 1997). Despite
these efforts there is still a large demand for low-copy
nuclear genes, which could be useful to generate or test
existing phylogenetic hypotheses. Low-copy nuclear genes
are considered to be useful at all taxonomical levels, but
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in particular at low systematic level when non-coding chlo-
roplast regions and nuclear ribosomal markers are incapa-
ble in generating sufficient resolution. However, due to
both practical problems (e.g., the necessity of cloning)
and theoretical problems (e.g., paralogy vs. orthology)
low-copy nuclear genes still remain undervalued in evolu-
tionary studies.

An interesting group of low-copy nuclear genes, useful
for phylogenetic reconstruction can be found in the MADS
box gene family (Bailey and Doyle, 1999). Because of gen-
eral interest in the molecular evolution of the MADS box
gene family, many cloning efforts have been carried out
on several members of this gene family (Aagaard et al.,
2005; Kim et al., 2004; Kramer et al., 1998, 2003, 2006;
Kramer and Irish, 2000; Litt and Irish, 2003; Munster
et al., 1997; Rijpkema et al., 2006; Theissen et al., 1996;
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Vandenbussche et al., 2004). For example, by performing a
BLAST search on an AP3/DEF-like gene of Impatiens (cut-
off E value 2.00), 112 different hits of similar 4P3/DEF-like
genes were obtained in GenBank (November 2006). The
public accessibility of these sequences and the emergence
of many EST sequencing projects, reveal the potential of
MADS box nuclear genes that can be used for molecular
phylogenetics.

In addition, these MADS box gene studies also revealed
the history of gene duplication and gene loss for several
gene lineages of the MADS box gene family within numer-
ous angiosperm taxa. As a result, the occurrence of dupli-
cation and gene loss events during the evolution of some of
the MADS box gene lineages (e.g., 4P3/DEF) is known to
some extent. This information could make cases of mistak-
en paralogy less likely for these low-copy nuclear genes. In
theory, paralogy problems tend to be more commonly
present at higher taxonomical level and would therefore
be less problematic at low taxonomic level (Sang, 2002).

Previously, several studies have focused on the molecu-
lar evolution of the AP3/DEF B-class genes in angiosperms
(Zahn et al., 2005). AP3/DEF is responsible for encoding
MADS domain containing transcription factors, which
are required for the identity of petals and stamens in the
developing floral meristem (Alvarez-Buylla et al,
2000a,b; Goto and Meyerowitz, 1994; Jack et al., 1992,
1994; Theissen et al., 2000). AP3/DEF belongs to the
MIKC-type MADS-domain proteins generally consisting
of four domains; a MADS domain (M), an Intervening
region (I), a Keratin-like domain (K), and a C-terminus
(C) (Munster et al., 1997; Fig. 1). The Keratin-like domain,
which is located between I and C domain, is involved in
mediating specific protein/protein interactions (Riechmann
et al., 1996; Kaufmann et al., 2005). Like the MADS

S. Janssens et al. | Molecular Phylogenetics and Evolution 43 (2007) 225-239

domain, the K-domain is a well-conserved region in most
of the MADS box genes.

In the present study, we choose to sequence the AP3/
DEF K-domain for the following reasons: At low phyloge-
netic level, the K-domain exons evolve fairly slow (in con-
trast to the C-terminal domain) allowing the design of
specific primers, useful for all species of the genus. Further-
more, there is need for low-copy nuclear genes that could
be used for phylogeny reconstruction in Impatiens and
many other groups of flowering plants. According to Jans-
sens et al. (2006) Impatiens can be regarded as a recently
originated genus that was subject to an explosive specia-
tion. Due to the rapid radiation of Impatiens, chloroplast
markers provide insufficient resolution for the most diver-
sified linecages of the genus. Therefore, we choose to utilize
the low-copy nuclear AP3/DEF-like gene to improve the
robustness and resolution of phylogenetic relationships at
low taxonomic level, regarding the success of Bailey and
Doyle (1999) who sequenced PI introns for phylogeny
reconstruction.

Recently, Geuten and collaborators identified two cop-
ies of the AP3/DEF B-class gene in Impatiens, and one
copy in Marcgravia (MuDEF). According to the phylogeny
of the cloned AP3/DEF-like genes, MuDEF is sister of both
Impatiens copies, suggesting the occurrence of a duplica-
tion in the AP3/DEF lineage subsequent to the divergence
of Marcgraviaceac and Balsaminaceae. Impatiens is one of
the two genera belonging to the Balsaminaceae family,
which is considered to be closely related to the neotropical
Marcgraviaceae (Anderberg et al., 2002; Bremer et al.,
2002; Geuten et al., 2004; Schonenberger et al., 2005).

So far, most of the studies on AP3/DEF MADS box
genes have been focusing on the evolutionary aspects of
this B-class gene. The goal of this study is to investigate
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Fig. 1. Schematic representation of the MIK C-type domain structure of plant MADS proteins (MADS-, I-, K- and C-domain). The K domain, which is of
specific interest for our study is hypothesized to form three amphipathic -helices (K1, K2, and K3). The numbers at the top designate amino acid
positions. Dashed vertical lines indicate the region that has been examined in this manuscript, while the position of intron 4 and 5 is marked as solid

vertical lines.
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the phylogenetic utility of AP3/DEF intron 4 and intron 5
at low taxonomic level and to examine the evolution of the
two AP3/DEF introns in Impatiens.

