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Combining molecular cytogenetics and phylogenetic modelling of chromosome number change can shed light on the
types of evolutionary changes that may explain the haploid numbers observed today. Applied to the monocot family
Araceae, with chromosome numbers of 2n = 8 to 2n = 160, this type of approach has suggested that descending
dysploidy has played a larger role than polyploidy in the evolution of the current chromosome numbers. To test this,
we carried out molecular cytogenetic analyses in 14 species from 11 genera, using probes for telomere repeats, 5S
rDNA and 45S rDNA and a plastid phylogenetic tree covering the 118 genera of the family, many with multiple
species. We obtained new chromosome counts for six species, modelled chromosome number evolution using all
available counts for the family and carried out fluorescence in situ hybridization with three probes (5S rDNA, 45S
rDNA and Arabidopsis-like telomeres) on 14 species with 2n = 14 to 2n = 60. The ancestral state reconstruction
provides support for a large role of descending dysploidy in Araceae, and interstitial telomere repeats (ITRs) were
detected in Anthurium leuconerum, A. wendlingeri and Spathyphyllum tenerum, all with 2n = 30. The number of
ITR signals in Anthurium (up to 12) is the highest so far reported in angiosperms, and the large repeats located
in the pericentromeric regions of A. wendlingeri are of a type previously reported only from the gymnosperms Cycas
and Pinus. © 2014 The Linnean Society of London, Botanical Journal of the Linnean Society, 2015, 177, 15–26.

ADDITIONAL KEYWORDS: 5S and 45S rDNA – ancestral trait reconstruction – Araceae, gymnosperms –
Bayesian and maximum-likelihood inference – dysploidy – FISH – interstitial telomeric signals.

INTRODUCTION

A phylogenetic analysis establishes the direction of
evolution and allows reconstruction of the likely time-
frame and sequence of events that may have led to the
character states seen in the included species. With the
availability of DNA-based phylogenetic trees, cytoge-
neticists have increasingly turned to ‘trait reconstruc-
tion’ to infer the direction of change in chromosome
numbers. Among the insights coming from these
efforts is that over the course of evolution descending
chromosome numbers (dysploidy) may be a more
common phenomenon than traditionally thought, for
example in Brassicaceae (Yogeeswaran et al., 2005;
Lysak et al., 2006; Mandakova & Lysak, 2008; Cheng
et al., 2013), Rosaceae (Vilanova et al., 2008; Illa et al.,
2011; Jung et al., 2012), Poaceae (Luo et al., 2009) and
Melanthiaceae (Pellicer et al., 2014). Probably the best
studied case of chromosome rearrangements leading to
descending dysploidy is Arabidopsis (DC.) Heynh., in

which n = 8 is ancestral to n = 5 through inversions,
fusions and translocations (Lysak et al., 2006).
Descending dysploidy in Arabidopsis could be inferred
only by combining phylogenetic trees for the relevant
species with fluorescence in situ hybridization (FISH).
Work on chromosome evolution in the large monocot
family Araceae, with 3790 species in 118 genera (Boyce
& Croat, 2011), revealed that in this family dysploidy
may also have played a greater role than polyploidy
(Cusimano, Sousa & Renner, 2012: table S1 lists all
counts for Araceae; Sousa, Cusimano & Renner, 2014).
This inference, however, was based on a relatively
sparse sample of species representing the family
(Cusimano et al., 2012) and a follow-up study on one
derived tribe, Areae (Sousa et al., 2014). The hypoth-
esis of frequent chromosome losses due to descending
dysploidy in Araceae is therefore in need of further
cytogenetic testing.

A cytogenetic test for a possible reduction in chro-
mosome number by chromosome fusion is the pres-
ence of interstitial telomere repeats (ITRs), which can
be visualized using standard probes for plant*Corresponding author. E-mail: aretuzasousa@gmail.com
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telomere repeats (Ijdo et al., 1991; Fuchs, Brandes &
Schubert, 1995; Weiss-Schneeweiss et al., 2004).
Thus, ITRs have been used as indicators of chromo-
some fusion in Vicia faba L., Sideritis montana L. and
Typhonium laoticum Gagnep. (Schubert et al., 1992;
Raskina et al., 2008; Sousa et al., 2014), and telomere
signals near a centromere may indicate the fusion of
two telocentric chromosomes (Schubert et al., 1992).
The absence of ITRs, however, does not exclude the
possibility of chromosome number reduction via chro-
mosome rearrangements (see Lysak et al., 2006).
Thus far, Pinus L. is the genus with the most con-
spicuous interstitial telomere FISH signals, with
often up to four signals near the centromere and in
interstitial positions (Fuchs et al., 1995; Lubaretz
et al., 1996; Schmidt et al., 2000; Hizume et al., 2002;
Islam-Faridi, Nelson & Kubisiak, 2007). Based on the
inferred large role of descending dysploidy in Araceae
(Cusimano et al., 2012; Sousa et al., 2014), we decided
to carry out cytogenetic analyses of the distribution of
telomere repeats in 14 species from 11 genera,
selected to represent lineages of Araceae not previ-
ously well studied. The enlarged Araceae phylogenetic
analysis and new cytogenetic data on which we report
here reveal an unexpected frequency of conspicuous
ITRs in this family.

