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Abstract

The medicinal shrub Carapichea ipecacuanha (ipecac) is an amphitropic species with
three disjunct areas of distribution. In the Brazilian Atlantic and Amazonian ranges, the
species was associated mostly with the understory of seasonal semideciduous forests,
whereas in the Central American—-Colombian range, the species occurred in the
understory of moist evergreen forests. We examined the phylogeographic structure of
ipecac using chloroplast trnT-trul. and nuclear internal transcribed spacer (ITS)
sequences from 120 and 46 specimens, respectively. To complement existing data on
root alkaloid profiles, we used high-performance liquid chromatography to assess the
levels of emetine and cephaeline in 33 specimens from the two Brazilian ranges. The
three ranges shared neither nuclear nor chloroplast haplotypes. The phylogeographic
structures showed an uneven distribution of genetic diversity, sharp breaks and high
levels of genetic differentiation among ranges. Our results suggest that the extant
populations are descendents of at least four distinct ancestral lineages. The Atlantic
ipecacs showed higher levels of genetic diversity than ipecacs from the other two ranges;
it is likely that they derive from two ancestral lineages, with long-term persistence in that
region. The Amazonian ipecacs were monomorphic with respect to the ITS and cpDNA
sequences, which supports the view that there was a recent expansion from a single
parental source after a strong genetic bottleneck. The existence of a fourth distinct
lineage is apparent from the high levels of genetic and chemical differentiation that we
identified in the Central American-Columbian ipecacs.
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Introduction

The neotropical seasonal forests comprise blocks of veg-
etation scattered throughout most of South and Central
America. In Brazil, seasonal forests are one of the main
types of vegetation of the Mata Atlantica Biome (Veloso
et al. 1991; IBGE 2004). Another large disjunct block of
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seasonal forest in South America is the Chiquitano for-
est, which is located mostly in the eastern lowlands of
Bolivia, but also extends into Central Brazil, specifically
into areas of western Mato Grosso (Ribera et al. 1994;
IBGE 2004). Some early biogeographical studies recog-
nized the floristic relationships between these geograph-
ically distant fragments of forest (Bigarella et al. 1975;
Ab’Saber 1977). More recent floristic inventories have
listed many phylogenetically unrelated species that are
found in neotropical seasonal forests but are absent
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from both moist evergreen forests and savannas in
neighbouring areas (Prado & Gibbs 1993; Prado 2000;
Killeen ef al. 2006; Pennington ef al. 2006).

Characteristically, the seasonal forests occur in areas
in which a severe dry season (up to 5 consecutive
months) follows the rainy season. Nevertheless, sea-
sonal forests also can occur in areas where the distribu-
tion of rainfall is more uniform, but where winter
temperatures can fall below 15 °C, which can cause
physiological drought (Veloso et al. 1991; Oliveira-Filho
& Fontes 2000). In the Mata Atlantica Biome, seasonal
semideciduous forests can be distinguished consistently
from moist evergreen forests on the basis of physiog-
nomy and floristic composition; the seasonality of rain-
fall makes an important contribution to this
differentiation (Oliveira-Filho et al. 2006). Among sea-
sonal forests, some authors use the degree of decidu-
ousness to distinguish semideciduous forests (in which
leaf fall occurs in 20-50% of the constituents) from
deciduous forests (in which leaf fall occurs in more
than 50% of the constituents) (Veloso et al. 1991). Other
authors have noted that it is difficult to distinguish
between the two types of forest on the basis of decidu-
ousness alone, particularly in central Brazil, where the
semideciduous and deciduous forests form a continuum
whose characteristics are determined by local variations
in soil moisture and fertility (Oliveira-Filho & Ratter
2002).

Several bodies of evidence suggest that neotropical
seasonal forests experienced both contractions (Carna-
val & Moritz 2008; Carnaval et al. 2009) and expan-
sions (Auler et al. 2004, Mayle 2004) in response to
climatic changes during the Quaternary period (Ledru
1993). These shifts in vegetation in the Neotropics were
triggered when cycles of cooling/warming and dry/
wet climates altered the ecological conditions at local
and regional scales during the last 2 million years of
the Pleistocene (Whitmore & Prance 1987), and possi-
bly earlier (Mayle 2004; Pennington et al. 2004).
According to the ‘Pleistocenic Arc” hypothesis of Prado
& Gibbs (1993), the present-day disjunct seasonal for-
ests are relicts that were formed by the vicariance of a
much larger single formation that covered South Amer-
ica during the Pleistocene. Rare long-distance dispersal
of species associated with seasonal forests has been
proposed as an alternative explanation for the disjunct
distribution of seasonal forests (Gentry 1982; Mayle
2004).

Although phylogeographical studies have progressed
substantially in many parts of the world, especially in
Europe and North America, few studies have been
reported on components of neotropical forests. More-
over, those studies that have been published have con-
sidered only woody tree species, such as Caryocar
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brasiliense (Collevatti et al. 2003) and Hymenaea stigono-
carpa (Ramos et al. 2007), both of which occur in the
Cerrado of Central Brazil; the conifer genus Podocarpus
(Ledru et al. 2007) and Caesalpinia echinata (Cardoso
et al. 1998), both of which occur in the Atlantic rainfor-
est; and Astronium urundeuva, a tree species that is con-
fined to deciduous forests (Caetano et al. 2008).