2. Materials and methods
2.1. Molecular protocols

A list of 59 taxa with authorities, localities, voucher
numbers and accession numbers is shown in Table 1. Total
genomic DNA was extracted using a modified version of
the hot CTAB protocol (Geuten et al., 2006; Janssens
et al., 2006). Specific primers used for the amplification
of the two AP3/DEF homologues (ImpDEFI and Imp-
DEF?) in Impatiens were designed based on the results of
Geuten et al. (2006): IhDEFIF (5-GGGCTTGAGC
AAGACATGGACAGT-3), IhDEFIR (5-CTTTTCCTG
AAGTAGGTTTCTGTGTATCTG-3'), IhDEF2F (5-AA
ACTCGAACAAGATGTGGATAGT-3) and ThDEF2R
(5-AAATTGCTGGAGTAAGTTTCTATGTGTCTG-3').
The temperature profile for ImpDEFI consisted of 2 min
initial denaturation at 94 °C and 30 cycles of 30 s denatur-
ation at 94 °C, 30 s primer annealing at 57 °C and 1 min
extension at 72 °C. Amplification of ImpDEF2 was per-
formed under the same conditions as described above
except for an annealing temperature of 55.5 °C. Amplifica-
tion reactions were carried out on a GeneAmp PCR system
9700 (Applied Biosystems). Cycle sequencing reactions
were performed as in Geuten et al. (2004).

2.2. Data matrices and alignment

ImpDEFI and ImpDEF?2 sequences were initially aligned
with CLUSTALX applying the default parameters for gap
opening and gap extension. Further adjustment of the preli-
minary aligned data matrix was performed manually using
MacClade 4.05 (Maddison and Maddison, 2002). For parsi-
mony-based analyses, we coded the indels in both duplicates
as separate characters, following the ‘simple indel coding’
method (Simmons and Ochoterena, 2000). Non-informative
or ambiguous gaps were not coded. Only the indel coded
data matrices were used for phylogenetic analyses. Regard-
ing the congruence between the data sets of both paralogues,
we combined both matrices regardless of few species missing
in one of the data sets. Therefore, a combined AP3/DEF
matrix was obtained comprising 59 species. The same selec-
tion of species of the atpB-rbcL matrix of Janssens et al.
(2006) was used for a combined nuclear-chloroplast analysis.
All sequences were submitted to GenBank (Table 1),
whereas data sets and representative trees were deposited
in TreeBASE (accession number 1675).

2.3. Phylogenetic analyses
Data sets of ImpDEFI and ImpDEF?2 were analyzed sep-

arately and combined. Additionally, the ImpDEFI/Imp-
DEF2 matrix was merged with the chloroplast atpB-rbcL

data set. A partition homogeneity test (implemented in
PAUP* 4.0b10a) was used to determine whether the data
matrices were providing different signal in the combined
analyses. According to Janssens et al. (2006), I omeiana
is sister to all other Impatiens species, and was therefore
used as outgroup for all phylogenetic analyses.

Maximum parsimony (MP) analyses were conducted
using PAUP* 4.0b10a (Swofford, 2002). Heuristic searches
were conducted with tree-bisection reconnection (TBR)
branch swapping on 10,000 random addition replicates,
with five trees held at each step. Characters were equally
weighted and character states were specified to be unor-
dered. Non-parametric bootstrap analysis (MP-BS) was
carried out to calculate the relative support for individual
clades found in the parsimony analysis (Felsenstein,
1985). For each of the 500 bootstrap replicates, a heuristic
search was conducted with identical settings as in the origi-
nal heuristic analysis.

The best fitting substitution model for Bayesian analysis
was selected using a series of likelihood ratio tests as imple-
mented in ModelTest 3.06 (Posada and Crandall, 1998).
Due to a large variation in substitution rate between exons
and introns, ImpDEFI and ImpDEF2 were analyzed using
Bayesian analysis with mixed models. Both homologues
were divided into five partitions according to the intron—
exon boundaries present in the analyzed fragment, whereas
ModelTest 3.06 (Posada and Crandall, 1998) chose an
appropriate evolutionary model for each partition. Bayes-
ian analyses were conducted with MrBayes 3.1 (Huelsen-
beck and Ronquist, 2001; Ronquist and Huelsenbeck,
2003). Four chains (one cold, three heated), initiated from
a random starting tree were run for 10 million generations.
Every 500 generations, a tree was sampled from the chain
for a total of 20,000 trees. Due to the burn-in, 10,000 sam-
ple points were discarded until stationarity was established
among the chains. PAUP* 4.0b10a was used to calculate a
50% majority-rule consensus tree and to report the poster-
ior probabilities for each clade. Posterior probabilities have
been shown to overestimate branch support, so they will be
interpreted with caution (Kolaczkowski and Thornton,
2006; Suzuki et al., 2002).

2.4. Data analyses

Only those species that were found in both data sets of
ImpDEFI and ImpDEF?2 were used to investigate molecu-
lar evolution. GC-content and length variation were calcu-
lated by using PAUP* 4.0b10a (Swofford, 2002).

In order to investigate the possibility of saturation in the
ImpDEFI and ImpDEF2 dataset, saturation plots were
used as initially described by Phillipe et al. (1994). Satura-
tion for both datasets was examined by plotting observed
distances (uncorrected P) as a function of ML-corrected
distances.

