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Abstract: The internal transcribed spacer (ITS) region of 18-26S
nuclear ribosomal DNA repeat was sequenced for 31 of the ap-
proximately 40 species of Clusia known to occur in Panama. Sev-
eral species from other genera of the Clusiaceae were used as
outgroups in the phylogenetic calculation. High sequence align-
ment and minimal length variation among ITS-1, 5.8S and ITS-2
sequences facilitated determination of positional homology
of nucleotide sizes. Sequence alignment was evaluated with
character state (Maximum Parsimony) and distance methods
(Neighbour Joining). Phylogenetic trees obtained with the two
methods were largely concordant and revealed three main
groups that roughly correspond to previous arrangements of
species into three large morphological groups, the C. flava
group, the C. minor group and the C. multiflora group. Because
species of Clusia are either regular C; plants or exhibit crassula-
cean acid metabolism (CAM) involving varying proportions of
CO, fixation in the dark versus the light, we mapped photosyn-
thetic pathways onto the cladograms. Photosynthetic pathway
classification was based on measurements of 3C/'C ratios of
plant carbon and also on information available from the litera-
ture. Both the C. flava and C. minor group contained species ex-
hibiting CAM, distributed on distinct branches of the clado-
grams, whereas the third group (C. multiflora group) was com-
posed of species which are not known to use CAM.
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Introduction

The neotropical genus Clusia comprises an estimated 300 spe-
cies of woody plants (Pipoly et al., 1998) which are either ter-
restrial trees, epiphytes, hemiepiphytes or, occasionally, lianas
and which occur in a large range of habitats, such as lowland
and montane forests, savannas or coastal sand dunes (Liittge,
1991). Clusia taxonomy has been notoriously difficult to study,
given only morphological data (Hammel, 1986; Pipoly et al.,
1998). Flowers are present for only short periods and do not re-
tain their character well in herbarium collections. Morphologi-
cal distinctions based on fruit and vegetative materials can be
ambiguous (Pipoly et al., 1998). Recent advances in the use of
molecular phylogenetic techniques will undoubtedly help to
resolve some taxonomic uncertainties. The chloroplast gene
rbcL has been sequenced for species of all genera of the Clusia-
ceae (Gustafsson et al., 2002). ITS data of ribosomal DNA have
been published for several species of Clusia (Vaasen et al.,
2002).

The diversity of life forms and habitats of the genus Clusia is
matched by a remarkable diversity in photosynthetic physiol-
ogy because some species of Clusia exhibit crassulacean acid
metabolism (CAM) (Winter and Smith, 1996), a mode of car-
bon assimilation not commonly associated with trees (Liittge,
1996; Ting et al., 1985; Tinoco Ojanguren and Vasquez-Yanes,
1983). CAM is characterized by CO, uptake at night and repre-
sents a mechanism that improves the ability of land plants to
assimilate carbon in water-limited environments. In Clusia,
CAM may be strongly (Clusia rosea) or weakly expressed (C.
minor), and certain species, such as C. minor or C. uvitana,
show considerable plasticity in the expression of CAM in rela-
tion to environmental stress as their rates of dark CO, fixation
may strongly and reversibly increase in response to water
shortage (Borland and Griffiths, 1996; Winter et al., 1992; Zotz
and Winter, 1993,1994 a, b). Only a small number of Clusia spe-
cies have been screened for their photosynthetic pathway to
date (Liittge, 1999). Therefore, the exact proportion of C; ver-
sus CAM species is not known. Many species of Clusia have
813C values indicative of C; photosynthesis but this does not
exclude the possibility that small portions of daily carbon gain
may be derived from dark CO, fixation via CAM (Holtum and
Winter, 1999; Pierce et al., 2002; Winter and Holtum, 2002).
However, the notion that all species of Clusia may have at least
some potential to exhibit CAM does not appear to be correct.
Taxa belonging to the C. multiflora species complex, for exam-
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ple, are probably constitutive C; plants; thorough studies
failed to reveal any signs of CAM in such material (Grams et
al., 1998).

Given that the genus Clusia contains both C; and CAM species,
a study of phylogenetic relationships among these species
seems to be a promising approach to learn more about the evo-
lutionary origins of the CAM pathway. Thus far, robust molecu-
lar phylogenies have been successfully established for only
two taxa tracing the origins of CAM: the genus Kalanchoe
(Crassulaceae) (Gehrig et al., 2001) and the family Bromelia-
ceae (D. Crayn, K. Winter, J. A. C. Smith, in preparation). Inter-
pretation of data is complicated for Kalanchoe because essen-
tially all species have the capacity for CAM. In the Bromelia-
ceae, which, like Clusia, contain both C; and CAM species,
CAM evolved independently at least three times (D. Crayn, K.
Winter, J. A. C. Smith, unpublished data).