In the study described herein, we explored the
evolutionary history of seasonal forests by investigating
the molecular phylogeography of ipecac, Carapichea
ipecacuanha (Brot.) L. Andersson [= Psychotria ipecacuanha
(Brot.) Stokes; Cephaelis ipecacuanha (Brot.) A. Rich.]
(Rubiaceae). Ipecac is a long-lived, perennial shrub that
inhabits the shaded understory exclusively (Veloso
1947; Oliveira & Martins 1998). The species is sensitive
to the long-term penetration of light to the canopy floor
that is caused by clearing, selective cutting and inciden-
tal fires. In addition, populations of ipecac decline rap-
idly when exposed to forest-edge environments
(Oliveira & Martins 2002). Remarkably, the species has
an extensive distribution. Wild populations of ipecac
occur in Brazil, Colombia and Central America and are
used for medicinal purposes (Assis & Giulietti 1999;
Rossi ef al. 2009). Although ipecacs of Central America
are similar morphologically to Brazilian ipecacs (Assis
& Giulietti 1999), they can be distinguished readily on
the basis of their root alkaloid profiles (Bruneton 1995).
It is likely that the disjunction of ipecacs in Brazil did
not result from human-mediated long-distance dispers-
als (Rossi et al. 2009). Several traits of ipecac, such as
limited dispersal ability due to habitat specialization, a
long life span, clonal propagation and a widely disjunct
distribution, might have promoted the preservation of
evolutionary signatures that are suitable for a phylogeo-
graphic study.

In this study, we characterized the geographic range
of ipecac, carried out phylogeographic analyses with
both chloroplast and nuclear DNA sequence data and
compared root alkaloid profiles to address the following
questions: (i) To what extent does ipecac occur in sea-
sonal forests, at the expense of adjacent types of vegeta-
tion, such as Cerrado, Caatinga and moist evergreen
forests? (ii) Does the phylogeographic structure of ipe-
cac suggest the existence of recent colonized areas and
refugia? (iii) Did the colonization and persistence of ipe-
cac in distinct ranges follow a common pattern? (iv) Is
the alkaloid profile related to phylogeographic struc-
ture? (v) What does the phylogeographic structure of
ipecac reveal about the origin and persistence of dis-
junctions of seasonal forest over time? Our results shed
light on the little-known evolutionary history of the
neotropical flora, which so far has been characterized
only in terms of woody tree species, with shrubs, lianas
and herbs being overlooked.
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Materials and methods

Characterization of geographic range

The geographic distributions of ipecac were estimated
from field trips, herbarium records and databases of
plant checklists. We have carried out extensive expedi-
tions to collect Brazilian ipecacs since 1995. Wherever
we found populations, we recorded the location using a
Global Positioning System (GPS) receiver. Voucher
specimens were prepared from specimens that con-
tained reproductive structures at the time of sampling
and were deposited in the herbarium VIC (Table S1,
Supporting Information). We consulted 15 other her-
baria and examined an additional 164 herbarium speci-
mens of ipecac (Table S1, Supporting Information). The
total collection period of samples from these sources
spanned over 171 years (from 1837 to 2008). We
checked specimens and their associated labels to con-
firm their identity. Duplicates, specimens with impre-
cise information about location, specimens that were
probably collected from medicinal gardens and mis-
identified specimens were discarded. We also consulted
databases of plant checklists for Ecuador (Jergensen &
Leén-Yanez 1999; Taylor 2006), Peru (Brako & Zarucchi
1993), the Guiana Shield (Funk ef al. 2007) and the Bra-
zilian states of Acre (Daly & Silveira 2008), Sdo Paulo
(Jung-Mendagolli 2007), Goias & Tocantins (Delprete
PG, submitted) and Mato Grosso do Sul (Dubs 1998).

To define the vegetation formations in which ipecac
occur, we consulted the Terrestrial Ecoregions of the
World, which was published by the World Wildlife
Fund (WWEF) (Olson ef al. 2001). The habitat classifica-
tions for Brazil from the Brazilian Institute of Geogra-
phy and Statistics (IBGE 2004) provided further details
about vegetation at a local level. We recorded our
inventory of occurrences of ipecac on topographic maps
(source: http:/ /www.worldwildlife.org) using GPS soft-
ware. After redundant plots that resulted from indepen-
dent collections at the same locality were removed, the
final map contained 97 unique plots (Table S1, Support-
ing Information).

Sampling strategy

For DNA analyses, we sampled 12 populations in the
Mata Atlantica Biome, 18 populations of the Amazonia
Biome and one population from Central America
(Table 1). To minimize the chances of sampling clones,
we avoided sampling plants that were close to each
other by using 30 m as the minimum distance between
individual samples. Sample sizes per population varied
from 1 to 18, depending upon the number of clusters
available for sampling within a given population.

DNA extraction and amplification

Leaf samples were transported to the laboratory while
still fresh and then kept at —80 °C; alternatively, they
were dried immediately using silica gel and kept at
room temperature until the DNA was extracted. Total
genomic DNA was extracted by following the proce-
dure described in Rossi et al. (2009). Genomic DNA
from all specimens was archived in our laboratory, at
the Federal University of Vicosa, Brazil (Table S1, Sup-
porting Information).