MATERIAL AND METHODS
PLANT MATERIAL AND DNA SEQUENCING

We augmented the DNA data matrix of Nauheimer,
Metzler & Renner (2012) by adding sequences for 29
further species from GenBank and by sequencing 14
additional species (on which cytogenetic studies were
performed) for the same gene loci used by Nauheimer
et al. (the plastid trnL intron and trnL-F spacer, the
matK gene and partial trnK intron and the rbcL
gene). We used standard primers (Cabrera et al.,
2008), except for matK for which we used the primers
listed in Cusimano et al. (2010). Total DNA from
silica-dried leaves was extracted with the NucleoSpin
plant II kit according to the manufacturer’s protocol
(Macherey-Nagel). Polymerase chain reactions (PCRs)
were performed using 1.25 units of Taq DNA poly-
merase (New England Biolabs). Each PCR was com-
posed of 17.55 μL H2O (Sigma), 2.5 μL 10× PCR
buffer, 1 μL 10 mM dNTPs, 0.75 μL 25 mM MgCl2,
0.2 μL Taq polymerase, 1 μL forward primer and 1 μL
reverse primer (Taberlet et al., 1991). The PCR prod-
ucts were purified with Exo I and FastAP (Fermen-
tas). Sequencing was done on an ABI 3130 four-
capillary sequencer and sequences were assembled
and edited with Sequencher 4.2 (Gene Codes Corp.).
The newly studied and sequenced species, with their
taxonomic authorities, herbarium vouchers and

GenBank accession numbers, are listed in Supporting
Information Table S1. For voucher information on the
previously sequenced Araceae, see Nauheimer et al.
(2012; table S1). The final alignment included 160 of
the 3790 species from each of the 118 genera of
Araceae and 11 outgroups representing the remaining
families of Alismatales.

PHYLOGENETIC ANALYSES

Alignments were generated in MAFFT (Katoh &
Standley, 2013; http://mafft.cbrc.jp/alignment/server/)
and checked visually using MEGA5 (Tamura et al.,
2011). We removed 249 poorly aligned positions and
the combined plastid matrix was then used for
maximum-likelihood (ML) tree searches in RAxML
(Stamatakis, 2006; Stamatakis, Hoover &
Rougemont, 2008), under the GTR + G substitution
model with four rate categories because this model
fits the data best, as assessed with Modeltest (Posada
& Crandall, 1998).

Bootstrapping under ML used 1000 replicates. We
also generated ultrametric trees in BEAST v. 1.7.5 via
the portal CIPRES science gateway (Drummond &
Rambaut, 2007; Miller, Pfeiffer & Schwartz, 2010),
using the same substitution model for the entire
concatenated alignment and a pure-birth Yule model
as the tree prior. The analysis was run for 100 million
generations, sampling every 1000th step. The burn-in
fraction, i.e. the number of trees to be discarded
before reconstructing a consensus tree (the maximum
clade credibility tree) from the remaining trees, was
assessed using Tracer v. 1.4.1, which is part of the
BEAST package.

INFERENCE OF CHROMOSOME NUMBER CHANGE

For ML and Bayesian phylogenetic inferences of
ancestral haploid chromosome numbers we used
ChromEvol v. 1.4 with eight models (Mayrose, Barker
& Otto, 2010; http://www.tau.ac.il/~itaymay/cp/
chromEvol/index.html), the fit of which was assessed
via likelihood ratio testing, using the Akaike informa-
tion criterion (AIC). ChromEvol models have the fol-
lowing parameters: polyploidization (chromosome
number duplication) with constant rate ρ, demi-
duplication (fusion of gametes of different ploidy) with
constant rate μ and dysploidization with either con-
stant or linearly changing rates (ascending: chromo-
some gain rates λ or λ1; descending: chromosome loss
rates δ or δ1). We fitted all models to a phylogram (in
which branch lengths are proportional to numbers of
substitutions) and an ultrametric depiction of the
phylogenetic tree (in which branch lengths are pro-
portional to time). The phylogram was the RAxML
tree, and the ultrametric tree was the BEAST
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maximum clade credibility tree. For each model, we
ran 10 000 simulated repetitions to compute the
expected number of changes along each branch of the
phylogenetic tree and the ancestral haploid chromo-
some numbers at nodes. The maximum possible
ancestral number of chromosomes was set to ten
times the highest number found in the empirical
data, and the minimum number was set to 1. Haploid
chromosome numbers of species were obtained from
Cusimano et al. (2012; table S1) and from the Index to
Plant Chromosome Numbers (http://www.tropicos
.org/Project/IPCN); species without known numbers
were coded as ‘unknown’ (X) and changes among
character states (chromosome numbers) were
assigned equal likelihood. Results were plotted in R
using the ChromEvol functions version 1 of N. Cusi-
mano (http://www.sysbot.biologie.uni-muenchen.de/
en/people/cusimano/).

