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Abstract Crop wild relatives (CWRs) of cultivated species may provide a source of genetic variation that can
contribute to improving product quantity and quality. To adequately use these potential resources, it is useful to
understand how CWRs are related to the cultivated species and to each other to determine how key crop traits have
evolved and discover potentially usable genetic information. The chocolate industry is expanding and yet is under
threat from a variety of causes, including pathogens and climate change. Theobroma cacao L. (Malvaceae), the source
of chocolate, is a representative of the tribe Theobromateae that consists of four genera and c. 40 species that began
to diversify over 25 million years ago. The great diversity within the tribe suggests that its representatives could exhibit
advantageous agronomic traits. In this study, we present the most taxonomically comprehensive phylogeny of
Theobromateae to date. DNA sequence data from WRKY genes were assembled into a matrix that included 56
morphological characters and analyzed using a Bayesian approach. The inclusion of a morphological data set increased
resolution and support for some branches of the phylogenetic tree. The evolutionary trajectory of selected
morphological characters was reconstructed onto the phylogeny. This phylogeny provides a framework for the study
of morphological and physiological trait evolution, which can facilitate the search for agronomically relevant traits.

Key words: cacao, crop wild relatives, Herrania, Malvaceae, morphological and molecular characters, phylogeny, Theobroma,
trait evolution.

1 Introduction the genetic diversity of crop species (e.g., Osorio-Guarin
et al., 2017) and explore the potential use of genetic diversity
from wild relatives (Cortés et al., 2022) to ensure food
security. Crop wild relatives (CWRs) encompass close
relatives of domesticated species used in agriculture (Maxted
et al.,, 2006; Maxted & Kell, 2009). Leveraging the genetic
diversity of CWRs offers the opportunity to expand the gene
pool for crop improvement through traditional breeding
methods or allele mining (Brozynska et al., 2016), as well as

1.1 Phylogenies and genetic diversity in crop improvement
Crops face a myriad of threats, including diseases and climate
change. They often have limited genetic diversity due to the
selection of a few individuals with desirable traits, making
them more vulnerable to these threats (Hollingsworth
et al, 2005, Maxted & Kell, 2009; Flint-Garcia, 2013;
Mammadov et al., 2018). Therefore, it is crucial to assess
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through innovative technologies such as CRISPR-Cas9 (Zhang
et al., 2014).

Crop improvement requires a fundamental understanding
of the biology of the cultivated species, and phylogenies
provide contextual insights into the evolutionary history of
genes or gene families linked to traits of interest. Advance-
ments in high-throughput genotyping and phenotyping
methods have facilitated the unravelling of the genetic
architecture underlying complex traits associated with
abiotic and biotic stress, such as drought and disease
resistance. For instance, genes like DRO-1, ERECTA, and other
transcription regulators (AP2/ERF, ZFPs, WRKY, and MYB)
have been characterized for their roles in drought tolerance
in wheat (Triticum spp., Poaceae), and an understanding of
those genes can contribute to enhancing its response to
drought (Kulkarni et al., 2017). Genomic technologies have
also been employed in wheat to identify genes associated
with pathogen resistance (Periyannan et al., 2013; Saintenac
et al,, 2013). McElroy et al. (2018) conducted a comparison
between genome-wide association studies (GWAS) and
genomic selection (GS) in three cacao populations for
predicting resistance to frosty pod rot and witches' broom
disease, concluding that GS exhibited higher efficiency. While
comprehensive genomic information allows screening for
resistance in related species, understanding the evolutionary
aspects of these traits would require the incorporation of a
phylogeny.

The combination of phylogenies with knowledge about the
medicinal uses of particular species can also assist in
detecting clades or species groups that may contain valuable
chemical compounds. By employing artificial intelligence
models alongside phylogenies, drug discovery efforts can
be accelerated by identifying species that may harbor
molecules with high medicinal potential (Saslis-Lagoudakis
et al.,, 2012). A similar approach can be applied to identify
CWRs with agronomically important traits. This information
can guide and facilitate the transfer of appropriate genes
associated with these traits from wild relatives to target
crops.

1.2 The cacao group as a case study

Chocolate, derived from Theobroma cacao L. beans, is a
thriving industry projected to reach a value of US$190 billion
by 2026 (Voora et al., 2019). The industry supports over five
million farmers globally (Voora et al., 2019) and is facing an
ever-increasing demand (Grilli et al., 2022). This industry faces
various threats from pathogens, including black-pod rot
(caused by Phytophthora spp.) and witches' broom and
frosty pod rot (caused by species of Moniliophthora H.C.
Evans, Stalpers, Samson & Benny), as well as emerging
diseases like vascular streak die-back (caused by the
basidiomycete Ceratobasidium theobromae (Talbot & Keane)
Samuels & Keane) and the viral swollen shoot disease, found
in Southeast Asia and West Africa, respectively (Marelli
et al, 2019). The devastating impact of the 1980s-1990s
witches' broom outbreak in Brazil particularly underscores
the industry's vulnerability (Evans, 2007).

Climate change also poses a great risk to crops such as
cacao in both native and cultivated ranges. Much needs to be
learned about how plants might adapt to the abiotic stresses
imposed by climate change (Anderson & Song, 2020).
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Historical studies have indicated that plants have been
unable to adapt to changes even when those changes were
occurring over large time scales. For instance, a lineage of
Annonaceae, adapted to wet forests in Africa, contracted its
range due to aridification that occurred over periods of
millions of years (Couvreur et al., 2008). Crops like Coffea
arabica L. (Rubiaceae) are already at risk as suitable
cultivation areas shrink (Moat et al., 2017). Davis et al.
(2012) also highlighted the threats posed by climate change
to native populations of C. arabica. While cultivated cacao
can tolerate less humid climates with irrigation, it generally
performs poorly, even in short dry seasons, without ample
shade and local humidity (Cuatrecasas, 1964). Laderach et al.
(2013) highlight the potential impact of climate change on
cacao in West Africa, where warming and reduced moisture
are predicted up to 2100 (Anjos et al., 2021). Recent research
in Brazil has predicted reduced areas for cacao cultivation
under various climate change scenarios (Igawa et al., 2022).
Inspiration comes in the form of studies on wild relatives of
coffee. Davis et al. (2021) have studied the properties of
Coffea stenophylla G. Don, a wild species from West Africa
that is similar in terms of sensory profile to Arabica coffee,
yet has the capacity to grow at higher temperatures. Species
related to those that have been traditionally used to produce
coffee, therefore, have the potential to replace or augment
production from Arabica or to provide the genetic resources
necessary to produce climate change resilient forms.