The trnT-trnL spacer of the chloroplast genome was
amplified using standard PCR protocols. The initial
amplification used primers A and D, which were
described by Taberlet et al. (1991). Samples that yielded
no reaction product or ambiguous results were re-exam-
ined by two independent amplification reactions. The
first was performed with the primer combination A and
B, which amplified the intergenic spacer between trnT
(UGU) and the trnl. (UAA) 5 exon (Taberlet et al.
1991). The second was performed with primers C and
D and amplified the trnL (UAA) intron (Taberlet et al.
1991). The entire internal transcribed spacer (ITS) region
of the nuclear 185-26S ribosomal RNA genes (which
included the 5.85 gene) was amplified according to
standard PCR protocols, with the universal primers
ITS4 and ITS5 described by White ef al. (1990). All
amplifications were carried out in a GeneAmp PCR Sys-
tem 9700 (Applied Biosystems).

Sequencing of trnT—trnL spacer and ITS regions,
sequence alignment, and Median Joining Network
construction

DNA samples were sequenced using either a MegaBace
DNA Analysis System 500 (Amersham Biosciences
Corp.) or an ABI Prism 377 Genetic Analyzer (Applied
Biosystems). For the ITS region, the electrophoreto-
grams for direct sequencing of seven specimens from
the Mata Atlantica Biome showed overlapping double
peaks in both strands at particular sites (Fig. S1, Sup-
porting Information), which suggested intragenomic
variation. To resolve the ambiguities, we cloned these
ITS sequences into the vector pGEM T-Easy (Promega)
and resubmitted the clones for sequencing. The number
of clones sequenced per specimen ranged from two (for
TLM2) to six (for VRB5). The electrophoretograms for
direct sequencing of the remaining 14 Atlantic speci-
mens, 19 Amazonian specimens and five Central-Amer-
ican specimens showed no overlapping double peaks in
both strands. For that reason, we did not clone these
sequences. All sequences were imported into Sequen-
cher version 4.8 (Gene Codes Corp.) for editing. The
sequence alignments required manual corrections and
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Table 1 Sampled locations of Carapichea ipecacuanha used in alkaloid and DNA analyses, with sample size (N), nucleotide diversity

(Pi), and haplotype diversity (Hd)

DNA analyses

ITS cpDNA

Alkaloid
Populations (acronym) Location analyses N Pi Hd N Pi Hd
Atlantic range 21 0.01033 0.801 73 0.00107 0.617
Carangola (CAR) 520°44'28""W42°01'33” 1
Caratinga (CAT) 519°43'55”"W41249'00”
Concei¢ao do Macabu (CON) 522°0526”W41°52'12” 1 2 0.00000 0.000
Dores de Guanhaes (DOG) 519°02'17"W42°57°27" 1 2 0.00000 0.000
Eugenépolis (EUG) 521°03'39”W42°25'01”
Guaraciaba (GUA) 520234'14"W43°0028” 2 0.0000 0.000 17 0.00106 0.632
Irupi (IRU) 520°20°58""W41°3825” 1
Marilac (MAC) 518°28'11”W42°10'04”
Ponte Nova (PTN) 520225267 W42°53'42" 1
Raposo (RAP) 521°06'40”W42°05'43” 5 0.01128 0.917 18 0.00087 0.399
Trilha Central (TCE) 519233744 "W42°37'57" 1 3 0.00188 1.000
Trilha da Lagoa do Meio (TLM) 519°38'34"W42°30'56” 3 0.00658 0.833 5 0.00085 0.600
Trilha do Vinhatico (TVI) 519°45'44"W42°28'56” 4 0.00000 0.000 10 0.00066 0.467
Una (UNA) 515220'00”W3922200” 1 2 0.00000 0.000
Visconde do Rio Branco (VRB) 521°00'37”"W42°5026” 3 0.01418 0.985 11 0.00123 0.709
Amazonian range 19 0.00000 0.000 41 0.00000 0.000
Abacatinho (ABA) S11°14'14"W64°3744” 1 1
Abaitara (ABR) 511°44'21"W61231'36” 1 1
Barra do Bugres (BBU) 514°51'00”W57°48'00” 2 0.00000 0.000
Colorado (COL) 511°14'49”W64°24'40” 2 0.00000 0.000 2 0.00000 0.000
Exu (EXU) 515°4041”W57°3203” 1
Fazenda Manilha (MAN) 514°58'00”W57°57°00” 3 0.00000 0.000
Fazenda Raizama (FRA) 514°53'00”W57°16°00” 3 0.00000 0.000
Figueiropolis D’oeste (FIG) 515°26'37"W58°47°06” 3 0.00000 0.000 1
Lambari D’Oeste (LAM) 515°19"27”W58°0010” 1 2 0.00000 0.000
Linhares (LIN) 511°40'54"W61°3225” 1
Mozar (MOZ) 515°04'57”W57°58'00” 1 3
Prata (PRA) 515°30"26”W58°01'50” 1 6 0.00000 0.000
Rio Vermelho (RVE) 515°17'38”W57°5143” 1 6 0.00000 0.000
Santa Maria (SMA) S11°12°42”"W64°46'45" 1 1
Sitio Jesus (JES) S511°31'29”W61°33'51” 2 0.00000 0.000 1
Soroteca (SOR) 515°31'34”W58°0042” 2 0.00000 0.000 2 0.00000 0.000
Tangara da Serra (TAN) 514°04'38”W57°03'45” 1 1
Vila B. S. Trindade (VBS) 515°00'29”W59°5702” 1 6 0.00000 0.000
Sao Francisco (SAF) 511°13'59”W64°39'30”
Sao Pedro (SPE) S511°36'43"W61°33°07”
Central-American range 6 0.00000 0.000 6 0.00000 0.000
Barro Colorado Island (BCI) N09°0925"W79°51'16” 5 0.00000 0.000 5 0.00000 0.000
AF072020 1 1