CHROMOSOME PREPARATION, FISH ANALYSES AND

DNA PROBES

Root tips were collected from potted plants cultivated in
the greenhouses of the Munich Botanical Garden, one
individual per species. Species authority names and
voucher material for each species are given in Table S1.
Root tips were pretreated in 2 mM 8-hydroxyquinoline for
20 h at 4 °C, fixed in freshly prepared 3:1 (v/v) ethanol/
glacial acetic acid at room temperature overnight and
kept at −20 °C. For chromosome preparations, fixed root
tips were washed three times for 5 min in distilled water,
digested with 1% cellulase (w/v; Onozuka RS, Serva),
0.4% pectolyase (w/v; Sigma) and 0.4% cytohelicase (w/v;
Sigma) in citric buffer, pH 4.8, for 30 min at 37 °C in a
humid chamber, dissected in a drop of 45% acetic acid
and squashed. Coverslips were removed after freezing in
dry ice and preparations were air-dried at room tempera-
ture. The quality of spreads was checked using phase-
contrast microscopy and only preparations with at least
ten well-spread metaphases were used for FISH.

We performed FISH with probes for telomere
repeats, 5S rDNA and 45S rDNA. For some species,
we had little material and could only use one or two
of the three probes. To locate the rDNAs, we used the
18S–5.8S–25S rDNA repeat unit of Arabidopsis thali-
ana (L.) Heynh. in the pBSK+ plasmid, labelled with
digoxigenin-11-dUTP (Roche) by nick translation and
a 349-bp fragment of the 5S rRNA gene repeat unit
from Beta vulgaris L. cloned into pBSK+ (Schmidt,
Schwarzacher & Heslop-Harrison, 1994) and labelled
with biotin-16-dUTP (Roche) by PCR. Telomere
repeats were visualized with the Arabidopsis-like tel-
omere probe of Ijdo et al. (1991) using the oligomer
primers (5′-TTTAGGG-3′)5 and (5′-CCCTAAA-3′)5,
labelled with digoxigenin-11-dUTP by nick transla-
tion. Hybridization mixes consisted of 50% formamide

(w/v), 2× SSC, 10% (w/v) dextran sulfate and 100–
200 ng of labelled probe. The hybridization mix was
denatured at 75 °C for 10 min and immediately cooled
on ice for 10 min; 10–15 μL of the mix was then added
to each slide and the slides plus the hybridization mix
were denatured at 75 ºC for 5 min. Hybridization was
carried out in a humid chamber at 37 °C for 20 h.
Post-hybridization washes were performed with a
stringency of 80%. The 5S rDNA was detected with
streptavidin–Cy3 conjugate (Sigma) and the 45S
rDNA and the Arabidopsis-like telomere with anti-
DIG–FITC conjugate (Roche) at 37 °C for 1 h. The
chromosomes were counterstained with DAPI
(2 μg mL−1) and mounted in Vectashield (Vector).

Slides were first analysed with the probes for tel-
omeres and 5S rDNA. They were then de-stained and
a second hybridization was performed on the same
slide with 45S rDNA. For some species with multiple
45S rDNA sites or with ITRs, further single-probe
experiments were carried out to confirm the number
of signals. More than 20 metaphases per species were
analysed after FISH. Images were taken with a Leica
DMR microscope equipped with a KAPPA-CCD
camera and the KAPPA software. They were opti-
mized for best contrast and brightness using Adobe
Photoshop CS3 version 10.0.