Pairwise relative rate comparisons were conducted to
analyze the degree of rate divergence between both AP3/
DEF paralogues for each Impatiens species. Intron



Table 1

Accession numbers, voucher data and origin of plant material for taxa included in the DNA analyses

Taxon Origin Voucher Accession number Accession number Accession number
ImpDEFI ImpDEF2 atpB-rbcL.
Impatiens apsotis Hook.f. China, Sichuan Yuan CN2k2-159 (NEU) EF 133558 — DQ147810
Impatiens aquatilis Hook.f. China, Yunnan Song CNY017 (NEU) — EF 133611 DQ147811
Impatiens arguta Hook.f. and Thoms. China, Yunnan Yuan CN2k-74 (NEU) EF 133559 EF 133612 DQ147812
Impatiens aurea Mubhl. North American origin, cult. Holden arboretum  Janssens SJ008 (LV) EF 133560 EF 133613 DQ147813
Impatiens aureliana Hook f. China, Yunnan Yuan CN2kl1-56 (NEU) EF 133561 EF 133614 DQ147814
Impatiens auricoma Baill. Comores origin, cult. Bot. Gard. Marburg Janssens SJOO1 (LV) EF 133562 EF 133615 DQ147815
Impatiens balsamina L. Indian origin, cult. Kruidtuin Leuven Janssens SJ003 (LV) EF 133563 EF 133617 DQ147816
Impatiens balfourii Hook.f. Himalayan origin, cult. Denver Bot. Gard. 33051 (DBG) EF 133564 EF 133616 DQ147817
Impatiens bicaudata H. Perrier Madagascan origin, cult. by Ray Morgan, U.K.  Ray Morgan s.n. (LV) EF 133566 EF 133618 —
Impatiens begonifolia S. Akiyama and  China, Yunnan Yuan CN2k1-51 (NEU) EF 133565 EF 133619 DQ147819
H. Ohba
Impatiens campanulata Wight South Indian origin, cult. by Ray Morgan, U.K. Ray Morgan s.n. (LV) EF 133567 EF 133620 DQ147822
Impatiens capensis Meerb. North American origin, cult. Holden arboretum  Janssens SJ009 (LV) EF 133568 EF 133621 DQ147823
Impatiens chinensis L. China, Yunnan Yuan CN2k1-49 (NEU) EF 133569 EF 133622 DQ147825
Impatiens chungtienensis Y.L. Chen China, Yunnan Yuan CN2k2-204 (NEU) EF 133570 EF 133623 DQ147826
Impatiens clavicornu Turcz. South Indian origin, cult. by Ray Morgan, U.K. Ray Morgan s.n. (LV) EF 133571 EF 133624 DQ147827
Impatiens columbaria J.J. Bos African origin, cult. Nat. Bot. Gard. Meise FB/S2966 (BR) EF 133572 EF 133625 DQ147828
Impatiens conchibracteata Y.L. Chen  China, Yunnan Hao 427 (NEU) EF 133573 EF 133626 DQ147829
Impatiens congolensis G.M. Schulze African origin, cult. Bot. Gard. Koblenz Univ. Fischer NE7 (NEU) EF 133574 EF 133627 DQ147830
and R. Wilczek
Impatiens cuspidata Wight and Arn. South Indian origin, cult. by Ray Morgan, U.K. Ray Morgan s.n. (LV) EF 133575 EF 133628 DQ147832
Impatiens cyanantha Hook.f. China, Yunnan Yuan CN2k1-84 (NEU) — EF 133629 DQ147833
Impatiens davidi Franch. China, Fujian Yuan CN2k-09 (NEU) EF 133576 EF 133630 DQ147835
Impatiens delavayi Franch. China, Yunnan Chassot and Yuan 99-154  EF 133577 EF 133631 DQ147836
(NEU)
Impatiens desmantha Hook f. China, Yunnan Yuan CN2k-30 (NEU) EF 133578 — DQ147837
Impatiens eberhardtii Tardieu Vietnam, Anam Song s.n. (NEU) EF 133579 EF 133632 DQ147839
Impatiens edgeworthii Hook.f. Himalayan origin, cult. Univ. California Bot. 89.2005 (UC) EF 133580 EF 133633 DQ147840
Gard. Berkeley
Impatiens faberi Hook.f. China, Sichuan Song S007 (NEU) EF 133581 EF 133634 DQ147841
Impatiens fenghwaiana Y.L. Chen China, Guangxi Yuan CN2k-41 (NEU) — EF 133635 DQ147842
Impatiens flaccida Arn. South Indian origin, cult. Nat. Bot. Gard. Meise =~ FB/S3925 (BR) EF 133582 EF 133636 DQ147845
Impatiens forrestii Hook.f. ex W.W. China, Yunnan Yuan CN2k-79 (NEU) EF 133583 EF 133637 DQ147847
Smith
Impatiens glandulifera Arn. Belgium, Leuven Janssens SJ002 (LV) EF 133584 EF 133638 DQ147848
Impatiens hians Hook.f. African origin, cult. Bot. Gard. Berlin Schwerdtfeger 9492a (B) EF 133585 EF 133639 DQ147849
Impatiens hawkeri W. Bull New Guinean origin Janssens SJ006 (LV) EF 133586 EF 133640 DQ147850
Impatiens imbecilla Hook.f. China, Sichuan Hao 426 (NEU) EF 133587 EF 133641 DQ147851
Impatiens kerriae Craib Thailand, Qingmai Chassot 99-238 (NEU) — EF 133642 DQ147853
Impatiens latifolia L. South Indian origin, cult. by Ray Morgan, U.K. Ray Morgan s.n. (LV) EF 133588 EF 133643 DQ147854
Impatiens mengtseana Hook.f. China, Yunnan Yuan CN2k1-38 (NEU) EF 133589 EF 133644 DQ147858
Impatiens meruensis Gilg. Tanzanian origin, cult. by Ray Morgan, U.K. Ray Morgan s.n. (LV) EF 133590 EF 133645 DQ147859
Impatiens monticola Hook.f. China, Sichuan Hao 425 (NEU) EF 133591 EF 133646 DQ147860
Impatiens omeiana Hook.f. China, Sichuan, cult. Univ. California Bot. Gard. 2002.0214 (UC) EF 133592 EF 133647 DQ147864
Berkeley
Impatiens parviflora DC. Belgium, Leuven Janssens SJ004 (LV) EF 133593 EF 133648 DQ147866
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sequences were ignored in this test. Tree taxon models
were assembled for pairwise comparisons of the AP3/
DEF paralogues in each Impatiens species. Marcgravia
umbellata was chosen as outgroup (Geuten et al., 2006).
We used the Likelihood Ratio test (LRT) method of
Muse and Gaut (1994) as implemented in HyPhy (Kosa-
kovsky Pond et al., 2005) to conduct the pairwise relative
rate tests. The method of Muse and Gaut (1994) is a LRT
of rate constancy between two lineages with reference to
an outgroup lineage.