One previous attempt was made to link phylogenetic relation-
ships and the occurrence of CAM in Clusia (Vaasen et al., 2002).
In that study, ITS sequences were analyzed in order to con-
struct a phylogenetic tree for 17 species of Clusia from live col-
lections in various botanical gardens in Germany. Little agree-
ment was found between species clusters from molecular data
and previous groupings based on morphological characteris-
tics. Furthermore, there was no indication for group-specific
evolution of CAM.

Because increased sample size will be necessary in order to
unravel phylogenetic relationships within Clusia, and as part
of ongoing research on the ecology and physiology of Pana-
manian species of Clusia, we have investigated the molecular
phylogeny of 31 of the approximately 40 Panamanian species
based on nucleotide sequences of the ITS-1 and ITS-2 regions.
We constructed a phylogenetic tree on which the absence or
presence of CAM, as determined from carbon isotope ratios
and, if available, from literature data on net CO, exchange
characteristics and diel changes in organic acid content, was
mapped.

Materials and Methods
Plant material

Plant material was collected during several field trips to dif-
ferent provinces of the Republic of Panama. Specimens were
deposited at the Smithsonian Tropical Research Institute
(Table 1). With few exceptions, several individuals from each
species were collected at various locations and sequenced.
Voucher specimens in Table 1 refer to the plant material used
for construction of phylogenetic trees that was selected at ran-
dom from individuals identified by one of us (B.E.H.).

DNA isolation, PCR amplification and purification

Fresh leaves were frozen in liquid nitrogen and stored at
-90°C. Total DNA was extracted from 250 to 300 mg tissue
using the Dneasy® Plant Mini Kit (Qiagen, Valencia, CA, USA)
following the manufacturer’s instructions. DNA was stored at
+4°C if not used directly. The entire internal transcribed
spacer region, comprising ITS-1, the 5.8S gene and ITS-2, was
amplified via the polymerase chain reaction (PCR) in 100 ul
volumes of 10 mM Tris buffer (pH 8.5) containing 50 mM KCl,

2 mM MgCl,, 0.2 mM of dNTP mix, 25 uM of each primer, 0.1 to
0.5 ug of template DNA, and 2.5 units of Taq polymerase using
the external “ITS-1” and “ITS-4” primers designed by White et
al. (1990). PCR was performed in a Perkin Elmer Thermal Cy-
cler (Perkin Elmer, Instrument Division Norwalk, CT, USA) after
an initial denaturation step of 5min at 94°C via 35 cycles of
1 min denaturation at 94°C, 1 min at 52 °C for primer anneal-
ing and 2 min of extension at 72°C for each cycle. A 10-min
final extension at 72 °C followed cycle 35.

Five ul of each PCR reaction product were separated ona 1.2%
agarose gel using 1 x TAE as the gel buffer, to assess the quality
of amplification. Successful PCR amplifications resulted in a
single DNA band corresponding to the ~700bp marker. ITS
fragments were purified with the MinElute PCR Purification
Kit (Qiagen).

Two to 3.5 pl of the purified PCR fragments were ligated into
pCR 2.1-TOPO® vector or pCR II-TOPO® vector from Invitro-
gen™ Life Technologies Corporation (Carlsbad, CA, USA). One
ul of the 3 h or overnight ligation product was transformed in
TOP 10 cells (Invitrogen). Plasmid DNA was isolated after the
alkaline lysis Miniprep method (STETL protocol [Saccharose,
Tris, EDTA, Triton, Lysozym]) of Sambrook and Russell (2001)
and sequenced (some in both directions) on a Perkin-Elmer
Applied Biosystems 3700 automated DNA sequencing system
(Nevada Genomics Center, University of Nevada, Reno) using
the Prism™ Ready Reaction Dyedeoxy™ Terminator Cycle
Sequencing kit (Perkin-Elmer, Applied Biosystems Division,
USA).

Sequence alignment and analysis

The alignment of ITS sequences was calculated for each pair
using the program ALIGN 4.0 (demonstration version for Win-
dows 95/98/NT: http://www-3.igb-berlin.de/abt3/hepperle/
index.html). The alignment obtained was modified by visual
inspection to increase the total alignment score. Alignment
for Panamanian species of Clusia is shown in Figs.1a-g.
Aligned data for other Clusiaceae sequenced here can be ob-
tained from the first author (hansgehrig@gmx.de). The bound-
aries of ITS-1, ITS-2 and 5.8S rRNA were determined by com-
parison with various published sequences available in Gen-
Bank® NCBI (National Center for Biotechnology Information;
http://www.ncbi.nlm.nih.gov/Genbank/index.html).