RESULTS
CHROMOSOMAL EVOLUTION IN ARACEAE

The plastid DNA matrix of 4928 aligned nucleotides
for 171 species yielded a well-supported ML phyloge-
netic tree that we used to infer the evolution of
chromosome numbers in Araceae (Figs 1, S1, S2, S4).
The changes inferred on the ultrametric tree for
Araceae are shown in Figures 1 and S4, and a recon-
struction on the phylogram in Figures S1 and S2. The
statistical support for both trees is shown in
Figures S3 and S5 and the inferred rates of change
and numbers of events are summarized in Table 1. On
the ultrametric tree, the four-parameter-constant-
rate model, which assumes constant chromosome gain
and loss rates and a polyploidization rate that differs
from the demi-polyploidization rate, best explained
the data (AIC = 732.6 compared with 736.6 for the
next best model), whereas on the phylogram, the best
model was the four-parameter-linear-rate model,
which includes rates of gain and loss that depend
linearly on the current chromosome number
(AIC = 844.4 compared with 982.8 for the next best).
In both trees, chromosomes loss was the most
common event. On the ultrametric tree, the next most
common events were duplication of the entire chro-
mosome complement and demi-duplications (Figs 1
and S4 insets in the lower left, Table 1); on the
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phylogram, the next most common events were single
chromosome gains, duplication of the entire set and
demi-duplications (Figs S1 and S2 insets in the lower
left, Table 1). The inferred ancestral haploid numbers
in the Araceae decrease from a = 16 to 15 and 14 on
the ultrametric tree and from a = 16 to 14 and 13 (and
then back to a = 14) on the phylogram.

RESULTS OF THE FISH EXPERIMENTS

FISH was performed for 14 species from 11 genera
representing early and derived lineages of Araceae

(Table 2). New chromosome numbers were obtained for
Cyrtosperma merkusii, Pothos repens, Spathiphyllum
pygmaeum, S. tenerum, Stylochaeton puberulus and
Ulearum sagittatum. Their somatic numbers varied
from 2n = 14 to 2n = 60 (Table 2). The chromosome vari-
ation found within each genus is presented in Table S2.
Ulearum sagittatum, with 2n = 14, has especially large
chromosomes (Fig. 2A, D). The remaining species with
relatively high chromosome numbers (2n = 24, 26, 28
and 30) have large or medium-sized chromosomes
(Figs 2, 3 and S6); species with 2n = 60 all have medium
to small chromosomes (Figs 3 and S6).

Figure 1. Chromosome number reconstruction for Araceae on an ultrametric tree, rooted on Acorus calamus. Pie charts
represent the probabilities of inferred chromosome numbers, with the number inside a pie having the highest probability.
The rectangular inset shows the frequency with which each event type (gains, losses, duplications, demiduplication)
occurs along the branches of the tree. The colour coding of chromosome numbers is explained in the inset on the left.
Species investigated by FISH are labelled in red.
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Biarum tenuifolium v davisii-13
Arum hygrophilum-14
Dracunculus vulgaris-14
Eminium spiculatum-X
Helicodiceros muscivorus-28
Sauromatum horsfieldii-13
Typhonium circinnatum-12
Typhonium blumei v diversifolium-X
Typhonium echinulatum-9
Theriophonum dalzellii v infaustum-X
Lazarum brownii-80
Pinellia pedatisecta v ternata-X
Pinellia peltata-39
Arisaema triphyllum-14=0.5 28=0.5
Arisaema amurense-14=0.5 28=0.5
Arisaema franchetianum-28
Arisaema dracontium-28
Arisaema heterophyllum-14=0.5 28=0.5
Arisaema macrospathum-14
Arisaema tortuosum-14=0.5 28=0.5
Arisaema costatum-10
Arisaema schimperianum-14
Arisaema speciosum-14
Alocasia odora-14=0.5 28=0.5
Alocasia longiloba-14
Alocasia macrorrhizos-14
Leucocasia gigantea-X
Steudnera colocasiifolia v kerii-18
Remusatia vivipara-14=0.5 28=0.5
Colocasia esculenta-14=0.5 21=0.5
Ariopsis peltata-14=0.5 42=0.5
Englerarum hypnosum-12
Protarum sechellarum-14
Pistia stratiotes-14
Carlephyton glaucophyllum-27
Colletogyne perrieri-27
Arophyton buchetii-20
Peltandra virginica (2 tips)-56
Typhonodorum lindleyanum-56
Arisarum vulgare-28
Ambrosina bassii-11
Zomicarpa steigeriana-X
Zomicarpella amazonica-13
Scaphispatha gracilis-14
Chlorospatha sp v longipoda-X
Chlorospatha longipoda-13
Xanthosoma helleborifolium-19
Ulearum saggitatum (3 tips)-7
Filarum manserichense-14
Ulearum donburnsii-7
Caladium lindenii-13
Syngonium auritum-12
Jasarum steyermarkii-11
Hapaline benthamiana-13
Amorphophallus paeoniifolius-13=0.5 14=0.5
Amorphophallus angolensis-X
Pseudodracontium lacourii-13
Calla palustris-18=0.5 36=0.5
Spathicarpa hastifolia-X
Croatiella integrifolia-17
Synandrospadix vermitoxicus-17
Asterostigma cryptostylum-17
Asterostigma cubense-X
Taccarum weddellianum-17
Gorgonidium vermicidum-17
Gorgonidium sp-X
Spathantheum intermedium-17
Incarum pavonii-17
Mangonia tweedieana-17
Dieffenbachia aglaonematifolia v tondusii-X
Bognera recondita-17
Gearum brasiliense-17=0.5 34=0.5
Zantedeschia albomaculata-16
Philodendron deltoideum v spnov-X
Philodendron oxycardium-15
Homalomena spearii-21
Homalomena magna-X
Furtadoa sumatrensis-20
Cercestis mirabilis-21
Culcasia liberica-21
Aglaodorum griffithii-20
Nephthytis bintuluensis-18
Aglaonema modestum-30
Pseudohydrosme gabunensis-20
Anchomanes difformis-20
Nephthytis afzelii-30
Pichinia disticha-13
Piptospatha ridleyi-13
Schottariella mirifica-X
Phymatarum borneense-13=0.5 14=0.5
Schismatoglottis trifasciata v roseospatha-X
Ooia grabowskii-13
Hestia longifolia-13
Bakoa lucens-13
Bucephalandra motleyana-13
Aridarum nicolsonii-12=0.5 13=0.5
Schismatoglottis calyptrata-13
Apoballis acuminatissima-13
Cryptocoryne lingua (2 tips)-18
Cryptocoryne fusca-17
Lagenandra ovata-18
Philonotion americanum-13
Callopsis volkensii-18
Anubias barteri-X
Anubias heterophylla-24
Montrichardia arborescens-24
Gonatopus angustus-34
Zamioculcas zamiifolia-17
Stylochaeton bogneri v natalensis-X
Stylochaeton bogneri-28
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Figure 1. Continued
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Of the 12 species tested with the 5S rDNA probe,
ten had one 5S rDNA locus in one chromosome pair,
six of them interstitial and five subterminal (Figs 2B,
E, H, K, N; 3B, E, H, K, S6B, E; Table 2). Only
Anthurium wendlingeri lacked any 5S rDNA signal.
In Rhaphidophora pteropoda, one 5S rDNA signal
was detected on a single chromosome in some cells
but its homologue was never seen (data not shown).
In Cyrtosperma merkusii, with 2n = 39, and in
Englerarum hypnosum (the former Alocasia hypnosa;
Nauheimer & Boyce, 2014), with 2n = 24, three
instead of two 5S rDNA signals were detected and we
also found an extra chromosome (Figs 3H and S6E,
respectively).