In order to identify positively selected amino acid sites
in the K-domain of the ImpDEF duplicates, the ratio of
non-synonymous to synonymous substitutions (dn/ds or
) at codon level has been examined. dyn/ds values for
amino acid sites in ImpDEF were estimated using the
approach of Nielsen and Yang (1998) as implemented in
HyPhy (Kosakovsky Pond et al., 2005). This site-specific
method, which uses a likelihood-based approach to iden-
tify selection, assumes variable selective pressures among
sites under the assumption of different classes of sites in
the gene with different dy/ds (w) ratios. Both ImpDEFI
and ImpDEF2 data sets were investigated by comparing
using discrete distribution models (M1, M2 and M3)
and continuous distribution models (M7 and MS). Likeli-
hood ratio tests were carried out for the comparison of
following evolutionary models: single rate model (MO)
and discrete model (M3), neutral (M1) and selection mod-
el (M2), and beta (M7) and beta + @ model (MS).

3. Results
3.1. Gene copy number

A recent study in Impatiens revealed two copies of the
AP3/DEF subfamily in I hawkeri corresponding to the
euAP3 gene lineage (Geuten et al., 2006). Our results
demonstrate that these paralogues are present in almost
all other species of Impatiens examined. We were unable,
however, to amplify the ImpDEF?2 paralogue in three spe-
cies (I apsotis, I. pseudoviola and I xanthina). Earlier
phylogenetic analyses (Janssens et al., 2006; Yuan et al.,
2004) showed that these taxa have no common most
recent ancestor. Additionally, we found five representa-
tives of Impatiens, in which ImpDEFI was not amplifiable
(L siculifer, I fenghwaiana, I. uliginosa, I aquatilis and
L cyanantha). The last four species form a well-supported
clade in previous chloroplast and nuclear phylogenies
(Janssens et al., 2006; Yuan et al., 2004). The ImpDEF?2
paralogue in I desmantha and the ImpDEF2 paralogue
in I kerriae have been amplified in this study, but were
removed from the data set since it was impossible to
obtain a useful sequence for this locus. Due to a lack of
fresh material to obtain mRNA from, it was impossible
to find out whether some of these paralogues were not
amplifiable because of a possible loss of one of the dupli-
cates or due to difficulties with the PCR reaction. Despite
this obscurity, our results certainly argue in favor of the
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presence of two copies of AP3/DEF since the origin of
Impatiens or before.

3.2. Sequence variation

As with most plants, the AT content was significantly
higher in the introns than in the exons. In intron 4 and 5
of Imp DEFI and intron 4 of ImpDEF2, thymine is the most
common nucleotide with an average of 41.8%, while ade-
nine is second most common with an average of 29.8%.
However, intron 5 of ImpDEF2 has an average amount
of adenine (32.7%), which is roughly the same as that of
thymine (33.4%). The saturation plots clearly showed that
ImpDEFI and ImpDEF?2 introns investigated are not satu-
rated in Impatiens (Fig. 2).

The average length of the introns investigated in Imp-
DEFI remains rather constant in the whole genus (76—
132 bp in intron 4 and 64-95 bp in intron 5) except for
one species (I flaccida) with an enlarged intron 5
(249 bp). Also intron 4 of ImpDEF2 shows a rather con-
stant intron length (68-139 bp). On the contrary, the over-
all length of intron 5 in ImpDEF2 varies strongly (69—
474 bp) with a trend towards an increase of length in the
more recently diversified lineages of the genus (Fig. 3).
The length variation of intron 5 in ImpDEF? is generated
by the occurrence of frequent deletions and insertions.
We observed, however, that the deletion bias is rather
weak, while the occurrence of long insertions (ranging from
126 nt to 266 nt in intron 5) is quite frequent. According to
Comeron and Kreitmann (2000), insertions of this size
(longer than 100 bp) do not occur very often in introns.
Furthermore, Moriyama et al. (1998) assumed that sudden
transitions from short towards long introns appear to be
quite unusual. In Arabidopsis, the most favorable intron
length is between 80 and 90bp (Hebsgaard et al., 1996).
Goodall and Filipowicz (1990) hypothesized a minimum
intron length of 70-73 nt in dicots, whereas Filipowicz
et al. (1994) postulated a minimum of only 64 nt. In
ImpDEF2, the intron length of intron 5 is close to 74 nt
in most of the early diversified lineages of Impatiens,
whereas the average intron length in the more derived
lineages of Impatiens (Clades 7-15) is 275 nt on average.
One can assume that the natural mutational bias towards
deletions has been countered by strong selection in order
to preserve the minimum intron length that is necessary
for intron splicing (Comeron and Kreitmann, 2000).