Numbers and proportions of nucleotide site divergence were
calculated for all possible pairwise comparisons of ITS-1 and
ITS-2 and the combined ITS-1 and ITS-2 sequence data. Only
the sites without gap and nucleotide ambiguity were included
in the comparisons. The formula P=Ny/(Ng+N;)x 100% was
used for calculation, where P is the percentage of site diver-
gence, Ny is the number of divergent nucleotide sites and N; is
the number of identical nucleotide sites shared by the two se-
quences compared. Three species of the genus Calophyllum
(Clusiaceae, Kielmeyeroideae) were selected as an outgroup.
Several other species of Clusiaceae (representing Sympho-
nieae and Garcinieae) were included in the phylogenetic com-
parison.
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Table 1 Voucher specimens for ITS analyses of Panamanian Clusiaceae that were used to establish the phylogenetic relationships shown in
Figs. 2 and 3. Collections were made by Aranda et al. and are deposited at the Smithsonian Tropical Research Institute (Tupper Center), Republic
of Panama. (BO) Bocas del Toro, (CC) Cocle, (CH) Chiriqui, (CO) Colon, (PA) Panama, (VR) Veraguas. (?) denotes tentative identification by B. E.
Hammel

Species

Locality, Province Voucher GenBank

accession no.

Clusia coclensis Standl. ? Cerro Colorado (CH) 3813 AJ509187
Clusia congestiflora Cuatrec. El Llano-Carti (PA) 3711 AJ509206
Clusia croatii D’Arcy Changuinola (BO) 3759 AJ509186
Clusia cupulata (Maguire) Maguire El Llano-Carti (PA) 3712 AJ509195
Clusia cylindrica Hammel Almirante (BO) 3774 AJ509201
Clusia divaricata Maguire El Valle (CC) 3653 AJ509192
Clusia fructiangusta Cuatrec. El Llano-Carti (PA) 3691 AJ312575
Clusia liesneri Maguire Cerro Jefe (PA) 3755 AJ509185
Clusia lineata (Benth.) Planch. and Triana El Copé (CC) 3655 AJ312556
Clusia longipetiolata Schery Changuinola (BO) 3772 AJ509190
Clusia minor L. Rio Sereno (CH) 3829 AJ509208
Clusia aff. multiflora Kunth Cerro Jefe (PA) 3700 AJ312588
Clusia odorata Seem. Boquete (CH) 3794 AJ509188
Clusia osseocarpa Maguire Cerro |efe (PA) 3850 AJ509193
Clusia palmana Standl. Fortuna (CH) 3789 AJ509198
Clusia pratensis Seem. El Valle (CC) 3621 AJ509196
Clusia quadrangula Bartlett Guabal (VR) 3840 AJ509204
Clusia rosea Jacq. El Valle (CC) 3724 AJ509203
Clusia salvinii Donn. Sm. Santa Fé (VR) 3739 AJ509197
Clusia sipapoana (Maguire) Pipoly Altos de Pacora (PA) 3668 AJ312562
Clusia stenophylla Standl. El Valle (CC) 3612 AJ509184
Clusia torresii Standl. Cerro Colorado (CH) 3801 AJ509202
Clusia triflora Cuatrec. ? Cerro Colorado (CH) 3804 AJ509207
Clusia uvitana Pittier Portobelo (CO) 3845 AJ509226
Clusia valerioi Standl. Portobelo (CO) 3844 AJ509200
Clusia sp. A Altos de Pacora (PA) 3631 AJ312548
Clusia sp. B Cerro Colorado (CH) 3854 AJ509199
Clusia sp. C Cerro Colorado (CH) 3849 AJ509191
Clusia sp. D Rio Sereno (CH) 3831 AJ509205
Clusia sp. E Campana (PA) 3599 AJ312541
Clusia sp. F El Llano-Carti (PA) 3833 AJ509194
Calophyllum inophyllum L. Campana (PA) 4101 AJ312608
Calophyllum longifolium Willd. Campana (PA) 4100 AJ312609
Calophyllum nubicola D’Arcy and R. C. Keating Cerro Jefe (PA) 3754 AJ312610
Chrysochlamys eclipes L. O. Williams El Llano-Carti (PA) 3746 AJ509212
Chrysochlamys glauca (Oerst. ex Planch. and Triana) Hemsl. Rio Sereno (CH) 3827 AJ509213
Chrysochlamys grandifolia (L. O. Williams) Hammel Campana (PA) 3593 AJ509209
Chrysochlamys skutchii Hammel Santa Fé (VR) 3838 AJ509211
Chrysochlamys tenuis Hammel Campana (PA) 3595 AJ509210
Garcinia madruno (Kunth) Hammel Santa Fé (VR) 3735 AJ509215
Garcinia mangostana L. f. Gamboa (PA) 3856 AJ509214
Garcinia sp. El Copé (CC) 3660 AJ312607
Garcinia intermedia (Pittier) Hammel Cerro Jefe (PA) 3649 AJ312605
Symphonia globulifera L. Campana (PA) 3594 AJ312606
Dystovomita paniculata (Donn. Sm.) Hammel El Valle (CC) 3723 AJ509216
Tovomita longifolia (Rich.) Hochr. El Llano-Carti (PA) 3710 AJ312591
Tovomita weddelliana Planch. and Triana Cerro |efe (PA) 3642 AJ509218
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Figs.1a-g Aligned ITS sequences from 31 Panamanian species of
Clusia. Gaps are indicated by “~”, and the coding regions for the ri-
bosomal DNA by a grey background. “~” indicates a conserved motif