Another issue for the cacao industry is the low number of
flowers that successfully set fruit that might be related, at
least in part, to pollination success (Van Synghel et al., 2022).
An understanding of the floral morphology of relatives of T.
cacao might provide the information that would allow us to
make pollination in cacao more efficient. An additional and
more recent problem has arisen in the cacao industry, that
is, market-imposed limits on the amount of the heavy metal
cadmium permitted in chocolate products (European
Commission, 2014). Cacao CWRs may have variants that
are resistant to fungal pathogens, that may already have
become better adapted to more extreme climates
(Gonzélez-Orozco et al., 2022), or that are low cadmium
accumulators. CWRs may be good candidates for searching
for the genetic apparatus that could be utilized to improve
performance in cacao now and in the future (Gonzdlez-
Orozco et al., 2020).

Theobroma cacao is a tree that grows to about 12m in
height. Its native range is the Neotropical rainforests, and it
was originally domesticated at least 5500 years ago in
south-eastern Ecuador and Montegrande, Jaen, Peru
(valdez, 2013; Ochoa, 2017; de laFuente deDiez Can-
seco, 2018; Olivera-Nufez, 2018; Zarrillo et al., 2018).
Taxonomically, cacao is classified within the Malvaceae,
subfamily Byttnerioideae and in the tribe Theobromateae,
including four genera (Whitlock et al., 2001). Among these,
Theobroma L. (23 species), Herrania Goudot (17 species),
and Guazuma Adans. (three species) are native to the
Neotropics (Colli-Silva & Pirani, 2020), whereas Glossos-
temon Desf. is found only in the deserts of the Middle East
(Ali, 2020). Guazuma ulmifolia Lam. is found mostly in dry
forests, whereas Guazuma crinita Mart., Theobroma, and
Herrania are restricted to wet forests and are thus likely
vulnerable to any form of climatic change that would
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reduce rainfall. Theobroma was classified by Cuatrecasas
(1964) into six sections: T. sect. Andropetalum Cuatrec.,
T. sect. Glossopetalum Bernoulli, T. sect. Oreanthes
Bernoulli, T. sect. Rhytidocarpus Bernoulli, T. sect. Telmato-
carpus Bernoulli, and T. sect. Theobroma that are distin-
guished based on morphological characters of branch
growth, flowers, and fruits. Schultes (1958) recognized
two sections of Herrania, H. sect. Herrania and H. sect.
Subcymbicalyx R.E. Schult., based on sepal features. Finally,
Freytag (1951) placed the species of the genus Guazuma into
sections G. sect. Gynophoriola Freytag and G. sect.
Euguazuma K. Schum., considering features of leaves,
flowers, and their geographic distribution.

Whitlock & Baum (1999) were the first to perform a broad-
scale molecular phylogenetic analysis of members of
Theobromateae using 11 species of Theobroma and seven
species of Herrania. They used the vicilin gene that codes for
a protein present in seeds (Whitlock & Baum, 1999) with
both genera recovered as monophyletic, but only Herrania
was well supported. Whitlock et al. (2001) used plastid ndhF
sequences that resulted in a polytomy of three Theobroma
species with a clade of two Herrania species. Subsequently,
Sousa Silva & Figueira (2004) used another seed protein gene
(trypsin), sampling 11 Theobroma and three Herrania species,
but no outgroup. Borrone et al. (2007) used the same species
sample as Whitlock & Baum (1999) and five WRKY tran-
scription factor loci. Genetic mapping of the WRKY3, WRKY11,
and WRKY14 indicated that they belonged to separate linkage
groups in the nuclear genome (Borrone et al., 2004).
Analyses of each of the WRKY3 and WRKY13 genes resulted
in a paraphyletic Theobroma, with Herrania nested within it,
whereas analyses of the other WRKY genes resolved both
genera as monophyletic.

Hence, phylogenetic relationships between both genera,
as well as within their respective sections, remain somewhat
unclear and would benefit from the addition of more species.
Acquiring specimens of all species through fieldwork is often
challenging and expensive, particularly when species are only
known from restricted localities, as is the case for
Theobromateae. However, recent developments in the use
of ancient DNA have opened the possibility of sourcing DNA
from herbarium specimens (Sarkinen et al., 2012; Staats
et al.,, 2013). Richardson et al. (2015) used data from Borrone
et al. (2007) to place the evolution of the tribe in
spatiotemporal context that also helps in understanding
the evolutionary processes within the tribe. The c. 25-million-
year timeframe for the evolution of Theobromateae,
predominantly in the Neotropics, has seen many geological
and climatic changes to which its representatives have either
had to adapt to or have modified their geographic
distributions to continue living under the same conditions.
Although the genome of cacao itself has long been published
(Argout et al., 2011, 2017; Motamayor et al., 2013), much
research is still required to phenotypically and genotypically
characterize its wild relatives.

In this study, we aimed to reconstruct the phylogeny of
Theobromateae with as many species as possible using WRKY
DNA sequences and morphological data. We characterize the
evolutionary trajectory of morphological characters and
provide a framework that permits the study of the evolution
of key agronomic traits in cacao and its wild relatives.
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2 Material and Methods

2.1 Tissue sampling, DNA extraction, and sequencing
Herbarium specimens from the genera Glossostemon,
Guazuma, Herrania, and Theobroma were sampled from the
following collections: ANDES, COL, NY, and F (Table 1).
Approximately 20 mg per sample was collected and placed in
a 2mL tube with 30 mg of polyvinylpolypyrrolidone. Plant
tissue was ground with three glass beads using a TissueLyser
Il (Qiagen, Valencia, CA, USA). DNA was extracted using a
modified celyltrimethylammonium bromide-based extraction
protocol (Doyle & Doyle, 1990), in which an extra chloroform-
isoamyl alcohol step was added, as well as an extra wash.
DNA was finally eluted in 50 pL 1x Tris-EDTA buffer. DNA yield
and integrity were assessed using Nanodrop 2000 (Thermo
Scientific, Waltham, MA, USA) and Qubit 2.0 fluorometer
(Life Technologies, Carlsbad, CA, USA), as well as 0.8%
agarose gel electrophoresis. For samples with a 260/280 ratio
higher than 2.0, RNase treatment was conducted by adding
RNAse to the elution (ThermoFisher Scientific Inc., Carlsbad,
CA, USA), incubating DNA at 37°C for 30 min, according to
manufacturer instructions.