3.3. Phylogenetics of ImpDEFI

The ImpDEFI region examined in our study contains
818 characters, from which 27 nt belong to exon 4,
304 nt to intron 4, 42 nt to exon 5, 430 nt to intron 5
and 15nt to exon 6. Of the 273 variable positions, 176
are parsimony informative. MP analyses of ImpDEFI
resulted in 2268 trees of 483 steps, a consistency index
(CI) of 0.683 and a retention index (RI) of 0.804. The strict
consensus tree is moderately resolved, but most of the

clades identified by Janssens et al. (2006) were only sup-
ported by low bootstrap values (Fig. 4). The much better
resolved Bayesian consensus tree is nearly similar to the
MP consensus phylogeny. Most of the lineages have
Bayesian posterior probabilities (BPP) of 95% or higher
(Fig. 4). MP and Bayesian inference resolved the three
main groups in Impatiens as described in Janssens et al.
(2006). Although Clade I was recognized by parsimony
analysis, this lineage shows no bootstrap support (Clade
I—BS: <50/BPP: 100, Clade II—BS: 79/BPP: 100, Clade
I11—BS: 72/BPP: 100; Fig. 4).

3.4. Phylogenetics of ImpDEF2

The sequenced ImpDEF?2 region comprises 1438 aligned
characters, of which 27 nt correspond to exon 4, 307 nt to
intron 4, 42 nt to exon 5, 1047 nt to intron 5 and 15 nt to
exon 6. Due to the fast evolving intron 5, the ImpDEF?2
fragment examined in our study is far more variable than
the sequenced ImpDEFI fragment. Of the unambiguously
aligned nucleotides, 435 are variable and 282 are parsimo-
ny informative. Parsimony analysis of ImpDEF2 resulted in
374 trees of length 692 (CI: 0.752 and RI: 0.845). Despite
the more variable nature of the intron structure in Imp-
DEF2, a much better resolved phylogeny was generated
compared to the one ImpDEFI. Also bootstrap support
values are seemingly higher in the ImpDEF2 topology
(Fig. 5). Bayesian analysis generated a consensus tree that
was better resolved than the MP topology. Furthermore,
most of the delimited lineages showed high Bayesian sup-
port percentages (Fig. 5).

In contrast with ImpDEFI, parsimony and Bayesian
analysis of the ImpDEF2 data matrix supported only two
of the three main clades in Impatiens, as recognized in
Janssens et al. (2006): Clade II — BS: 89/BPP: 100 and
Clade III — BS: 87/BPP: 100. Although the earliest
diverged lineages of Impatiens collapsed using the
ImpDEF2 data matrix, we noticed that the more recently
diversified lineages are generally well resolved (Fig. 5).

3.5. Phylogenetics of combined ImpDEFI and ImpDEF?2

The combined data matrix contains 59 species and 2256
characters from which 708 are variable and 458 parsimony
informative. The partition homogeneity test found no
significant difference between both partitions of the com-
bined data set (p > 0.05). Analysis of the combined data
set yielded 1764 trees with length 1216 (CI: 0.718 and RI:
0.824).

Both Bayesian topology and parsimony consensus tree
(Fig. 6) are completely in agreement with the consensus
tree produced by the independent data sets. In comparison
to ImpDEFI and ImpDEF2, we observed that the com-
bined phylogeny is better resolved and that support values
were generally higher for the combined data matrix. Most
of the lineages have Bayesian support values of 95% or
higher (Fig. 6). Once more, only two of the three major
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Fig. 2. Saturation plots of the ImpDEFI and ImpDEF2 datasets in which ML distances were plotted against observed p-distances.

clades, described by Janssens et al. (2006) in Impatiens were
resolved by MP and Bayesian analysis, but with moderate
to high support (Clade II—BS: 80/BPP: 100 and Clade
III—BS: 94/BPP: 100). The most early diverged lineages
are also well resolved, but due to a collapsed position of
L kerriae, Clade I (Janssens et al., 2006) cannot be delimit-
ed. Nevertheless, many of the internal lineages, as recog-
nized in Janssens et al. (2006) generally have moderate
support values (Fig. 6): Himalayan-Eurasian clade 3 (BS:
77 and BPP: 100), South Chinese clade 4 (BS: 71 and
BPP: 97), North American-Chinese clade 6 (BS: 67 and
BPP: 100), South Chinese clade 7 (BS: 99 and BPP: 100),

South Indian clade 8 (BS: 75 and BPP: 97), South Chinese
clade 9 (BS: 99 and BPP: 100), West African clade 10 (BS:
90 and BPP: 100), Southeast Asian clade 11 (BS: 100 and
BPP: 100), Madagascan clade 12 (BS: 100 and BPP: 100),
East African clade 14 (BS: 91 and BPP: 100), South Indi-
an-Vietnamese clade 15 (BS: 75 and BPP: 100).