Nucleotide sites from ITS-1, 5.8S and ITS-2 sequences with po-
tential phylogenetic information, i.e., with at least two nucleo-
tide states, each present in at least two sequences; were in-
cluded in a data matrix. Only nucleotide sites with unambig-
uous alignment were used in the phylogenetic analysis. Gaps
were treated as missing data. The resulting matrix was ana-
lyzed using the distance method Neighbour Joining (NJ, as a
tool in the program package PHYLP, version 3.4; Felsenstein,
1993) and the Maximum Parsimony method (MP; phylogeny
program version 4.0b8; Swofford, 2002). Sequence divergence
values (NJ) between species were calculated after bootstrap-
ping (1000 replicates) by the two-parameter method (Kimura,
1980) using the DNADIST program of PHYLIP. This method al-
lows for the correction of multiple substitutions and differen-
tial transition/transversion probabilities based on empirical
observation from the data. The ratio was set at 1.0, based on
the actually observed frequencies (Kimura, 1980) in the maxi-
mum parsimony tree. As a result, it was assumed that there is
an equal probability of independent change at all sites (Jukes
and Cantor, 1969).

Heuristic searches (PAUP: MULTIPARS option) and the test for
maximum parsimony were carried out in two steps. In a first
step, the matrix was searched for different islands using 5000
random additions without swapping. Then the trees were op-
timized with the TBR swapping procedure. Clade support was
assessed by bootstrap (1000 replicates and with the “fast step-
wise addition” function). All characters were treated as unor-
dered and given equal weight. Alignment gaps were treated
either as missing data, or as a fifth character when the num-
ber of deleted bases did not exceed 2 bp. Trees were oriented
with three species of Calophyllum (Clusiaceae, Kielmeyeroi-
deae) as the functional outgroup. All most parsimonious trees
were saved.
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in the ITS-1 region, and “*” a conserved motif in the 5.85 rDNA
gene. “+” indicates an insertion of 6 bp in the 5.8 rDNA gene of Clu-
sia osseocarpa.

83C analyses

Carbon isotope ratios were determined for CO, derived from
3-mg samples of dried herbarium tissue (mature leaves)
(Crayn et al., 2001; Winter and Holtum, 2002). Samples were
analyzed with a mass spectrometer at the Analytical Chem-
istry Laboratory, Institute of Ecology, University of Georgia,
Athens. The abundance of 3C in each sample was calculated
relative to the abundance of 3C in standard CO, calibrated
against the Pee Dee belemnite (Belemnitella americana). Rela-
tive abundance was determined using the relationship

813C (%o) = [(13C/'2C of sample)/('3C/'2C of standard) - 1] x 1000.