Each WRKY locus was amplified separately from each
template. The WRKY gene family of transcription factors is
involved in many pathways of regulatory networks in many
plant species (Eulgem et al., 2000; Borrone et al., 2007;
Rushton et al., 2010), containing highly conserved DNA
binding domains (which can depict deep phylogenetic
relationships) interrupted by introns (which can carry
variation at lower taxonomic levels). Their potential to
unravel phylogenetic relationships has been successfully
discussed and shown, specifically with Theobroma (Borrone
et al., 2007). We used previously designed primers (Borrone
et al., 2007) to amplify genomic regions adding a nested
PCR approach, as first-round amplifications did not yield
sufficient DNA for sequencing. New primers were designed
for this approach using Primer-BLAST (Table 2) and cross-
checking against the reference genome T. cacao Matina
(Motamayor et al., 2013), downloaded from phytozome 13
website (Goodstein et al, 2012). The first PCR contained:
0.2 uM of the forward primer, 0.2 uM of the reverse primer,
2mg/mL of bovine serum albumin, 12.5 uL of GoTaq Green
Master Mix (Promega, Madison, WI, USA), and 200-250 ng of
DNA in a total volume of 25uL. Amplifications were
conducted using a professional TRIO thermocycler (Analytik
Jena, Jena, Germany) with the following conditions: 95 °C,
2min; (95°C, 30's; 56-57°C, 40's; 72 °C, 60120 5) X 30 cycles;
72°C, 7 min; 4 °C, hold. The second PCR contained: 0.2 uM of
the forward primer, 0.2 uM of the reverse primer, 1uM of
bovine serum albumin, 12.5 uL of GoTaq Green Master Mix
(Promega), and 5 pL of the product of PCR1 in a total volume
of 25 uL. As in the first PCR, amplifications were conducted
using a thermocycler; the conditions were 95 °C, 2 min; (95 °C,
30s; 56-57°C, 40s; 72°C, 60-1205) X 25 or 35 cycles; 72°C,
7min; 4°C, hold. Amplification success was determined by
agarose gel electrophoresis. The PCR products were cleaned
using EXOSAP (GE Healthcare, Chicago, IL, USA). The samples
were sequenced using Sanger technology in an ABI PRISM
3500 XL® sequencer (Applied Biosystems, Foster City, CA,
USA) at the Gencore sequencing center (Universidad de los
Andes, Bogotd, Colombia). We were unable to obtain
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EF640212

EF640189 EF640258

sine loco, s.d.
OR045325

Hunter 1033
J. Jaramillo et al. 13459

C.C. Berg et al. P19856
J.M. Pires et al. 51263

S. Mori 24731

T. speciosum Willd. ex Spreng

T. sinuosum Pav.

NY
NY

Ecuador, 1990
Brazil, 1973

Brazil, 1961

OR045353

OR045326 OR069746 OR045337 OR091171

T. subincanum Mart.
T. sylvestre Mart.

OR045354

EF640236 EF640281

OR045338
EF640213

OR045327
EF640190

EF640259

NY

sine loco, s.d.

T. velutinum Benoist

*Botanical collections abbreviations: Royal Botanic Gardens, Kew (K), New York Botanical Garden (NY), Field Museum (F), Harvard University Herbaria (GH), Tropical
Agricultural Research and Training Center (CATIE), Herbario Nacional Colombiano (COL), Wisconsin State Herbarium (WIS), Herbario Centro de Pesquisas do Cacau (CEPLAC/
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CEPEC), Museo de Historia Natural C.J. Marinkelle (ANDES).

sequence data from the following taxa because of low-
quality DNA: Theobroma stipulatum Cuatrec., Theobroma
canumanense Pires & Frées ex Cuatrec., Theobroma nemorale
Cuatrec., Herrania breviligulata R.E. Schult., Herrania kofa-
norum R.E. Schult., Herrania camargoana R.E. Schult., and
Herrania tomentella R.E. Schult.

2.2 Morphological matrix

The construction of the morphological matrix was based on a
comprehensive review of the literature (Freytag, 1951;
Schultes, 1958; Cuatrecasas, 1964; Ali, 2020) and on an
examination of preserved and spirit specimen collections
from around the world. We particularly focused on botanical
collections A, COAH, COL, ECON, F, FMB, HUA, GH, INPA, K, L,
MG, MO, NY, RB, U, US, and WAG (herbarium acronyms
following Thiers, 2022 [continuously updated]), along with
supplementary data from living collections and plants
gathered during field expeditions in Amazonia, as well as
information on species occurrences found in other preserved
specimen collections (Colli-Silva et al., 2023). This compre-
hensive survey enabled the establishment of a morphological
data set comprising 56 characters (Table 3). The morpho-
logical traits considered crucial for specific delimitations
included branch and leaf architecture, indumentum, as well
as the position and number of flowers per inflorescence.
Additionally, we considered corolla, calyx, and androecium
variation, including morphology, color, indumentum, and
dimensions, as well as fruit shape and indumentum, seed
germination, and wood anatomy.

Character coding was derived from various sources,
including the works of Ali (2020), Freytag (1951), Schultes
(1958), Cuatrecasas (1964), and recent specimens that were
not available to those authors. For leaf size and
dimensions, we utilized the leaf blade area classes
described in Table 3, following Ellis et al. (2009). Regarding
petal structure, we adopted terminologies used by Schultes
(1958) and Cuatrecasas (1964) in Theobroma, Herrania, and
Guazuma, in which the petals are described as consisting of
two parts connected by a narrow joint. The lower part
comprises the petal “claw” or “hood” and is cucullate and
erect, with 1-3-7 prominent ridges on the adaxial surface
that we refer to as guidelines. The upper portion of the
petal, referred to as the “ligule” in this study, is
membranous, flat, and linear at the base, sometimes
expanding toward the apex. Not all species of Theobroma
have a prominent ligule. Petals are flat in Glossostemon,
and lack the distinct claw, ligule, and joint between the two
that is seen in other Theobromateae.