3.6. Phylogenetics of combined ImpDEF1/ImpDEF2 and
atpB-rbcL

The resulting p value of the partition homogeneity test
was not significant (p > 0.05), indicating that also the
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Fig. 3. Length variation of intron 5 in ImpDEFI and ImpDEF2.

difference between both partitions of the combined data are
not in conflict. The combined nuclear-chloroplast data
matrix contains 59 species and 3217 characters from which
985 are variable and 612 are parsimony informative.
Maximum parsimony analysis of ImpDEFI, ImpDEF?2
and atpB-rbcL rendered 1680 trees of 1427 steps (CI:
0.724 and RI: 0.826). The highly resolved MP consensus
tree (Fig. 7) is in agreement with the consensus tree pro-
duced by the independently analyzed and the combined
ImpDEFI/ImpDEF? data sets, except for one discrepancy
in clade 9. Within this clade, I xanthina is sister to
L begonifolia and I trichosepala in the combined Imp-
DEFI/ImpDEF2 dataset, while in the combined chloro-
plast/nuclear dataset, I. begonifolia is sister to I xanthina
and I trichosepala. Nevertheless, support for these taxa is
generally low.

The Bayesian search yielded a well-resolved topology in
which the overall relationships are depicted in the same
way as in the parsimony-based one. We observed that
Bayesian posterior probabilities and bootstrap support val-
ues for the combined nuclear/chloroplast data matrix were
generally strong. All three major clades in Impatiens (Jans-

sens et al., 2006) are resolved by MP and Bayesian infer-
ence, however, Clade I shows no bootstrap support
(Clade I—BS: <50/BPP: 97, Clade II—BS: 89/BPP: 100
and Clade ITI—BS: 98/BPP: 100). Furthermore, the major-
ity of the internal lineages are highly supported (Fig. 7):
Himalayan-Eurasian clade 3 (BS: 99 and BPP: 100), South
Chinese clade 4 (BS: 85 and BPP: 100), North American-
Chinese clade 6 (BS: 76 and BPP: 100), South Chinese
clade 7 (BS: 100 and BPP: 100), South Indian clade 8
(BS: 65 and BPP: 100), South Chinese clade 9 (BS: 99
and BPP: 100), West African clade 10 (BS: 98 and BPP:
100), Southeast Asian clade 11 (BS: 100 and BPP: 100),
Madagascan clade 12 (BS: 100 and BPP: 100), East African
clade 14 (BS: 100 and BPP: 100), South Indian-Vietnamese
clade 15 (BS: 89 and BPP: 100).

3.7. Molecular evolution

In the present study, relative rate tests based on the
three-taxon concept of Muse and Gaut (1994) were used
to test for significance of rate differences between both par-
alogues. The results of the test demonstrated that there is in
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Fig. 4. Phylogenetic consensus tree based on ImpDEFI sequences. The
first number on the branch represents bootstrap support of the MP
analysis and the second number indicates Bayesian posterior probabilities.
An asterisk indicates branches that collapse in the MP consensus tree.
Deeper internal nodes (Roman numbers) or specific clades (numbers 3-15)
are assigned according to Janssens et al. (2006).

general no significant rate difference between ImpDEFI
and ImpDEF2 in Impatiens, as the null hypothesis was
almost never rejected in the different pairwise comparisons
(p > 0.05). Nevertheless, for four species the null hypothesis
was rejected (p = 0.04 <0.05), suggesting a significant dif-
ference in rate between the K-domain exon sequences of
the two AP3/DEF paralogues. Remarkably, these four spe-
cies (I. unmiflora, I faberi, I imbicilla and I. forrestii) all
belong to the same clade. In this clade, the ImpDEF?2 cod-
ing sequence has evolved significantly further away from
the outgroup sequence than ImpDEF]I.
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Fig. 5. Consensus phylogeny of the /mpDEF2 data set. The first number
on the branch represents bootstrap support of the MP analysis and the
second number indicates Bayesian posterior probabilities. Branches that
collapse in the MP consensus tree are indicated with an asterisk. Similar
numbering is used as recognized in Janssens et al. (2006) to assign deeper
internal nodes (Roman numbers) or specific clades (numbers 3-15).

Furthermore, we tested whether there was detectable
positive selection on codons for each of the two paralogues.
The comparison of different models of evolution that allow
for relative fixation rates of synonymous (silent) and
nonsynonymous (amino acid altering) mutations provided
similar results for both ImpDEFI and ImpDEF?2 (Tables 2
and 3). In general, no positively selected sites could be iden-
tified, while all sites are characterized by a low omega value
(w = 0.1) possibly suggesting that purifying selection has
occurred.
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represents bootstrap support of the MP analysis and the second number indicates Bayesian posterior probabilities. An asterisk indicates branches that
collapse in the MP consensus tree. Similar numeration is used as described in Janssens et al. (2006) to assign deeper internal nodes (Roman numbers) or
specific clades (numbers 3-15).