adjustments due to the presence of insertion/deletions
(indels). After we had aligned the sequences, we
pruned the ends of the sequences to eliminate frag-
ments that could not be obtained for all specimens.
Gene genealogies were inferred using the Median
Joining (M]) network method (Bandelt ef al. 1999) as
implemented in NETWORK 4.5.0.2 (Fluxus Technology
Ltd) using default parameters. The program was run
such that indels were considered to be a fifth character
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state and coded such that each indel, regardless of its
size, was considered to be a single mutation. One ITS
sequence of Psychotria ipecacuanha (GenBank Accession
AF072020) and its associated frnT-trnL spacer sequence
(kindly provided by Molly Nepokroeff) were also
included in the analyses. DnaSP v5 software (Librado &
Rozas 2009) was used to estimate the gene diversity
and nucleotide diversity (Nei 1987) indices at popula-
tion and range levels.
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Alkaloid analyses

Alkaloid profiles were obtained using the sample prep-
aration and high-performance liquid chromatography
(HPLC) techniques described by Garcia et al. (2005). We
analysed one to six roots from each of 10 Atlantic popu-
lations and seven Amazonian populations (Table 1).
Alkaloid concentrations were estimated by reference to
standard calibration curves. Chromatographic analysis
of each subsample was replicated and the average con-
centration recorded. All solvents used for these analyses
were HPLC grade. Student’s t-test (Neter & Wasserman
1974) was used to compare the contents of emetine and
cephaeline between the two Brazilian ranges.

Results

Geographic range and associated vegetation formations

The spatial distribution of the sampled populations and
herbarium specimens indicated that ipecac is an amphi-
tropic species with three disjunct areas of distribution:
(i) the Atlantic range; (ii) the Amazonian range; and
(iii) the Central American-Colombian range (Fig. 1).
The Amazonian range is at least 2500 km from the Cen-
tral American—Colombian range and 1400 km from the
Atlantic range. Plant checklists for intervening regions
contained no mention of ipecac. Brazilian towns and
villages with a strong oral history of gathering wild
populations of ipecac for commercial purposes (which
took place from the 18th century to the mid 1970s) were
located within the limits of the Atlantic and Amazonian
ranges.
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In Brazil, ipecacs occurred mostly in seasonal semide-
ciduous forests, whereas in Central America and
Colombia, ipecacs were found in moist evergreen for-
ests (Fig. 1). In the Atlantic range, ipecacs were present
strongly in the seasonal semideciduous forests of the
Bahia interior forests (ecoregion NT0104) of the Mata
Atlantica Biome, a fringe forest formation that is located
between the coastal moist forests and the drier cerrado
towards Central Brazil. A few isolated plots indicated
that the Atlantic range extended further into the adja-
cent seasonal semideciduous forests of the Parana-Para-
iba Interior Forests (ecoregion NT0150) and to the moist
forests of the Atlantic Coast restingas, Bahia coastal
forests and Serra do Mar coastal forests (ecoregions
NT0102, NT0103 and NTO0160, respectively). None of
the plots fell within adjacent ecoregions of either cerra-
dos or drier forest formations, such as the Caatinga and
the isolated blocks of dry forest in Central Brazil. In the
Amazonian range, ipecacs occurred in two ecoregions
that were situated partially across transition zones: ipec-
acs of the Mato Grosso subrange occurred in seasonal
semideciduous forests of the Chiquitano dry forests
(ecoregion NT0212), whereas ipecacs of the Rondoénia
subrange occurred in the Madeira-Tapajos moist forests
(ecoregion NTO0135). An inspection of the local vegeta-
tion of the Madeira-Tapajos ecoregion, using both field
visits and the IBGE vegetation system, revealed that the
Rondodnia subrange is located in a patchwork of sea-
sonal semideciduous forests, submontane open ombr-
ophilous forests and cerrado. In both the Madeira-
Tapajos moist forests and the Chiquitano dry forests,
the limits of the Amazonian range across the Bolivian
border have not been defined exactly. Ipecacs of the

Fig. 1 The three geographic ranges of
Carapichea ipecacuanha and associated
vegetation formations. Terrestrial ecore-
gions are as follows: NT0102, Atlantic
Coast restingas; NT0103, Bahia coastal
forests; NT0104, Bahia interior forests;
NTO0115, Choco-Darién moist forests;
NTO0129, Isthmian-Atlantic moist

o specimen

NT01 35
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forests; NT0135, Madeira-Tapajos moist
L forests;  NT0137,  Magdalena-Uraba

A\ moist forests; NTO0150, Parana-Paraiba
interior forests; NT0160, Serra do Mar
coastal forests; NT0212, Chiquitano dry
forests. Additional references: NKMNP,
Noel Kempff Mercado National Park;
ecoregion NT0704, Cerrado.