Of the 11 species tested with the 45S rDNA probe,
some had one locus, and others up to eight loci on
eight chromosome pairs. Both Ulearum spp. (with
2n = 14) had two loci in two chromosome pairs
(Fig. 2C, F). For the two Spathiphyllum spp. (with
2n = 30), one had three loci in three chromosome
pairs, and the other eight loci in eight pairs, mostly
close to, or inside, the pericentromeric regions
(Fig. 3C, F). The localization of the rDNA signals is
summarized in Table 2 (owing to a lack of material,
no experiments could be performed on Englerarum
hypnosum and no 45S signal was found in Anthurium
wendlingeri). In Cyrtosperma merkusii, three 45S
rDNA signals were detected (Fig. 3I), the same
number of 5S rDNA signals in that species (Fig. 3H).

The centromeric regions of Ulearum and Anthurium
were not DAPI-positive (Fig. 2C, F, O; Table 2).

Of the 13 species tested with the telomere probe, all
had telomeric signals at both chromosome ends
(Figs 2A, D, J, M, 3A, D, G, J, S6A, D, F, G, H) and
three had additional interstitial telomere-like signals,
namely Anthurium leuconerum, A. wendlingeri and
Spathiphyllum tenerum, with 12, 30 or four intersti-
tial signals localized in pericentromeric regions,
respectively (Figs 2M, S6G and 3D).

DISCUSSION
MODELLING OF CHROMOSOME NUMBER CHANGE

IN ARACEAE

Our new chromosome counts (Table 2) and previously
published numbers reveal an overall variation in
Araceae from 2n = 8 (Typhonium spp.) to 2n = 160
(Lazarum spp.). However, in contrast to what might
be expected from such numbers, polyploidy does not
appear to have played a large role. Instead, our
model-based ML inference of the probable direction in
chromosome number change points to dysploidy as
the predominant event in karyotype evolution in the
family. Caveats applying to our study are the sparse
species sampling in Araceae, which comprise 3790
species (26% of them with chromosome counts), and
that few chromosome counts are available for the

Table 2. Species of Araceae investigated with their chromosome number, presence of interstitial telomere repeats (ITRs)
and the number and distribution of 5S and 45S rDNA signals