Interpretation of the androecium morphology of Theo-
bromateae and other Byttnerioideae varies. In Theobroma,
Herrania, and Guazuma, dithecate anthers occur in anti-
petalous groups, borne on filaments with varying degrees of
connation. The filaments of these antipetalous groups
alternate with staminodes, together forming a short staminal
tube. Here, we consider each dithecate anther to represent a
stamen. Theobroma cacao thus has 10 stamens, in five
antipetalous pairs, with filaments of each pair connate for
most of their length. This arrangement is referred to as two-
antheriferous. Alternatives include an androecium of 15 or 20
stamens in five antipetalous pairs that are referred to as
three- or four-antheriferous (triads or tetrads), respectively.
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Phylogeny of Theobroma cacao and its relatives 7

Table 3 Morphological characters and character states used
for ancestral character state reconstructions

Lifeform: (0) arboreal; (1) shrubby-herbaceous

Branching architecture: (0) monopodial; (1) sympodial

Stipules: (0) caducous; (1) persistent

. Stipule shape: (0) linear to subulate; (1) elliptic, broadened

Stipule length: (0) up to 1.5 cm long; (1) more than 1.5 cm long

Leaf blade division: (0) simple; (1) palmately-compound

Petiole length: (0) up to 3 cm long; (1) 3—36 cm long; (2) more

than 36 cm long

Ratio petiole-midrib width: (o) >1.0; (1) ~1.0

9. Pulvinus at the petiole apex: (0) absent; (1) present

10. Leaflet attachment (when applicable): (0) sessile; (1) petiolulate

1. Leaf(-let) area size class (Webb, 1959; Ellis et al., 2009): (0)
leptophyll (<25 mm?); (1) nanophyll (25-225 mm?); (2) microphyll
(225-2025 mm?); (3) notophyll (2025-4500 mm?); (4) mesophyll
(4500-18 225 mm?); (5) macrophyll (18 225-164 025 mm?); (6)
megaphyll (>164 025 mm?)

12. Leaf blade shape: (0) elliptic-oblong; (1) ovate; (2) obovate; (3)
linear; (4) lanceolate; (5) special

13. Leaf(-let) blade basal width: (0) symmetric; (1) asymmetric

14. Leaf(-let) blade basal extension: (0) symmetric; (1) asymmetric

15. Leaf(-let) blade lobation: (0) absent; (1) present

16. Leaf(-let) blade margin: (0) untoothed; (1) partially toothed; (2)
entirely toothed

17. Leaf(-let) blade base shape: (0) straight or cuneate; (1) concave;
(2) convex; (3) decurrent; (4) cordate

18. Times the acumen is longer than the leaf length: (0) <10X; (1)
10-40X%; (2) >40x

19. Number of leaf basal veins: (0) 1-2; (1) 3 or more

20. Leaf(-let) primary vein framework: (0) craspedodromous; (1)
eucamptodromous; (2) brochidodromous

21. Leaf(-let) margin outreach extension: (0) inconspicuous; (1)
conspicuous, <2 mm long; (2) conspicuous, >2 mm long

22. Major secondary vein spacing: (0) regular; (1) irregular; (2)
decreasing proximally; (3) gradually increasing proximally; (4)
abruptly increasing proximally

23. Major secondary attachment to midvein: (0) decurrent; (1)
proximal secondaries decurrent; (2) excurrent; (3) deflected.

24. Intersecondary vein proximal course: (0) parallel to major
secondaries; (1) perpendicular to midvein.

25. Leaf(-let) blade indumentum on abaxial surface: (0) glabrous; (1)

slightly pubescent; (2) densely pubescent

Leaf(-let) blade indumentum composition on abaxial surface: (0)

homotrichous, stellate trichomes only; (1) heterotrichous, simple

and stellate trichomes; (2) heterotrichous, two layers of stellate

trichomes of different sizes; (3) glabrous

27. Texture on abaxial surface of the leaf(-let) blade: (0) velvety; (1)
asperous

28. Inflorescence location: (0) cauliflorous; (1) ramiflorous; (2)
terminal

29. Flower number per inflorescence: (0) 1-3-flowered; (1) 4-10-
flowered; (2) many-flowered

30. Calyx color externally: (o) yellowish-green; (1) ochraceous to
ferrugineous; (2) crimson; (3) purple

31. Sepal number: (0) 5; (1) 3

32. Calyx inclusion: (0) cupuliform; (1) patelliform

33. Petal shape: (0) cucullate at base; (1) flat throughout

34. Petal hood guidelines: (0) 1-2; (1) 3; (2) 4-6; (3) 7 more

35. Corolla indumentum: (0) glabrous; (1) sparsely pubescent; (2)

densely pubescent

Nowvyswy

g

[=]
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36. Petal color: (0) yellow; (1) pink to light red; (2) crimson; (3)
purple; (4) cream

37. Petal claw-ligule ratio: (0) ligule smaller than the claw; (1) ligule
almost the same size of the claw; (2) claw up to 2x longer than
the claw; (3) ligule 2—10x longer than the claw; (4) ligule more
than 10X longer than the claw.