NT0103
© #*NT0150

"= ®=NT0160
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Central American—Colombian range were found within
moist evergreen forests (Chocé-Darién moist for-
ests—NTO0115; Isthmian-Atlantic moist forests—NT0129;
and Magdalena-Uraba moist forests—NT0137).

Nuclear ITS dataset

Our dataset for the nuclear ITS region consisted of
aligned sequences of 532 bases. There were 23 ITS
haplotypes among the 63 ribosomal sequences (Fig. 2).
The ribosomal sequences comprised 24 clones plus 39
direct sequences, from a total of 46 specimens. Our
pruning strategy eliminated the first 14 bases of the
ITS1 spacer and the last eight bases of the ITS2 spacer.
The sequences have been deposited in GenBank with
the accession numbers GU361045-GU361109. Sequence
alignment revealed the presence of 57 polymorphic sites
that were characterized by either indels or base substi-
tutions. The ITS-1 spacer showed 21 polymorphic sites,
19 of which were base substitutions and two of which
were 1-bp indels. The ITS-2 spacer had a similar level
of polymorphism: we identified 22 base substitutions
and one 1-bp indel within this fragment. Sequencing of
clones yielded a total of 20 unique ribosome sequences,
among which we identified 16 intragenomic polymor-
phic sites in the ITS-1 spacer, 13 polymorphic sites in
the 5.85 gene and 17 polymorphic sites in the ITS-2
spacer. Six out of 23 ITS haplotypes (7, 12, 16, 18, 19
and 20) featured 13 base substitutions within the 5.85
gene altogether, nine of which were methylation-related
substitutions (C - T or G — A) that were found only
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in haplotypes 18, 19 and 20 (Fig. 2). In addition, three
of these haplotypes (16, 19 and 20) showed at least
three unique polymorphic sites within the ITS spacers.

cpDNA dataset

Sequencing of the target trnT-trnL spacer of the chloro-
plast genome yielded two segments of sequence. We
aligned a total of 564 bases for fragment AB and 477
bases for fragment CD (GenBank accession numbers
GU385028-GU385146). The assembly of these two sets
of sequences resulted in a final chloroplast dataset that
was 1041 bases long and contained sequences from 120
specimens. Sequence analysis revealed a total of 13
haplotypes and 22 polymorphic sites (Fig. 3). Fragment
AB contained 14 polymorphic sites, nine of which were
base substitutions and five of which were indels. The
indels from segment AB were 14, 9, 7, 227 and 17 bases
long, respectively. The 227-bp indel contained five base
substitutions and four additional smaller indels and
was present only in specimens of either Central-
American or Amazonian origin. The absence of the
entire 227-bp indel from all specimens of the Atlantic
range precluded us from making any inferences about
the ancestral states of these five base substitutions and
four smaller indels; therefore, we discarded the infor-
mation contained within 227-bp indel from our subse-
quent analyses. Segment CD showed lower levels of
polymorphism; it contained five base substitutions and
three indels that were 6, 10 and 71 bases in length,
respectively.

1111111111 1122222222223 33333333334444444555555 Fig. 2 Sequence alignment of the vari-
14466678890011223447 7812233457881 34566677890018999000222 able sites in the nuclear ITS that define
aap 4/ 550345631784919037380 8108967888276 55614705445798478568456 the 23 ITS haplotypes of Campicheu ipE—
1 0/3 ACACCCAACAACCGACCCGTA CGTGCTGCTCACC CCCGGGACGCCGACACGGTAGAC cacuanha. Each fragment spans 532
2 0/1 G.viit it e e B bases. Dots indicate similarity to haplo—
3 0/1 i, PP type 1 and hyphens indicate gaps.
S 0 1 Numbers on top indicate the nucleotide
5 0/1 .................... G i e e e e e e e e e e e e G. pOSitiOn Wlth haplotype 1/ acting as the
S o TS e nnnnihiiiiinn reference sequence during alignment
L= G.. The numbers of occurrences of the hapl—
9 0/1 ..... e A..... LT.AG. ... ... otypes among direct sequences (#) and
10 0/1 ..., GT.T... eivinninnnn.. A..... TG cloned sequences (@) were as indicated.
11 14/3 ... ... GT.TA.. ............. A..... TGl *GenBank accession number AF072020.
12 0/1 ..., GT.TA.. ........ Cc A..... TGl
13 0/1 ..., GT.TA.. ........ccc... A..... TGl T
14 0/1 .............. GT.TA.. ............. A...... T..G..........
15 0/1 ....... G...... GT.TA.. ............. A...... T..G..........
16 0/1 ....T.G...G...GT.TA.. .......... G A...... T..G..........
17 0/1 ... GT.TA.. t'reirnennn.. A..... TT.G.ooeene e
18 0/1 .............. GT.TA.. LL.C.T. ... A..... TGl
19 0/1 ......... T....GT.TA.. C..AT.T A..... . T..G...A......
20 0/1 .T.......... TTGT.TA.. TA......... TT A-...AGA.T..G.T........
21 19/0 ... ... G..T.C. ..ttt e R L G...
22 5/0 ...-....... A..G.A..C. ...t T..TC.G..T...T.T.ACGC..
23* 1/0 l...—....—..A..G.I-\..c.l L T TC.G..T...T.T.ACGC..I
ITS-1 5.8s8 ITS-2
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14bp 9bp 7Tbp 227bp 17bp 6bp 10bp 71bp
f 1T I I 1 f 1 f \————— 1
11 11 11 444455 5556777 777 789 9
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Segment CD