Results
Characteristics of the ITS region

One or three positive clones of a ~0.7-kb cDNA fragment from
each of the species listed in Table 1 were completely se-
quenced in both directions, covering the 3’ end of 18S rRNA
(position 1-29 in the alignment), the first internal transcribed
spacer ITS-1 (position 30-292), the 5.8S rRNA (position 293 -
452), the second internal transcribed spacer ITS-2 (position
453-661) and the 5" end of the 26S rRNA (position 662 -
698). The length range of the different regions and G + C con-
tent of each sequence are given in Table 2. Out of the 698 bp
aligned positions in the entire fragment length, 19 sites involve
gaps (10 in ITS-1, 6 in 5.8S rRNA, 3 in ITS-2). The 5.8S rRNA
gene region is highly conserved in all species; only four single
point mutations could be detected. The six gaps found in the
5.8S gene region are a result of an insertion (AAAATC) in the
sequence of Clusia osseocarpa, between position 420-425 in
the alignment (Figs.1a-g). Two conserved angiosperm motifs
were detected: one in the ITS-1 spacer region between posi-
tion 192-212 (5-GGC GCT GGT TGC GCC AAG GAA-3’), and
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Table 2 Characteristics and variations of the ITS nrDNA region of Panamanian Clusiaceae

Sequence characteristics ITS-1 ITS-2 ITS-1+1TS-2 5.8S

Length range (bp)

- ingroup 254-260 205-209 461-472 156-162

- outgroup 263 217 480 162

% of G+C content 48.0-58.1 48.3-61.1 48.9-59.8 49.7-53.9
Invariant characters 173 151 324 148
Variable characters 74 48 128 14
Potentially informative characters 34 21 55 7
Proportion (%) of nucleotide differences

between pairs of species

Within genus Clusia 1.4-18.5 0.2-18.2 1.4-15.4 0- 2.6
Between genus Clusia and other Clusiaceae 9.7-47.3 2.8-44.1 1.3-44.7 0-14.6
the second inside the 5.8S rRNA gene region between position  Table 3 Intraspecific variation in species of Clusia from different loca-

465-478 (5'-GAATTG CAG AAT TCC-3’). Both motifs were pre-
viously identified in angiosperms and have been used to differ-
entiate between flowering plants, fungi and algae (Liu and
Schardl, 1994; Jobes and Thien, 1997).

Pairwise comparisons between all possible combinations were
carried out for ITS-1, ITS-2 and for the combined ITS-1/ITS-2
regions (distance matrices not shown). Ambiguous and gap
sites were excluded from these comparisons. Sequence diver-
gence between pairs of Clusia species ranged from 1.4% (C. sal-
vinii and C. sp. B) to 18.5% (C. lineata and C. congestiflora) for
ITS-1, from 0.2% (C. uvitana and C. longipetiolata) to 18.2% (C.
minor and C. sipapoana) for ITS-2 and from 1.4% (C. salvinii
and C. palmana) to 15.4% (C. odorata and C. torresii) for ITS-1/
ITS-2. Between the Clusia species and the chosen outgroup
species (Calophyllum ssp.) the corresponding values for ITS-1
ranged from 42.8% (C. coclensis) to 47.3% (C. lineata), for ITS-2
from 39.6% (C. stenophylla) to 46.2 % (C. sipapoana) and for ITS-
1/ITS-2 from 41.9% (C. coclensis) to 46% (C. sipapoana). These
data refer to individuals selected for construction of phyloge-
netic trees (See “Materials and Methods” section and Table 1).
In most of the 31 Panamanian species of Clusia, material was
sequenced for up to 17 different individuals per species from
various locations. ITS sequences of each species showed
homology variation between 0.3 and 5.1 % (Table 3).

Phylogenetic analyses of ITS sequences

Phylogenetic relationships derived from Neighbour Joining
(NJ) analyses are shown in Fig. 2 and the strict consensus Max-
imum Parsimony (MP) tree is shown in Fig. 3. Of 712 total char-
acters included in the alignment, 388 are uninformative and
324 are parsimony informative. Note that less than 712 charac-
ters are shown in Figs.1a-g because these data only refer to
species of Clusia. The tree search yielded 162453 most parsi-
monious trees (after condensing) with a length of 1155 steps.
Consistency index (CI) was 0.5472, homoplasy index (HI) was
0.4528, and retention index (RI) was 0.7709 (CI excluding un-
informative characters = 0.5014; HI excluding uninformative
characters = 0.4986).