4. Discussion (Popp and Oxelman, 2004). Although 4P3/DEF-like genes
form a well-supported clade within angiosperms, several

4.1. Phylogenetic usefulness of AP3/DEF studies illustrated the occurrence of numerous duplication
events at every taxonomic level within this AP3/DEF line-

The use of large multigene family members for molecu- age (e.g., Di Stilio et al., 2005; Geuten et al., 2006; Kramer

lar phylogenetics is often considered to be problematic as et al., 1998, 2003; Stellari et al., 2004; Zahn et al., 2005).
paralogues loci could be mistaken for orthologues loci Unmistakably, these duplication events could undermine
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the phylogenetic utility of 4P3/DEF like genes. However,
because of the large number of studies that are carried
out within the AP3/DEF gene lineage, several duplication
events within this B-class gene lineage are mapped for
angiosperm taxa. Moreover, the public availability of these
sequences opens the possibility to design specific primers
for those species and their paralogous gene loci that have
been investigated in former studies.

In order to avoid any confusion within our group of
interest, we independently investigated both paralogues of
AP3/DEF that were identified in Impatiens by Geuten
et al. (2006). By designing locus-specific primers for both
AP3/DEF paralogues in Impatiens, we could amplify and
sequence both duplicates without interference of the other
copy. The use of these specific primers also eliminated the
need for cloning to acquire unambiguous sequences. Fur-
thermore it seems that we did not amplify any other locus
that would be paralogues to ImpDEFI or ImpDEF2.

Our results show that 4AP3/DEF introns can be applied
for phylogenetic analysis at a relatively low taxonomic
level. Both paralogues of this gene (ImpDEFI and Imp-
DEF?2) have been investigated separately and indicate that
K-domain introns 4 and 5 in AP3/DEF contain useful
phylogenetic information. Intron 4 and intron 5 are high-
ly variable in ImpDEFI and ImpDEF2, resulting in a
higher percentage of variable sites than the chloroplast
atpB-rbcL spacer. Despite this high amount of variable
sites in both AP3/DEF copies in Impatiens, the consisten-
cy and retention indices imply that the homoplasy con-
tent of introns 4 and 5 in ImpDEFI and ImpDEF2 is
low, and additionally intron 4 and intron 5 turn out to
be almost unsaturated in both 4P3/DEF duplicates. Fur-
thermore, the phylogenies of ImpDEFI and ImpDEF2
largely resemble the chloroplast atpB-rbcL phylogeny
(Janssens et al., 2006; Figs. 4-6) and by combining both
nuclear data sets, we obtained a phylogenetic hypothesis,
which is better resolved than in separate analyses. By
adding atpB-rbcL to the ImpDEFI/ImpDEF2 data set,
both resolution and support of the overall topology was
improved once more.

The AP3/DEF locus in Balsaminaceae and in most
angiosperms is characterized by six introns and five exons.
Several studies have shown that introns of low-copy nucle-
ar genes tend to diverge at high rate for both nucleotide
and indel substitution (Gaut, 1998; Li, 1998; Sang, 2002).
In contrast, chloroplast introns evolve at a significantly
lower rate, frequently resulting in insufficient signal for
phylogenetic studies at low taxonomic level. In AP3/DEF
we found an interesting low copy nuclear gene, which
can be used for the examination of relationships among
closely related species, an aspect that certainly is becoming
more important nowadays. The introns investigated within
ImpDEFI and ImpDEF2 can be characterized by a high
rate of insertions, deletions and substitutions, providing
sufficient phylogenetic data to resolve previously uncertain
relationships within the rapidly radiated genus Impatiens.
Due to the high rate of substitution and the extensive
length variation within the 4P3/DEF introns, it was some-
times difficult to align early-diversified species with species
that are strongly diverged throughout the genus. However,
with a relatively dense sampling that covers all major
groups of the genus, alignment did not cause problems.
Furthermore both ImpDEFI and ImpDEF2 datasets show
only little amount of homoplasy and produced almost
identical phylogenetic hypotheses for Impatiens.
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Table 2

Sites under positive selection, parameter estimates, likelihood values and w-values for ImpDEFI K-domain exon datasets as estimated for several discrete

and continuous distribution models

Model / w-value Proportion of sites Positively selected sites
K-domain ImpDEFI
MO (single ratio) —364.33 o =0.0512 None
MI (neutral) —381.83 wy=0 po=0.7257 Not allowed
M2 (selection) —364.33 wy=0 Ppo = 0.0000 None

o =1 p1 =0.0000

wy =0.0511 p> = 1.0000
M3 (discrete) —365.77 wo=0.0511 Ppo = 1.0000 None

w1 = 0.0632 p1 = 0.0000

w, =0.1418 2 =0.0000
M7 (beta) —364.33 Not allowed
MS (beta and w) —364.33 wo = 0.0511 Po=0.9999 None

w; = 1.0000 p1=0.0001

Table 3

Sites under positive selection, parameter estimates, likelihood values and w-values for ImpDEF2 K-domain exon datasets as estimated for several discrete

and continuous distribution models

Model / w-value Proportion of sites Positively selected sites
K-domain ImpDEF2
MO (single ratio) —245.42 o =0.2739 None
MI (neutral) —249.28 wo=0 Ppo=0.2963 Not allowed
w; =1 p1=0.7035
M2 (selection) —249.28 wo=0 Po=0.2962 None
;=1 p1=0.7037
wy = 1.2085 > =0.0000
M3 (discrete) —245.42 wo = 0.2739 Ppo = 1.0000 None
w; = 0.4210 p1=0.0000
wy = 0.8761 P> =0.0000
M7 (beta) —245.42 Not allowed
MS (beta and w) —245.42 wo = 0.2744 Po=0.9999 None
w1 = 1.0000 p1=0.0001

Although 4P3/DEF introns are interesting for resolving
phylogenetic relationships between relatively closely relat-
ed species, they are probably not appropriate for phyloge-
netic analyses at high taxonomic levels. For example, it was
not possible to align the introns of M. umbellata (Marc-
graviaceae; Geuten et al., 2006), which is believed to be
closely related to Impatiens, with the ImpDEFI or Imp-
DEF? introns of the most early diversified species in Impa-
tiens. In fact, introns are occasionally considered to evolve
too rapidly and too erratically to be used in phylogenetic
reconstruction (Kupfermann et al., 1999). This is probably
true when using introns to resolve relationships at inter-
and intrafamilial level.