Species 2n ITRs
No. of 5S
rDNA loci† Distribution

No. of 45S
rDNA loci† Distribution

Anthurium leuconerum 30 12 1 Subterminal 2 Pericentromeric
Anthurium wendlingeri 30 ∞ X ? X ?
Cyrtosperma merkusii* 39 – 1(3) Subterminal 1(3) Terminal
Englerarum hypnosum 24 – 1(3) Interstitial NA NA
Monstera deliciosa 60 – 1 Interstitial 1 Terminal
Rhaphidophora pteropoda 60 – X ? 2 Terminal
Scindapsus lucens 60 – 1 Subterminal 2 Terminal
Spathiphyllum pygmaeum* 30 – 1 Subterminal 3 Interstitial
Spathiphyllum tenerum* 30 4 1 Subterminal 8 Interstitial
Stenospermatium papayanense 28 – 1 Interstitial 1 Terminal
Stylochaeton puberulus* 26 – 1 Interstitial 1 Terminal
Ulearum donburnsii 14 – 1 Interstitial 2 Pericentromeric
Ulearum sagittatum* 14 – 1 Interstitial 2 Pericentromeric
Pothos repens* 24 – NA NA NA NA

Species authority names and voucher information are given in Table S1. Asterisks mark species for which chromosome
counts were newly obtained. An ‘X’ indicates species where the hybridization did not work or the pattern was not clear,
hence the question mark. The symbol ∞ indicates the presence of ITRs in all chromosomes.
†Unusual number of 5S and 45S rDNA signals is shown in parentheses.
NA, not applicable.
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outgroup families (Figs 1, S1, S2 and S4), which are
phylogenetically distant from Araceae. To infer the
most likely events, the ChromEvol approach (Mayrose
et al., 2010) uses the frequencies of tip states (i.e.

chromosome counts) with branch lengths in gene
trees (as a proxy for time). In combination, the long
phylogenetic branches, especially near the base of the
phylogenetic tree, and few species counts result in

Figure 2. Detection of telomeric, 5S and 45S rDNA signals by FISH in chromosomes of: A–C, Ulearum donburnsii
(2n = 14); D–F, Ulearum sagittatum (2n = 14); G–I, Stylochaeton puberulus (2n = 26); J–L, Stenospermatium papayanense
(2n = 28); and M–O, Anthurium leuconerum (2n = 30). Detection of the telomeres was not performed in Stylochaeton
puberulus. Red arrowheads indicate the position of weak 5S rDNA signals in some cells, while green ones in M indicate
ITRs. Insets in M show chromosomes, without being overlapped with DAPI, with weak ITRs treated with a differential
brightness/contrast. Scale bars = 5 μm, and are valid for plates in each row.
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great uncertainty for the inferred events. The ances-
tral chromosome number in the family may be a = 16
(our Figs 1 and S1, also Cusimano et al., 2012, when
inferred on a phylogram; a = 18 on their ultrametric
tree), but this has no statistical support. In contrast,
the more recent evolutionary downward trend in
chromosome numbers is strongly supported, going
from a = 16 to 15 to 14 on the ultrametric tree (Fig. 1)
and from a = 16 to 14 to 13 and back to 14 on the
phylogram (Fig. S1).

Previously proposed basic chromosome numbers for
Araceae were x = 7 (Larsen, 1969; Marchant, 1973) or
x = 14 (Petersen, 1993), but this was before the inclu-
sion in the family of the five genera of Lemnoideae (in
the past treated as Lemnaceae), all of which have
relatively high chromosome numbers (2n = 20 to
2n = 126; Cao, 2013) and before it was known that
other early lineages of Araceae also have high
numbers (n = 13, 14, 15, 20, 24 and 30; Figs 1 and S1:
tips). They were also arrived at in an idiosyncratic

Figure 3. Detection of telomeric, 5S and 45S rDNA signals by FISH in chromosomes of: A–C, Spathiphyllum pygmaeum
(2n = 30); D–F, Spathiphyllum tenerum (2n = 30); G–I, Cyrtosperma merkusii (2n = 39); and J–L, Monstera deliciosa
(2n = 60). Red arrowheads indicate the position of weak 5S rDNA signals in some cells, while green ones in D indicate
the position of ITRs and in F of 45S rDNA signals. Insets in D display chromosome with telomeric probe without the
overlapping with DAPI, and a chromosome from another cell (top) presenting similar telomeric distribution, and in F show
chromosomes, without being overlapped with DAPI, with weak 45S rDNA signals treated with a differential brightness/
contrast. Scale bars = 5 μm, and are valid for plates in each row.
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manner that did not incorporate phylogenetic rela-
tionships, even if these relationships had been known
(Sousa dos Santos, 2014). Model-based inference of
chromosome number, as used here, has the advantage
of being reproducible and explicitly incorporating
relationships among taxa. Nevertheless and as
stressed above, our inferences of numbers near the
root have no statistical support and might change
with the inclusion of more outgroup chromosome
numbers and more early lineages of Araceae.