Fig. 3 Sequence alignment of the variable sites in the cpDNA trnT—trnL spacer that define the 13 haplotypes of Carapichea ipecacua-
nha. Each fragment spans 1041 bases. Dots indicate similarity to haplotype A and hyphens indicate gaps. Numbers on top indicate
the nucleotide position with haplotype A acting as the reference sequence during alignment. The numbers of occurrences of each
haplotype (#) were as indicated. Only the first base and the last base of indels larger than 15 bp are shown.

Genealogical and geographic relationships among
lineages

Genetic structure was assessed with MJ] networks,
which were constructed for the cpDNA and nuclear ITS
datasets separately. The results from both networks
showed that genetic variation was partitioned into dis-
tinct lineages, which we referred to as ribogroups for
the nuclear ITS dataset and haplogroups for the cpDNA
dataset (Fig. 4). In both networks, the lineages were
organized around the most frequent haplotypes, with
the least common haplotypes being found at the periph-
ery of the network. The genetic structure together with
the geographic distributions of the ribogroups (Fig. 5)

20
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and haplogroups (Fig. 6) showed that there was a clear
differentiation among lineages according to range. We
found a complete reciprocal monophyly, such that
ranges shared neither ITS haplotypes (Fig. 5) nor
cpDNA haplotypes (Fig. 6). Both nuclear and chloro-
plast datasets showed that the genetic diversity of the
Amazonian range was depauperate, whereas the Atlan-
tic range showed high levels of genetic diversity. How-
ever, further samplings throughout the Central
American—Colombian range are needed to confirm the
trend of low genetic diversity that was inferred from
population BCL

The MJ] network that was constructed with the
nuclear dataset separated the Atlantic ITS haplotypes

Fig. 4 Median-joining networks depict-
ing the relationships among genealogi-
cal lineages of Carapichea ipecacuanha
based on nuclear ITS haplotypes (left)
and cpDNA truT-trnl.  haplotypes
(right). Circles represent ITS haplotypes
(coded with numbers) or cpDNA haplo-
types (coded with letters) and size is
proportional to the relative frequencies.
Numbers of substitutions are indicated
with bars when more than one.

. Central American - Colombian range
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Fig. 5 Geographic distribution of the 23
ITS haplotypes of Carapichea ipecacuanha.
Each circle represents a specimen; a
number within a circle denotes the ITS
haplotype; more than one number per
circle denotes a specimen with intra-
individual polymorphism for ITS. Popu-
lation codes are as given in Table 1.
AF072020 corresponds to a GenBank
accession number. Ecoregions are as in
Fig. 1.

AF072020

O. Atlantic range

. Amazonian range
. Central American - Colombian range

into two highly divergent ribogroups, which were orga-
nized around the high frequency haplotypes 1 (referred
to as Atlantic ribogroup I) and 11 (referred to as Atlan-
tic ribogroup II), respectively (Fig. 4). ITS haplotypes 1
and 10 connected the two Atlantic ribogroups through
seven intermediate missing haplotypes (Fig. 4). Mem-
bers of Atlantic ribogroup I were less frequent and were
identified in clones from five specimens only. Among
the seven specimens that showed intra-individual varia-
tion for ITS sequences, we found one specimen in
which all its ITS sequences belonged to Atlantic ribo-
group I and two specimens in which all their ITS
sequences belonged to Atlantic ribogroup II, whereas
four specimens had ribosomal ITS sequences from both
Atlantic ribogroups (Fig. 5). The MJ] network showed

AF°"2°2° (rp (a)
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é
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.- Amazonian range
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that the ITS haplotypes of the Amazonian range
(referred to as ribogroup III) had a central position and
were connected with the two Central American—Colom-
bian haplotypes (referred to as ribogroup IV) via 13
missing intermediate haplotypes and with the Atlantic
ribogroups via four and nine missing intermediate hapl-
otypes, respectively (Fig. 4).

In the MJ network that was based on the cpDNA
dataset, the Atlantic haplogroup occupied the central
position and was related more closely to the Amazo-
nian haplogroup than to the Central American-Colom-
bian haplogroup. The Atlantic haplogroup connected
the Amazonian and Central American-Colombian ha-
plogroups through six and nine missing intermediate
haplotypes, respectively. The Amazonian and the

g Fig. 6 Geographic distribution of the 13

6@ cpDNA trnT—trnL haplotypes of Carapi-

chea ipecacuanha. Each circle represents a
specimen; a letter within a circle
denotes the cpDNA haplotype. Popula-
tion codes are as given in Table 1.
AF072020* corresponds to the trnT—trnL
sequence associated with the ITS
sequence of GenBank  accession
AF072020. Ecoregions are as in Fig. 1.