The two types of analysis result in very similar topologies. In
both trees, the Clusioideae are strongly supported as mono-
phyletic (100 and 98% bootstraps, respectively). They form

tions in Panama

Species Individuals Sequence

variation (%)

Clusia coclensis ? 3 0.8-23
Clusia congestiflora 1 -

Clusia croatii 11 0.8-4.2
Clusia cupulata 2 3.2
Clusia cylindrica 5 2.8-4.8
Clusia divaricata 5 0.7-3.2
Clusia fructiangusta 4 1.7-4.8
Clusia liesneri 17 0.3-4.9
Clusia lineata 2 33
Clusia longipetiolata 4 1.6-4.9
Clusia minor 1 -

Clusia aff. multiflora 8 0.4-4.8
Clusia odorata 4 1.2-3.8
Clusia osseocarpa 5 0.5-4.8
Clusia palmana 8 1.1-5.1
Clusia pratensis 6 1.8-44
Clusia quadrangula 2 3.7
Clusia rosea 6 1.8-4.8
Clusia salvinii 3 2.6-3.2
Clusia sipapoana 1 -

Clusia stenophylla 5 0.5-3.1
Clusia torresii 4 2.7-35
Clusia triflora ? 1 -

Clusia uvitana 8 0.4-4.6
Clusia valerioi 11 1.1-5.1
Clusia sp. A 3 1.5-4.7
Clusia sp. B 2 1.5
Clusia sp. C 2 0.9
Clusia sp. D 1 -

Clusia sp. E 7 0.9-4.7
Clusia sp. F 4 1.5-4.0

three main branches: the Symphonieae, the Garcinieae and
the Clusieae (100% bootstraps). Inside the Clusieae clade, the
genus Clusia forms the monophyletic sister group to Chryso-
chlamys and Tovomita. The genus Clusia is separated into three
main groups (Figs.2,3), by and large corresponding to three
morphological groups distinguished in earlier studies (Ham-
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Clusia stenophylla
qit(‘ lusia salvinii

T Fig.2 Phylogenetic tree derived from
Neighbour Joining analysis of a 698 bp align-
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95 Clusia coclensis ment of ITS sequences of the nuclear rDNA,
Clusia sp. A rooted with three species of Calophyllum
| Clusia palmana (Clusiaceae). Bootstrap values (1000 repli-
+Clusia sp. C cates) below 50% are not shown. The branch
Clusia cupulata III length of the outgroup was shortened 1:10.
st F Clusia aff. multiflora
Clusia triflora
92|~ Clusiasp. B
M- Clusia sp. F
\— Clusia congestiflora —
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Garcinia {
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'——

Calophyllum inophyllum
Calophyllum nubicola
Calophyllum longifolium

mel, 1986). The relationships of these three groups are weakly
to well supported in both trees. Group I is a clade with 82%
bootstrap support in the MP tree. Group II is supported by
94 % in the N] tree and 89% in the MP tree, and group III is sup-
ported by 92% in both the NJ tree and MP tree. Each of these
three main groups contains up to three subgroups including
distinct monophyletic branches in I and II. Two branches in
group I are represented by C. rosea + C. cylindrica and the
monophyletic C. quadrangula + C. torressii + C. sp. D. In group
I, the branches consisting of C. minor + C. pratensis, C. uvitana +
C. longipetiolata and C. odorata + C. liesneri + C. croatii, can be
considered monophyletic, with bootstrap values of 100% in NJ
and MP trees, except for the latter branch which shows boot-
strap values of 100% in the NJ tree and 86% in the MP tree.
Other Clusia groupings in I to III are poorly supported (boot-
strap values below 50% are not given). Clusia osseocarpa is lo-
cated between I and II in both trees, supported by 84% in the
MP tree and 65% in the N] tree.

Garcinieae

— Symphonieae

Occurrence of CAM

A survey of §13C values of Clusia plants used for our ITS analysis
showed that only two species in our plant collection had §3C
values suggesting substantial dark CO, fixation via the CAM
pathway: C. rosea, - 19.9 %o; C. uvitana, — 19.7 %.. The vast ma-
jority of Clusia species studied here (29 out of 31) had §3C val-
ues between -24.0 and -30.4%., with a mean of -27.0%.
(SD £ 1.6 %), indicating that most if not all carbon of these spe-
cies was derived via C; photosynthesis in the light. (The com-
plete set of 83C values determined for species studied here
will be published elsewhere [K. Winter et al., in preparation].)
However, §3C analysis does not distinguish among species
showing exclusively C; photosynthesis and species that fix
small portions of CO, via CAM in the dark. C. minor, although
possessing a C; type §'3C value of - 27 %. (see also Diaz et al.,
1996; Franco et al., 1994) has been shown in numerous studies
to exhibit CAM under conditions of drought and high irradi-
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Fig.3 Strict consensus tree of the most
parsimonious trees found by heuristic analy-
sis of ITS sequences of the nuclear rDNA,
rooted with three species of Calophyllum
(Clusiaceae). Bootstrap values (1000 repli-
cates branch-and-bound Wagner analyses)
below 50% are not shown. (W) indicates spe-
cies known to exhibit crassulacean acid me-
tabolism.