38. Petal ligule shape: (0) linear and filiform; (1) widened and
expanded

39. Petal ligule margin: (0) untoothed; (1) retuse at the apex; (2)
sinuose

40. Petal ligule bifid: (0) absent; (1) present

41. Staminode shape: (0) filiform; (1) elliptic or ovate; (2) lanceolate

42. Staminode color: (0) yellow; (1) pink to light red; (2) crimson; (3)
purple; (4) cream

43. Stamen grouping: (0) dyads only; (1) triads only; (2) tetrads only;
(3) dyads and triads, alternating; (4) dyads and tetrads,
alternating; (5) solitary and dyads, alternating; (6) groups of
four free stamens on either side of each staminode

44. Fruit shape: (0) spheroidal; (1) oblong to ellipsoid; (2) conical

45. Fruit indumentum: (o) glabrous; (1) slightly pubescent; (1)
densely pubescent

46. Epicarp surface: (0) muricate; (1) irregularly tuberculate-rugose;
(2) slightly ridged; (3) deeply ridged; (4) spiculose; (5) smooth;
(6) feathery

47. Number of fruit ridges: (0) 5; (1) 10; (2) undefined; (3) no ridges

48. Fruit basal constriction: (0) absent; (1) present

49. Fruit apex: (0) acute; (1) obtuse; (2) reflex; (3) straight; (4)
rounded; (5) truncate

50. Fruit color when ripe: (0) ochraceous to ferruginous; (1)
yellowish-green; (2) brownish-black; (3) crimson to purple

51. Fruit pericarp: (0) woody; (1) slightly pulpose; (2) heavily pulpose

52. Cotyledon color: (0) whitish to yellowish-green; (1) purple to
dark-brown

53. Germination: (0) hypogeal; (1) epigeal

54. Growth ring distinctiveness: (0) distinct; (1) non-distinct

55. Wood vessel porosity: (0) diffuse-porous; (1) ring-porous

56. Wood vessel grouping: (0) exclusively solitary; (1) solitary or
grouped in multiples of 2-3; (2) grouped in multiples of 4 more

Triads are present in most species of Theobroma and
Guazuma, whereas Herrania can have tetrads or dyads or
triads alternating with tetrads. Glossostemon has 40 stamens
with groupings of four stamens with unfused filaments on
each side of, and alternating with, staminodes. This
interpretation of stamen fits the variation that can be seen
across Byttnerioideae, which includes taxa with a wide range
of stamen/anther number and fusion of filaments, including
many taxa with completely free stamens. We coded this
variation as a single character with the following states:
dyads only; triads only; tetrads only; dyads and triads,
alternating; dyads and tetrads, alternating; solitary and
dyads, alternating; groups of four free stamens on either
side of each staminode.

2.3 Sequence alignment, phylogenetic analysis, and
ancestral state reconstructions

DNA sequences were processed using Geneious v. 10.1.3
(Kearse et al., 2012), where they were assembled, edited, and
concatenated. The alignment was performed automatically
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using MAFFT, followed by manual adjustments using BioEdit
(Hall, 1999) to ensure accuracy. Accession numbers for the
resulting 54 new sequences can be found in Table 1, and their
data have been submitted to the GenBank database under
accession numbers  OR045314-OR045354, OR069739-
OR069746, and OR091167-OR091171. Additionally, previously
published WRKY gene sequences from Borrone et al. (2007)
were included in our study (Table 1). Out of 44 species of
Theobromateae, this study generated new molecular data
for 17 species. For the phylogenetic analyses, Guazuma
species were used as the outgroup, as previous studies
have indicated it to be the sister group to all other
Theobromateae (Whitlock et al., 2001). Outgroups from
other tribes were not used due to challenges in aligning their
WRKY sequences unambiguously with our data. We coded 11
binary state phylogenetically informative insertion/deletion
(indel) characters derived from the DNA sequence matrix.
Indels were identified through visual inspection of the
aligned molecular matrix to identify regions with long
insertions or deletions. These were counted as one
insertion/deletion (query-insertion, o/1) and included as an
additional categorical data type along with the morpho-
logical matrix.

The phylogenetic analyses were conducted using two data
sets: (i) a combination of WRKY gene sequence data, indels,
and morphological data (total evidence) and (ii) WRKY gene
sequence data and indels, with the exclusion of morpho-
logical data. The purpose of the latter analysis was to
determine how much more statistical support for nodes was
provided by the inclusion of morphological data.

Bayesian inference were performed in BEAST 2.2.0
(Bouckaert et al.,, 2014), with the inclusion of the “morph-
models” v. 1.1.4 package to allow the inclusion of categorical
(morphological and indel) data. The best molecular sub-
stitution model for each partition was identified using the
jModeltest (Guindon & Gascuel, 2003; Darriba et al., 2012) as
follows: GTR (WRKY-3), TrN+G (WRKY-11 and WRKY-13),
HKY + G (WRKY-12), and HKY (WRKY-14). The substitution
model used for the morphological and indel characters was
GTR, as this is forced by the morpho-models package on
BEAST. For details on evolutionary model descriptions, see
Bouckaert et al. (2014). The uncorrelated lognormal relaxed
molecular clock (Drummond et al., 2006) was implemented,
assuming each branch would have its own independent
evolutionary rate. This approach was chosen as the most
appropriate to use in BEAST as one of the related groups,
Glossostemon, shows substantial long branches in compar-
ison to its relatives (Richardson et al., 2015; Hernadndez-
Gutiérrez & Magallén, 2019).

Markov chain-specific parameters were set as follows:
50 000 000 generations, with four runs and four chains,
sampling the Markov chain every 10 000 times. Tree posterior
probabilities (pps) were obtained, and the intervals of
credibility values were set as a fraction of the highest pps.
Clade support was then represented by pp values, with
nodes with 0.50-0.79 indicating weak support, 0.80-0.89
indicating regular support, and values higher than 0.9
indicating strong support (see Swenson et al., 2008). We
evaluated posterior distributions using Tracer v. 3.2.6
(Rambaut et al., 2018). We discarded a fraction of 0.25 trees
as burn-in to reach stationarity, and the remaining trees were

J. Syst. Evol. oo (0): 1-16, 2024

saved and used to build a maximum clade credibility (MCC)
tree. Mesquite v. 3.70 (Maddison & Maddison, 2021) was
used to reconstruct the ancestral states of morphological
characters on the MCC tree (Table S1) under a likelihood
criterion, aiming to maximize the probability of arriving at
the observed states for a given node or terminal, given the
branch lengths provided by the tree obtained from the
Bayesian analysis. The characters which we chose to focus on
here were those that we considered could influence drought
tolerance and pollination. These included indumentum of
vegetative and reproductive organs and floral characters
such as claw guidelines, petal claw-ligule length ratios, and
staminode shape.