NO EVIDENCE FOR POLYPLOIDY FROM STANDARD

FISH PROBES

We performed FISH in 14 Araceae (telomere repeats:
13 species, 5S rDNA: 12 species, 45S rDNA: 11
species) of which 11 belong to early lineages of the
family and three to derived lineages. Although chro-
mosome numbers are now known for 26% of Araceae
(Cusimano et al., 2012: table S1), FISH studies are
scarce and have focused on a derived genus (Sousa
et al., 2014). In the present study, we sampled early
diverging lineages, namely Anthurium, Pothos, Steno-
spermatium, Spathiphyllum, Monstera, Scindapsus
and Rhaphidophora (Figs 1 and S1–S5). The results
for these genera showed a conserved number of 5S
rDNA loci (one per chromosome pair) but variable
numbers of 45S rDNA loci (one to eight distributed on
one to eight chromosome pairs; see Table 2). Atypical
rDNA signals (three instead of four; one on an extra
chromosome) were observed in Cyrtosperma merkusii
(2n = 39; Fig. 3H, I) and Englerarum hypnosum
(2n = 24; Fig. S6E). The evolutionary events that led
to the reduction of rDNA signals in these species,
either loss of an entire chromosome or loss of just the
45S rDNA sequences from its homologues, remain
unclear. Also unclear is the evolutionary significance
of odd chromosome numbers (Fig. 3H, I), such as
found here in Cyrtosperma merkusii and earlier in
Amorphophallus, Anthurium, Apoballis, Arisaema,
Caladium, Cryptocoryne, Piptospatha, Schismatoglot-
tis, Typhonium and Xanthosoma (Cusimano et al.,
2012: table S1; Sousa et al., 2014). Although rDNA is
the most conserved fraction of eukaryotic genomes,
this region in Anthurium wendlingeri does not seem
homologous to the standard probe from Arabidopsis
thaliana (Fig. S6G), judging from several attempts of
hybridization that produced no detectable FISH
signals. This resembles the situation in Rhynchospora
(Cyperaceae), in which cloning and sequencing of 5S
rDNA units from a species of this genus were neces-
sary to detect FISH signals (Sousa et al., 2011).

There was no correlation between the number of
rDNA loci and ploidy. Polyploids may have at least
twice the number of rDNA loci (depending on ploidy)
than their parental species (additive polyploidy; see

Adams et al., 2000; Vanzela, Cuadrado & Guerra,
2003; Ansari, Ellison & Williams, 2008; Robert et al.,
2008; Weiss-Schneeweiss et al., 2008), but they can
also have lower numbers of sites (Kovarik et al., 2005)
or exceed those expected under additive inheritance
(De Melo & Guerra, 2003). In some genera, such as
Aloe L. (Xanthorrhoeaceae) and Medicago L.
(Fabaceae), the number of rDNA loci is stable regard-
less of ploidy (Adams et al., 2000; Falistocco, 2000). In
the genera of Araceae investigated here (Anthurium,
Spathiphyllum, Ulearum), we found no evidence of
polyploidy (see Table 2) and even species with high
chromosome numbers (e.g. 2n = 60) had just one or
two 45S rDNA loci (Monstera deliciosa and Scindap-
sus lucens, Figs 3L and S6C). The multiple rDNA loci
in Spathiphyllum were mainly located in the pericen-
tromeric region, close to or within heterochromatic
DAPI-positive bands (Fig. 3C, F). Pericentromeric
regions are prone to the insertion of mobile elements,
which can mediate the amplification of rDNA in a
genome (reviewed by Raskina et al., 2008).

LARGE ITRS IN ARACEAE

The normal distribution of telomere motif repeats at
the ends of each chromosome makes it possible to
reliably identify chromosomes even in cells with
numerous hereditary units. In all species studied here
(Figs 2A, D, J, M; 3A, D, G, J; S6A, D, F, G, H), the
telomere repeat sequences were detected at both ends
of each chromosome, but three species (Anthurium
leuconerum, A. wendlingeri and Spathiphyllum
tenerum) had additional ITRs (Figs 2M, 3D and S6G).
Unexpectedly, we found no ITRs in the two Ulearum
spp. with the largest chromosomes, whereas Anthu-
rium leuconerum and A. wendlingeri (Figs 2M, S6G),
with medium-sized chromosomes, had ITRs in most
or all chromosomes. These signals were located close
to the centromere or in subterminal regions (Fig. 2M,
S6G) and their number (12 and multiple signals) is
the highest so far reported for any angiosperm. That
they were discovered in Anthurium was unexpected
because 80% of the 171 Anthurium spp. for which
chromosomes have been counted (out of 835 species in
the genus) have counts of 2n = 30 (Cusimano et al.,
2012: table S1). This consistent chromosome number
makes the discovery of ITRs, which could be a sign of
chromosome restructuring, surprising.