111

1l

11

Clusieae

]:Garcinieae

— Symphonieae

Calophyllum longifolium

ance levels (Borland and Griffiths, 1996; Grams and Thiel,
2002) and was therefore considered a CAM species in our anal-
ysis. Evidently, C. valerioi, C. sp. D and C. sp. E also have the
ability to perform a low degree of CAM, since small nocturnal
increases in titratable acidity were recently reported for these
species (Wanek et al., 2002). When photosynthetic pathway is
mapped on the phylogenetic tree in Fig. 3, species with CAM
occur in group I (C. rosea, C. valerioi, C. sp. D) and group II (C.
minor, C. uvitana, C. sp. E).

CAM has not been demonstrated for any of the species in group
111, to date.

Discussion
ITS sequence comparison

ITS-1 regions were longer than ITS-2 regions. Among the in-
group taxa studied, length variation of DNA sequences ranged
from 254 to 260 bp for ITS-1 and from 205 to 209 bp for ITS-2.
The corresponding sequences in the outgroup contained
263 bp (ITS-1) and 217 bp (ITS-2). Similar length differences

between ITS-1 and ITS-2 were found for many other angio-
sperm families (Valiejo-Roman et al., 2002). In a few plant
families, such as the Gentianaceae (Yuan and Kiipfer, 1995),
the two ITS regions do not differ in length.

NJ and MP calculations resulted in well-supported cladograms
with highly similar grouping of species. The intraspecific se-
quence variation, usually below 5%, as shown in Table 3 is at
the higher end of that of other vascular plant taxa (Baldwin
et al., 1995; Mayol and Rossello, 2001). This intraspecific se-
quence variation had no influence on the species arrangement.
In both cladograms, for example, the position of C. liesneri did
not change when calculations were done separately with each
of the 17 sequences available for that species. The position of C.
liesneri also remained unchanged when a consensus sequence
of all 17 individuals was used for tree construction. Further-
more, construction of a NJ tree using all available sequences
for all species, showed that individuals from each species clus-
tered together on distinct branches on the cladogram (data not
shown). We conclude that ITS sequences are useful markers for
a phylogenetic interpretation of the Clusiaceae. Future studies
must show whether some of the intraspecific sequence varia-
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Fig.4 Consensus tree derived from Neigh-
bour Joining analysis (1000 bootstraps) of
ITS sequences of Clusia, rooted with three
species of Calophyllum, Dystovomita grandifo-
lia, Chrysochlamys skutchii, Garcinia madruno
and Symphonia globulifera as outgroup. The
tree includes non-Panamanian species re-
ported to exhibit CAM from a previous study
(Vaasen et al., 2002) (names not in bold).
Clusia sp., a CAM species in the branch con-
taining C. minor and C. pratensis in group Il
corresponds to material called “C. alata” in
Vaasen et al. (2002). This material may have
been misidentified in the previous study be-
cause C. alata almost certainly is a member
of the C. multiflora group (equivalent to
group Ill) and not of the C. minor group
(equivalent to group II). (W) indicates species
known to exhibit crassulacean acid metab-
olism.

61

Outgroup

tion is informative for resolving relationships among subspe-
cies and/or indicates independent evolutionary histories of
the Clusia populations sampled.

Molecular versus morphological groupings

A broad, integrated assessment of the phylogeny of Clusia,
based on molecular and morphological data, does not yet exist.
More than 350 species of Clusia have been described in the lit-
erature, but a substantial number of “species” may be syno-
nyms (Pipoly and Graff, 1995). Most descriptions of Clusia are
limited to specific areas (e.g., D’Arcy, 1980; Maguire, 1979; Pi-
poly et al., 1998). Our results suggest that the genus is mono-
phyletic, forming a sister group to the genera Chrysochlamys
and Tovomita. Such a sister group relationship was also shown
by Gustafsson et al. (2002) who studied the phylogeny of the
Clusiaceae using rbcL analyses.