3 Results

The final data matrix comprised 42 terminals, including one
species of Glossostemon, three out of three species of
Guazuma, 13 out of 17 species of Herrania, and 19 out of 23
species of Theobroma. The matrix included a total of 3866
characters, with 3795 corresponding to DNA sequence data
sets, with variation in base substitutions, and 67 corre-
sponding to categorical data (morphological matrix and indel
region information). The aligned matrix is available as
supplementary material (Table S1). The molecular data
included five regions of the WRKY genes with varying sizes
after alignment (WRKY-3 with 635 bp; WRKY-11 with 968 bp,
WRKY-12 with 770 bp, WRKY-13 with 1074 bp, and WRKY-14
with 344 bp). Among the categorical data, 60 characters
were derived from morphological data (obtained from
Table 3), with an average percentage of missing data at
11.6% for all morphological characters. Additionally, 11
informative indels were identified from the aligned molecular
data matrix.

Bayesian analysis of total evidence resulted in an MCC tree
that revealed that Herrania is nested within Theobroma with
high pp values ranging from 0.85 to 1.0 in all nodes of the
phylogeny (Fig. 1). The sections of Theobroma, as recognized
by Cuatrecasas (1964), emerged as monophyletic, except
for Theobroma sect. Glossopetalum, in which Theo-
broma mammosum Cuatrec. & J. Ledn from Theobroma sect.
Andropetalum was nested. All the sections had 1.0 pp
support. In Herrania, Theobroma sect. Subcymbicalyx, as
established by Schultes (1958), was found to be paraphyletic,
with Herrania sect. Herrania nested within it as monophyletic
with 1.0 pp. The outgroup, Guazuma, is monophyletic, with
Guazuma crinita being sister to a strongly supported
monophyletic group consisting of the other two species in
the genus.

In contrast, the MCC tree resulting from the analysis of
WRKY gene sequence data and indels only (Fig. S1) showed
reduced resolution and support for several branches
compared to the total evidence tree (Fig. 1). For instance,
the total evidence tree (Fig. 1) fully resolved the relationships
between Theobroma simiarum Donn. Sm., Theobroma choc-
oense Cuatrec., Theobroma hylaeum Cuatrec., and Theo-
broma cirmolinae Cuatrec., whereas these relationships
remained unresolved without the inclusion of morphological
data (Fig. S1). We focus our discussion on the total evidence
tree in Fig. 1 because it had a better total summed value of

www.jse.ac.cn

85U01 SUOWWIOD AITe1D) 8|qedl(dde 8y} Ag pauseno ae sooile O ‘8sN JO S8|nJ o} Akeid18UIjUO A8|IA UO (SUOPUOD-PUB-SWBI W00 A8 | 1M Ale.d1|Buluo//:SAny) SUONIPUOD pue swiie | 8y} 89S *[202/S0/0T] Uo Ariqiauliuo A8|iM ‘|1zeid - Ofred 0es Jo AluN AQ SFOET'SSITTTT'OT/I0p/L00 A8 1M ARIqIBUIIUO//StY WOJ§ pepeoiumod ‘0 ‘TEBIESLT



Phylogeny of Theobroma cacao and its relatives 9
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Theobroma cacao 1 TheObroma
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Herrania

Herrania kanukuensis

Subcymbicalyx
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Herrania nycterodendron
Herrania cuatrecasana
Herrania mariae

Herrania nitida

Fig. 1. Maximum clade credibility tree of Theobromateae using WRKY gene sequence data (including indel characters) and
morphological data (total evidence analysis). Posterior probabilities indicated above each branch.

support, that is, a higher summed MCC value (36.10)
compared to the tree that excluded morphological data
(Fig. S1; 35.25).

The size of the colored segments in the pie charts placed
on nodes in Fig. 2 indicates the likelihood of the state at that
node based on a maximum likelihood estimation. The
ancestral state reconstructions of selected morphological
characters are indicated at all nodes on the total evidence
tree (Figs. 2A—2F). The morphological characters that have
most transitions and are homoplasious are petal claw-ligule
ratio and fruit surface type. Ancestral states of crown nodes
of sections have lower probability for petal claw-ligule ratios
and fruit surface type due to their homoplasious nature

www.jse.ac.cn

(Figs. 2B, 2F). The crown nodes of Guazuma, T. sect.
Theobroma, and T. sect. Oreanthes all have three claw
guidelines as the most probable state, whereas in T. sections
Herrania and Glossopetalum it is four to six or seven to more
(Fig. 2A). The crown node of Theobroma and of all sections of
the genus has leaf abaxial surfaces that have pubescence in
the form of a single layer of stellate trichomes with the
exception of T. sect. Theobroma that has glabrous leaf
undersurfaces (Fig. 2C). Independent apomorphies in the
form of two layers of stellate trichomes are found in
Theobroma velutinum, T. simiarum, T. grandiflorum, and
Glossostemon (Fig. 2C). The likely state of staminodes at
the crown nodes differs among various sections of
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® O Guazuma longipedicellata
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O Guazuma crinita

Claw guidelines
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Fig. 2. Ancestral state reconstructions of key morphological characters plotted on the maximum clade credibility tree derived from the total
evidence analysis. A, Claw guidelines. B, Ligule—claw ratio. C, Stamen grouping—number of anthers per filament. D, Staminode shape. E, Fruit
indumentum. F, Fruit surface. Pie charts indicate the most likely character state for each corresponding node. For a clearer understanding of
character variation among different groups of Theobroma, selected species were illustrated. The illustrations were created by Klei Sousa. The
illustrated species in each figure are as follows: (A, B) (from top to bottom): Herrania breviligulata (Herrania sect. Subcymbicalyx sensu Schultes
(1958)), Theobroma cacao (Theobroma sect. Theobroma sensu Cuatrecasas (1964)), and Theobroma microcarpum (Theobroma sect.
Telmatocarpus sensu Cuatrecasas (1964)). (C, D) (from top to bottom): Herrania purpurea (Herrania sect. Herrania sensu Schultes (1958)), T.
cacao, and Theobroma grandiflorum (Theobroma sect. Glossopetalum, sensu Cuatrecasas (1964)). (E, F) (from top to bottom): Herrania mariae
(Herrania sect. Subcymbicalyx sensu Schultes (1958)), T. cacao, and T. grandiflorum.
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Fig. 2. Continued

Theobroma. In most sections, the staminodes are expected
to be filiform, with the exception of Theobroma sect.
Herrania, where they are more likely to be elliptic or ovate.
Guazuma, on the other hand, has lanceolate staminodes
(Fig. 2D). Theobroma sect. Theobroma is the only one that
has fruits that are glabrous reconstructed as the state at its
crown node. All other sections and Guazuma are either
slightly or densely pubescent (Fig. 2E).