.- Central American - Colombian range
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Central American-Colombian haplogroups possessed a
single haplotype each. The Atlantic haplogroup con-
tained 11 members, among which haplotype A was at
the centre of a single clade. Haplotype A was identified
in 38 out of 120 specimens examined and was the most
widely distributed haplotype across the Atlantic range,
being found in 10 out of 12 populations (Fig. 6).

The levels of emetine and cephaeline varied among
the ranges (Fig. 7). Atlantic ipecacs accumulated signifi-
cantly (P < 0.001) higher levels of emetine (1.37 + 0.25;
mean = SD) than Amazonian ipecacs (0.59 + 0.11;
mean + sd). Likewise, Atlantic ipecacs accumulated sig-
nificantly (P < 0.001) more cephaeline (0.32 + 0.15;
mean + SD) than Amazonian ipecacs (0.09 + 0.03;
mean + sd). The content of emetine was always higher
than that of cephaeline in all Brazilian populations
examined. The ratio of emetine to cephaeline content
(on average 4.28 in Atlantic ipecacs and 6.60 in Amazo-
nian ipecacs) varied from 2.25 (in IRU) to 11.07 (in
CON). Nevertheless, these results contrasted sharply
with the ratio of emetine to cephaeline in Central-Amer-
ican ipecacs (0.88, on average), in which cephaeline was
the most prevalent alkaloid.

Discussion

Presence of ipecac with respect to vegetation formation

Our inventory of occurrences of ipecac indicated that
Brazilian ipecacs occurred mostly in seasonal semide-
ciduous forests, with few occurrences in adjacent moist
evergreen forests; whereas Central American—Colom-
bian ipecacs occurred in moist evergreen forests. The
three geographic ranges of ipecac were separated on a
continent-wide scale and were each surrounded by a
vast landscape of apparently unsuitable environments.
For example, in the Atlantic range, the occurrence of
ipecac corresponded remarkably well with the distribu-
tion of seasonal semideciduous forests in the Mata

Fig. 7 Concentrations of emetine and
cephaeline in dried roots of Carapichea
ipecacuanha. Left, Brazilian populations
evaluated for this study. Each bar on
the graph represents the mean value of
the alkaloid content of the population
and vertical lines show standard devia-
tions. Right, alkaloid content taken from
data available in the literature: PA G,
Gupta et al. (1986); PA_ D and PA P,
Hatfield et al. (1981). Population codes
are as given in Table 1.

nI ol n-I
£ & £
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Atlantica Biome and was not found in conjunction with
the adjacent vegetation, such as the cerrado of Central
Brazil and drier forest formations. The Mato Grosso
subrange appeared to be limited to a “peninsula’ of sea-
sonal semideciduous forests that were immersed in a
vast area of cerrado. These patterns of distribution sug-
gest that the affinity of Brazilian ipecacs is for the
understory of seasonal semideciduous forests.

In the Central American—Colombian range, ipecacs
occur in the understory of moist evergreen forests. For
example, they occur in the hyper-wet Chocé-Darién for-
ests. This northern range may have experienced
extended periods of genetic isolation, given that Central
American—Colombian ipecacs can be distinguished from
Brazilian ipecacs on the basis of their root alkaloid pro-
files, divergent ITS and cpDNA lineages and the vegeta-
tion formations in which they occur. The occurrence of
ipecacs in the understory of both seasonal and moist
forests is puzzling and deserves further investigation.

Evidence for four lineages

The high levels of genetic differentiation and the sharp
breaks in the phylogeographic structures of cpDNA
and ITS sequences among ipecacs constitute strong evi-
dence that extant populations of ipecac are descendents
of at least four distinct ancestral lineages. The Atlantic
range harboured two lineages, whereas the Central
American—Colombian range (represented in this study
by the single population sampled in Barro Colorado
Island, Panama) and the Amazonian range each har-
boured one lineage. The fact that the lineages were
connected to each other through multiple missing inter-
mediate haplotypes suggests long periods of genetic
isolation. It is plausible that the phylogeographic signals
in ipecac were preserved in a region-dependent
manner, which could result in the ancestral-descendent
appearing
distorted in our analyses. For example, one cannot rule

relationships  between these lineages
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out the possibility that the greater stability of vegetation
in some refugial areas of southeastern Brazil (Carnaval
& Moritz 2008; Carnaval et al. 2009) contributed to the
long-term persistence of ipecac in those regions and
therefore played a crucial role in preserving high levels
of polymorphism (a characteristic of ancestral lineages).
In contrast, recent drastic replacements of vegetation in
southwestern Amazonia (Burbridge et al. 2004; Anhuf
et al. 2006) might have caused the Amazonian lineage
to become genetically depauperate (a characteristic of
derived lineages). Palynological data gathered at Lagun-
as Bela Vista and Laguna Chaplin (which are sites
located across the Bolivian border, ~200 km south of
population ABR and ~130 km northwest of population
VBS, respectively) suggest that the Madeira-Tapajos
moist forests only became established in the region dur-
ing the last few thousand years (Gosling et al. 2009).
Here, we have refrained from making further inferences
about the Central American—-Columbian lineage because
we only sampled a single population. The scenario
described above provides a plausible explanation for
the discrepancies in connectivity among ipecac lineages
that were observed between the cpDNA and ITS net-
works. However, caution is required when interpreting
the results. Therefore, we have avoided making infer-
ences about ancestral-descendent relationships among
ipecac lineages.