Interstitial telomeric sites are rare, but are known
from Vicia faba (Schubert, Rieger & Fuchs, 1995;
Fuchs et al., 1995: fig. 1), Eleocharis subarticulata
Boeckeler (Da Silva, González-Elizondo & Vanzela,
2005), Cephalanthera damasonium Druce (Moscone
et al., 2007), Sideritis montana (Raskina et al., 2008)
and two species of Typhonium Schott (Sousa et al.,
2014). In Vicia faba, the presence of ITRs was related
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to the existence of fusion–fission cycles and in Typho-
nium to Robertsonian-fusion-like rearrangements.
The latter mechanism differs from the former in
involving the formation of a chromosome with a single
centromere after a reciprocal translocation involving
two acro- or telocentric chromosomes (Sousa et al.,
2014). The four ITRs in Spathiphyllum tenerum
(Fig. 3D) could also have originated via Robertsonian-
fusion-like rearrangements, implying a chromosome
number reduction, whereas the large ITR bands in
A. wendlingeri (Fig. S6G) could result from massive
repeat amplification of telomere-like sequences. Such
large ITR bands have so far been reported only from
the gymnosperms Cycas revoluta Thunb., Pinus elli-
ottii Engelm. var. elliottii, P. densiflora Siebold &
Zucc., P. taeda L. and P. sylvestris L. (Fuchs et al.,
1995; Hizume et al., 1998; Schmidt et al., 2000;
Shibata, Matsusaki & Hizume, 2005; Islam-Faridi
et al., 2007), with each chromosome usually display-
ing more than one signal (up to six). The Arabidopsis
telomere motif TTTAGGG or its degenerate variants
have previously been reported within tandem repeats,
but could not be detected in interstitial positions by
FISH using telomere-specific probes (Mlinarec et al.,
2009).

In Pinus elliottii var. elliottii and P. densiflora, some
of the ITRs co-localize with positive DAPI bands, but
the regular terminal telomere signals could be visu-
alized only after differential brightness/contrast treat-
ment or not at all (Schmidt et al., 2000; Shibata et al.,
2005; similarly in P. taeda, Fuchs et al., 1995). In
Araceae studied here, we also found co-localization of
ITRs and positive DAPI bands in A. wendlingeri and
S. tenerum (Fig. 3D: inserts and Fig. S6G), but in
contrast to Pinus, their terminals were normally
labelled with the standard plant telomeric probe.
Whatever their origin, the ITR bands as reported here
suggest that nuclear genome assembly in the Araceae
may be challenging.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online version of this article at the publisher’s web-site:

Figure S1. Chromosome number reconstruction for Araceae on a phylogram, rooted on Acorus calamus. Pie
charts represent the probabilities of inferred chromosome numbers, with the number inside the pie having the
highest probability. The rectangular inset shows the frequency with which each event type (gains, losses,
duplications, demiduplication) occurs along the branches of the tree. The colour coding of chromosome numbers
is explained in the elongate inset on the left. Species investigated by FISH are labelled in red.
Figure S2. Chromosome number reconstruction for Araceae on a phylogram tree rooted on Acorus calamus.
The inferred frequency of the four possible events (gains, losses, duplications, demiduplications) is shown above
branches. The colour coding of event types is explained in the inset. Species investigated by FISH are labelled
in red.
Figure S3. Phylogeny obtained from ML analysis of a plastid DNA matrix of 4928 aligned nucleotides for 171
species. Bootstrap support is indicated at nodes.
Figure S4. Chromosome number reconstruction for Araceae on an ultrametric tree rooted on Acorus calamus.
The inferred frequency of the four possible events (gains, losses, duplications, demiduplications) is shown above
branches. The colour coding of event types is explained in the inset. Species investigated by FISH are labelled
in red.
Figure S5. Maximum clade credibility tree of a molecular data set of 171 species. Posterior probabilities are
indicated at nodes.
Figure S6. Detection by FISH of: telomeric, 5S and 45S rDNA signals in chromosomes of (A–C) Scindapsus
lucens (2n = 60); telomeric and 5S rDNA signals in chromosomes of (D, E) Englerarum hypnosum (2n = 24);
telomeric signals in chromosomes of (F) Pothos repens (2n = 24) and (G) Anthurium wendlingeri (2n = 30); and
telomeric and 45S rDNA signals in chromosomes of (H, I) Rhaphidophora pteropoda (2n = 60). Red arrowheads
indicate the position of weak 5S rDNA signals, while green arrows in C and I indicate the position of weak 45S
rDNA signals. Empty plates labelled ‘NO’ indicate that experiments using these probes were not made in these
species while ‘YES’ means that experiments were performed but failed or yielded unsatisfactory results. Bars
correspond to 5 μm and apply to all plates of a row.
Table S1. Sequence source information.
Table S2. Information on the genera newly studied here.
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