4 Discussion

4.1 Phylogenetic relationships

In this study, we present the most comprehensive phylogeny of
Theobromateae published to date, offering valuable insights
into morphology and key crop traits (Figs. 1, 2). Our analyses
strongly support the non-monophyly of Theobroma, with
Herrania nested within it, confirming the suggestions from
previous studies such as Borrone et al. (2007) (Fig. 1). Herrania
had traditionally been distinguished from Theobroma based on
its palmately compound leaves, in contrast to the simple leaves
of the latter. Additionally, Herrania species typically exhibit petal
ligules longer than those found in Theobroma species. Despite
these distinctions, several morphological similarities between
the two genera, such as lifeform, inflorescence type, and fruit
characteristics, would support the inclusion of Herrania within
Theobroma. Both genera are characterized as understory trees
with a cymose inflorescence, often in the form of a
monochasium or dichasium with reduced branches. Their fruits
are baccate, usually spherical, conical, or cylindrical, featuring a
mesocarp composed of two portions, with an outer fibrous
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layer and an inner pulpose layer, each one separated by a
sclerenchyma ring. Additionally, they share the same chromo-
some number, 2n =20 (Azevedo et al., 2017). With the close
relationship between Herrania and Theobroma that we describe
here, the potential of Herrania as a valuable source of genetic
resources for cacao improvement should not be overlooked.
The phylogenetic relationships inferred for Guazuma in our
study support the earlier proposals made by Freytag (1951)
based on morphology and geographical distribution. Our
analysis places G. crinita as sister to a well-supported clade
comprising the other two species, G. longipedicellata and G.
ulmifolia.

4.2 Evolution of drought tolerance-related traits

A key feature with respect to the ability to tolerate drought
is pubescence. Hairy leaves are a common feature of plants
in arid environments as they have been shown to reduce leaf
absorptance resulting in a reduced heat load and con-
sequently lower leaf temperatures and transpiration rates
(Ehleringer & Mooney, 1978). Loss of water through
transpiration may also be decreased by the formation of a
boundary layer of unperturbed air, maintained by hairs, that
slows the rate of gas exchange. Our reconstructions indicate
that the earliest diverging lineages of Theobromateae have
abaxial surfaces of leaves with a single layer of stellate
trichomes (Fig. 2C) that may be considered the ancestral
state for the tribe as a whole and for most of the sections of
Theobroma. Theobroma sect. Theobroma in contrast has the
abaxial surface of the leaves glabrous as an apomorphy,
whereas a few species have more dense pubescence as an
apomorphy (T. velutinum, T. simiarum, and T. subincanum).
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Theobroma cacao is the only species that has glabrous fruits
(Fig. 2E). Calyces that are tomentose on the outer surface
with abundant stellate, ochraceous, or ferruginous hairs are
found in early diverging lineages of Theobroma but are
glabrous in sections Theobroma and Telmatocarpus. Thus,
pubescence appears to be a plesiomorphic feature within
Theobromateae. Perhaps the conditions under which T. cacao
originated were so humid that pubescence was not
necessary to prevent water loss, and the recovery of
pubescence could improve the heat/drought tolerance of T.
cacao.

Compound leaves are believed to have arisen numerous
times among several groups of angiosperms, including
Malvaceae, often with reversions back to the simple leaves,
suggesting that the conversion between simple and
compound leaves can be attained with relative ease
(Champagne & Sinha, 2004). Developmental studies have
shown that simple and compound leaves, as well as leaflets
and serrations, are regulated by distinct ontogenetic
programs (e.g., Efroni et al., 2010), but which factors might
have driven the evolution of these different leaf types among
several families are still a matter of speculation.

The apomorphic condition of the compound leaves in
Herrania might have advantages over the plesiomorphic
simple-leaved form in Theobroma. The explanation of
reduction in wind resistance due to reduced surface area
does not seem adequate given that, in the case of
Theobroma and Herrania, both simple and compound leaved
forms occupy similar habitats with little variation in wind.
Another possible explanation is that reducing surface area
also reduces water loss, meaning that species of Herrania
may be better adapted to drier conditions than the simple
leaved Theobromateae. A comparison of the climatic
conditions under which compound and simple leaved forms
grow would be necessary to determine whether the former is
found in conditions of lower precipitation. It is possible that a
“compound leaved Theobroma” may perform better in drier
conditions, in terms of vegetative growth and reproduction,
than the simple leaved form and could, therefore, be more
resilient to drought. Interestingly, Herrania, like many
understory trees, has a combination of monopodial trunk
and palmate leaves, whereas simple leaved Theobroma
exhibit sympodial growth. These different growth architec-
tures, described by Hallé et al. (1978), may have different
physiological characteristics, with the monopodial form being
more efficient in growth, or energy acquisition, and use than
the sympodial form.

Further investigations into the morphology and physiology
of Guazuma could lead to a better understanding of drought
tolerance in Theobromateae. Guazuma crinita is found in
rainforests, whereas G. ulmifolia is found predominantly in
dry forests of Latin America. The adaptations to drier
conditions exhibited by G. ulmifolia could include particular
states in some of the characters we investigated here such as
growth ring distinctiveness, wood vessel porosity, and wood
vessel grouping that might be related to differences in water
conductivity. Variations in these features have been shown to
influence the degree of cavitation that has a severe impact
on water conductivity (Taneda & Sperry, 2008). Conducting a
more extensive comparative study on the wood anatomy of
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both species, as well as that of Theobroma and Herrania, may
provide insights into some of the factors that confer drought
tolerance on G. ulmifolia, while its related species appear to
thrive in more humid conditions.