The Atlantic lineage

The Atlantic range has a complex phylogeographic
structure, which indicates the long-term persistence of
populations in this region. The existence of two ITS
ribogroups and only one cpDNA haplogroup in this
range is intriguing and suggests the existence of a
‘missing’ haplogroup. The effective population size of
the chloroplast genome is one quarter to half that of the
nuclear genome; therefore, the genetic diversity of chlo-
roplast genes is more prone to decrease after changes in
population size than that of nuclear genes (Petit et al.
1993). At this time, we cannot rule out the possibility
that the ‘missing’ haplogroup might still be present in
the Atlantic range, but at a frequency so low that it did
not appear among our samples.

Some specimens of Atlantic ipecac harboured more
than one copy of the ITS (up to five in one specimen of
VRB), which indicates that these copies escaped homog-
enization via concerted evolution (Elder & Turner
1995). The presence of a zone of admixture around the
Serra da Mantiqueira mountains that reconnected the
two formerly isolated lineages (Atlantic ribogroups I
and II) provides a plausible explanation for the intra-
individual polymorphism in the ITS sequence among
Atlantic ipecacs. According to this scenario, both lin-
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eages experienced genetic isolation in a different refuge
and, over time, diverged independently through genetic
drift, prior to hybridizing more recently. Intraregional
variation is another possible scenario that could account
for the observed pattern of intra-individual polymor-
phism in the ITS. However, this latter option does not
explain how the two ITS ribogroups, in sympatry, could
evolve the high level of genetic differentiation that we
uncovered.

The Amazonian and Central American—Colombian
lineages

The fact that the entire Amazonian range contained
ipecacs that were monomorphic with respect to ITS and
cpDNA sequences suggests that Amazonian ipecacs
underwent a strong genetic bottleneck. Results obtained
previously with inter-simple sequence repeat (ISSR)
markers also pointed to low levels of genetic diversity
and low differentiation among Amazonian ipecacs
(Rossi ef al. 2009). Such a pattern suggests a recent
massive expansion of the parental source from a refuge
to colonize a new territory. Had our geographic sam-
pling been more extensive, we would be able to discuss
the evolutionary history of ipecac in the Central Ameri-
can-Colombian range further. However, the existence
of a distinct lineage from a fourth refuge is apparent
from the high level of genetic differentiation that we
detected in Central American ipecacs from Barro Colo-
rado Island, Panama. Whether the distribution of
genetic diversity of ipecac in the Central American-
Colombian range follows the Amazonian pattern,
which exhibited monomorphic populations throughout
the entire range or the Atlantic pattern, which con-
tained distinct polymorphic lineages, remains to be
investigated.

Previous investigations reported that whereas emetine
predominated in ipecac from Brazil, cephaeline was the
major alkaloid in roots collected in Central America
(Costa 1978; Hatfield et al. 1981; Gupta et al. 1986). Our
results expanded these findings by showing that the
content of emetine in Brazilian ipecacs was higher than
that of cephaeline at the population level. Moreover, we
found that the alkaloid profile was, to a certain extent,
associated with phylogeographic structure. We postu-
lated that an early event, either through vicariance or
long-distance dispersion, split Central American-Colom-
bian ipecacs from Brazilian ipecacs and the lack of gene
flow thereafter led to genetic differentiation of the two
gene pools at the level of alkaloid biosynthesis, which
resulted in distinct alkaloid profiles. However, a more
recent event, which split Amazonian ipecacs from
Atlantic ipecacs, did not result in such profound
changes in alkaloid profile.
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Molecular biogeography

The phylogeographic structure of ipecac suggests that
episodes of genetic isolation intermingled with extinc-
tion and dispersal events shaped the evolutionary his-
tory of this species. Currently, the ecological conditions
of the open vegetation formations found in central Bra-
zil, which are represented by the many variant forms of
cerrado (Oliveira-Filho & Ratter 1995; Daly & Mitchell
2000), constitute a strong barrier to genetic exchange
and connectivity among the populations of ipecac that
are located in the Atlantic and Amazonian ranges.
However, some palynological evidence and computer
simulations suggest that in the past, temporary corri-
dors connected the Atlantic coast to the Amazon and to
central Brazil (Auler et al. 2004; Mayle 2004; Carnaval
& Moritz 2008). The exact timing, duration and geo-
graphic extension of these corridors are not known, but
it has been argued that the corridors emerged during
warm humid periods when open vegetation, such as
the cerrado, retreated and canopy-providing vegetation
expanded (Oliveira-Filho & Ratter 1995; Costa 2003;
Pennington et al. 2004). The existence of such corridors
might have facilitated the dispersal of ipecac across
otherwise inhospitable landscapes.

The pattern of distribution of genetic diversity that
we have described herein is unlikely to be unique to
ipecac. It is likely to be part of a larger phylogeo-
graphic signature that was retained as codistributed
species of the associated flora experienced a common
history of climatic changes. Understanding the
comparative phylogeography of such groups will aid
the development and evaluation of biogeographical
hypotheses about the evolutionary history of the
neotropical flora and have implications for the
conservation of species.
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