On the other hand, AP3/DEF exons are probably not
useful for phylogenetics at low taxonomical level. Exons
are generally considered to be under strong purifying selec-
tion. As a result, the exon substitution rate is restricted in
order to avoid deleterious mutations within the coded
sequence. Within ImpDEFI and ImpDEF?2, the constrained
substitution rate of the exons resulted in a relative high
amount of homoplasy, making exons not useful at low
phylogenetic level.

4.2. Molecular evolution of AP3/DEF in Impatiens

According to our results, we assume that the two copies
of AP3/DEF in Impatiens are not redundant. Amino acid
sequences of both copies differ considerably, especially in
the C-domain (Geuten et al., 2006). Furthermore, both
duplicates are present in nearly all representatives of
Impatiens examined, and a strongly delimited Intron—
Exon structure exists in both paralogues, suggesting that
both genes are still functional. Relative rate tests showed
generally no significant rate difference between both dupli-
cates. Nevertheless, within the well-supported clade
comprising 1. uniflora, I. faberi, 1. fenghwaiana and I. for-
restii, we observed that the K-domain region of ImpDEFI
and ImpDEF?2 evolved at a different evolutionary rate. We
conclude that ImpDEFI and ImpDEF2 in Impatiens avoid-
ed the process of gene loss, which is a typical fate in most
of the gene duplicates. Nonetheless, it might be interesting
to find out whether the incapability of obtaining both
duplicates for some species is due to a loss of one of the
ImpDEF copies or simply because of changes in particular
primer sites.
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An interesting case of molecular evolution within the
AP3IDEF like genes in Impatiens can be found in the
enlargement of intron 5 in ImpDEF2. Remarkably, this
lengthening has only occurred in the most diversified spe-
cies of Impatiens (Clades 7-15). Nevertheless, no morpho-
logical differences in petals and stamens have been
observed so far, which could distinguish the most early
diverged species (Clades 1-6) from the more recent diversi-
fied species (Clade 7-15). During the last decade, several
studies tried to explain the importance of intron length
divergence (Bell et al., 1999; Castillo-Davis et al., 2002;
Comeron and Kreitmann, 2000; Parsch, 2003). Mount
et al. (1992) emphasized the necessity of multiple compen-
satory mutations in order to converse a short intron into a
long intron. A recent study demonstrated that short introns
are mostly favored in highly expressed genes, e.g., genes
encoding ribosomal proteins (Castillo-Davis et al., 2002).
This way, the costs of transcription and other molecular
processes like splicing could be reduced. Additionally,
intron lengthening results in an increase of secondary struc-
tures within the pre-mRNA sequence. These structures are
known to generate alternative splicing sites and might
affect the original splicing of the intron-exon boundaries
(Eperon et al., 1988; Lecharny et al., 2003). Possibly, the
enlargement of intron 5 in ImpDEF? resulted in an increase
of alternative splicing sites within the specific region. In
case of alternative splicing in intron 5 of ImpDEF2, the
translated products would become truncated due to the
occurrence of in-frame stop codons, which are present in
the close proximity of the 5 and 3’ splicing site of intron
5 in most Impatiens species examined.

In both AP3/DEF paralogues, we observed that the pro-
tein coding exon structure in the K-domain is in general
highly conservative, showing no positively selected chang-
es. Within the ImpDEF?2 lineage, there is no species in
which an amino acid substitution has taken place. In con-
trast, within the ImpDEFI lineage, four amino acid substi-
tutions have occurred in different representatives
throughout the whole genus. In I eberhardtii we located
an amino acid substitution in which a positively charged
hydrophilic lysine is changed into an uncharged hydrophil-
ic threonine in the region between the K2 and K3 subdo-
main at position 141 (Fig. 8). The other three amino acid

ImpDEF1
defga defgabcdefq abcde
SLORIRDRK) - (FKVLGNQIETHRKK) - (LRNVE

Impatiens

L eberhardtii
L hians

1. columbaria
L capensis

I aurea

L uniflora

L faberi

L forrestii

L imbicilla

Fig. 8. Listed here are all species with inferred amino acid changes in
ImpDEFI or ImpDEF2. Specific changes in amino acids are underlined
and written in bold. Heptad repeats are present above each duplicate.

substitutions in ImpDEFI, on the other hand, did not
change in function compared to the amino acid they have
replaced. According to Yang et al. (2003), the K3 subdo-
main of the AP3/DEF and PI/GLO subfamilies is not com-
pletely conserved in its hydrophobicity on positions a and
d, sometimes causing a shift towards hydrophilic amino
acids. However, when hydrophobic amino acids are present
on positions a and d in the K3 subdomain, these specific
amino acids remain unchanged in both DEF duplicates in
Impatiens.
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