4.3 Evolution of traits related to pollination biology

We found that petal ligules shorter or the same size as claws
is a plesiomorphic condition within the tribe based on our
character reconstructions of the early diverging nodes
(Fig. 2B). Similarly, the triangular or filiform staminodes of
Guazuma and Glossostemon, respectively, are reconstructed
as plesiomorphic (Fig. 2D). Transitions in floral morphological
evolution include development of elliptic or ovate petaloid
staminodes, larger particularly in width, from ancestral
triangular/filiform forms (Fig. 2D). Guazuma, the sister genus
of the remainder of the tribe (Whitlock et al., 2007
Richardson et al., 2015), has triangulate staminodes.
Glossostemon and Theobroma sect. Theobroma, T. sect.
Telmatocarpus, and T. sect. Rhytidocarpus have filiform
staminodes, whereas elliptic or ovate, petaloid forms have
evolved on two occasions independently in T. sect.
Glossopetalum and in Herrania (Fig. 2D).

The number of guidelines on the petal claw or hood seems
to be an informative feature with few independent evolu-
tionary transitions to similar states, for example, four to six
guidelines are found in T. gileri and Herrania (Fig. 2A).
Theobroma sect. Glossopetalum has seven guidelines or more
per claw, Herrania has four to six and sections Theobroma
and Oreanthes have three. Each of the sections of Theobroma
and Herrania have little variation in petal color. Theobroma
sections Oreanthes and Glossopetalum have smooth fruits,
Glossostemon has spiculose whereas Theobroma sections
Theobroma, Telmatocarpus, and Herrania have ridged fruits
(Fig. 2F). These types of epicarp surface seem to be
correlated with degree of fruit pubescence (Fig. 2E).
Cuatrecasas (1964) speculated that the sections of Theo-
broma with pseudoterminal growth (T. sect. Glossopetalum),
may be an ancestral condition than the ones which have lost
the axillary buds of the jorquette branches, necessitating
lateral shoots to continue growing (as in T. sections
Oreanthes, Rhytidocarpus, and Theobroma).

Ligules longer than claws have evolved independently in,
for example, Herrania, T. grandiflorum and T. subincanum,
T. hylaeum and T. glaucum. A transition to the apomorphic
state that include an increase in length of petal ligules
relative to petal claws (Fig. 2B) and an increase in staminode
width to more petaloid forms (Fig. 2D) could be related in
some way to different pollination syndromes. Pollination in
Theobroma seems to be undertaken predominantly by small-
bodied midges in the families Ceratopogonidae and
Cecidomyiidae (Soria, 1970; Entwistle, 1972; Bystrak &
Wirth, 1978; Winder, 1978; Alvim, 1984; Toledo-Hernandez
et al,, 2017). In Herrania, pollination is thought to be mainly by
stout-bodied Diptera of the family Phoridae (Young, 1984).
Schultes (1958) has suggested that variations in pollen
morphology between Theobroma and Herrania might be
associated with their distinct pollinators. Whether these
different pollinators play some selective role in causing the
differences in floral morphology is unclear. Studies on each
group would be required to determine whether particular
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floral character states result in different pollinators, differ-
ences in pollination success and fruit set. This information
could in turn be used to try to improve pollination success in
cacao.

4.4 Taxonomic implications

Cuatrecasas' sections of Theobroma emerged as mono-
phyletic except for T. sect. Glossopetalum that has
Theobroma mammosum of T. sect. Andropetalum nested
within. In contrast to Cuatrecasas' (1964) sections of
Theobroma, the sections of Herrania defined by Schultes
(1958) do not appear to be monophyletic and some re-
circumscription may be necessary and will be undertaken in a
separate manuscript (Colli-Silva et al,, in preparation).
Inclusion of morphological data increased clade resolution
and support values, for example, the support of the clade
including sections Telmatocarpus and Rhytidocarpus, the
placement of T. mammosum within T. sect. Glossopetalum,
and especially the paraphyly of Theobroma as well as the
relationships among species of Herrania. This was particularly
important in resolving relationships between the species
within sections and showed the consistency of the definition
of many sections by previous authors. For example,
Theobroma sect. Glossopetalum, which has 13 species, had
poorly resolved relationships between species with only
molecular data, but much better resolution with total
evidence (Figs. 1 and S1). The addition of more sequence
data should increase resolution and support within these
clades.

4.5 Final remarks

Our study has clarified relationships amongst nearly all
species of the tribe Theobromateae. We have characterized
the evolutionary trajectory of morphological characters
within the group and provided a framework for under-
standing evolution in the tribe. The traits that are relevant
to drought tolerance, disease resistance, and floral biology
are complex and an understanding of their function and
development needs to be integrated into that of the whole
plant. Our study represents a first step in understanding the
evolution of those traits. The various morphologies of
species in Theobromateae may mean that they perform
better in certain respects than cacao itself under particular
conditions. Greater pubescence or compound leaves might
mean greater tolerance to arid conditions, and if so these
features could be introduced into cacao. Harris et al. (in
preparation) have characterized the climatic envelope of
each species of Theobromateae providing an indication of
which of them are more tolerant to arid conditions.
Knowledge of the precise mechanisms of drought tolerance
in those species might assist with producing a drought-
tolerant cacao. Alteration in form of the cacao flower might
attract a wider range of pollinators, improving fruit set.
Mournet et al. (2020) have characterized some aspects of
the response of T. grandiflorum to witches' broom infection,
but more studies need to be done on other taxa in the
group to characterize their degree of resistance to this and
other diseases. Our phylogeny may be used to assist with
the search for these agronomically important traits. It may
also be used to guide the search for novel products. For
example, the pulp of T. grandiflorum is used to produce
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flavorings and fruit juices. Our results indicate that this
species is related to a group of other species whose similar
morphological traits may make them also suitable for
producing similar products. Genomics studies are required
to fully understand how the genetic diversity of CWRs may
be utilized in the cacao industry. Many of these cacao CWRs
are under-collected and likely threatened with extinction.
To safeguard the potential future use of the genetic
diversity of CWRs within Theobromateae it is vital that
wild populations and their genetic diversity be conserved,
preferably in situ, together with all the organisms that they
have developed interactions with over the course of
millions of years.
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