Among the Central American species of Clusia, three morpho-
logical groups have been recognized (Hammel, 1986): the Clu-
sia flava group, the Clusia minor group and the Clusia multiflora

64 Clusia torresii
100 '_r——I Clusia sp. D

L—— Clusia quadrangula
B Clusia tocuchensis
W Clusia parviflora
56 —M Clusia aripoensis

LW Clusia articulata

—8 Clusia valerioi
Clusia sipapoana
B Clusia fluminensis

group. The three main clades of Clusia shown in our ITS analy-
ses roughly correspond to these morphological groupings
(Hammel, 1986), as the species of group I, II and III, by and
large, match those of the previously established C. flava, C.
minor and C. multiflora groups. There are few exceptions.
These include C. osseocarpa, which has been categorized as a
member of the C. flava group, yet in our analysis forms its
own, although weakly supported branch between group I (C.
flava) and 1I (C. minor). Morphological considerations have
placed C. rosea and C. valerioi into the C. minor group (cor-
responding to group II); ITS sequencing moves these two spe-
cies into group I (corresponding to C. flava group). Finally, C.
cupulata, belonging to the C. minor group morphologically, ap-
pears in group III (the C. multiflora group) in both the NJ and
the MP tree. Such exceptions to these morphological divisions
are to be expected; the South American ssp. of Clusia display
much more floral diversity than most of those of Central
America, to which the morphological subdivisions pertain.
Clusia osseocarpa, C. rosea + C. valerioi, and C. cupulata most
likely belong to at least three distinct clades and are much
more diverse in South America.
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CAM

Our study suggests that CAM has evolved in only two of the
three major groups of Clusia (Fig.3). Panamanian species
known to show CAM occur in both the C. flava group (I) (i.e.,
C. rosea, C. valerioi, C. sp. D) and in the C. minor group (II) (i.e.,
C. minor, C. uvitana, C. sp. E). C. minor, C. uvitana, and C. sp. D
are part of three highly supported clades. Given that the genus
Clusia is monophyletic and assuming that CAM has evolved
from a C; ancestor, our data support multiple, independent ori-
gins of CAM in the genus Clusia. Our data do not allow conclu-
sions about possible reversals from CAM to C;. Consistent with
the position of Panamanian CAM species on the phylogenetic
tree, most non-Panamanian Clusia species for which ITS se-
quence data are available (Vaasen et al., 2002) and which are
known to exhibit strong CAM (C. hilariana, C. fluminensis) or
weak CAM (e.g., C. articulata, C. cruiva, C. parviflora) also occur
in group I when included in our phylogenetic calculations, and
one species occurs in group II (Fig.4). A Panamanian species
that has been shown to exhibit CAM under drought stress but
was not included in our ITS analysis is Havetiopsis flexilis
Spruce ex Planch. et TR (Zotz et al., 1999) that is synonymous
to Clusia flavida. This species can be considered a member of
the C. flava group (i.e., of group I) (B. E. Hammel, unpublished
data). Interestingly, the very first report of CAM in a species of
Clusia was with C. lundelli Standl. (Tinoco Ojanguren and
Vasquez-Yanes, 1983), another member of the C. flava group
(Hammel, 1986).

In contrast to group I and II, all the species of the C. multiflora
group (III) show C; type 8'3C values and in none of these spe-
cies has CAM been detected thus far using physiological per-
formance criteria. Evidence based on CO, exchange studies of
well-watered and water deficit-treated plants of C. multiflora
(Grams et al., 1998) and C. sp. A (K. Winter, unpublished data)
suggests that these two species are constitutive C; plants. In-
terestingly, in the N] tree, the species of group III are character-
ized by relatively short, uniform branch length, as opposed to
the species in groups I and II, which show longer, non-uniform
branch lengths (Fig. 2). Since branch length corresponds to the
extent of sequence divergence, increased divergence in groups
I and II would be consistent with photosynthetic pathway in-
novation (i.e., the development of CAM) that allows exploita-
tion of an extended range of ecological opportunities.

The results shown here present a conservative view of the oc-
currence of CAM in Panamanian species of Clusia. §'3C values
alone do not reveal species in which CAM makes only a small
contribution to total carbon gain (Winter and Holtum, 2002).
When studying the origins of the CAM pathway in Clusia, spe-
cies exhibiting weak CAM or occasional CAM (for example, as
consequence of drought stress) must be treated with equal
weight as species with strong CAM. A low degree of CAM can
only be identified by rather time-consuming diel measure-
ments of organic acid content and net CO, exchange of photo-
synthesizing tissues under a wide range of environmental con-
ditions. With few exceptions, such measurements are missing
for most Panamanian species of Clusia with C; type §'3C values.
These measurements, as well as DNA chip assays designed to
assess subtle changes in gene expression of key CAM enzymes
diagnostic of the degree of CAM use, are now a research prior-
ity to further evaluate the evolutionary origins of CAM in this
remarkable group of tropical, arborescent plants.
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