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This text is related to our recently published paper!™" 8 in Communications Earth and
Environment and serves as a response to a critique submitted by Clement et al. to the
journal’s Matters Arising section. Both the critique and our reply underwent peer review.
However, the editorial team decided to reject publishing the exchange, largely agreeing
with our reply and concluding, based on the reviewers’ and editor’s assessments, that the
critique did not substantially challenge our analyses and results, hence not meeting the
standards required for publication (see decision letter attached to this text.)

Despite the editorial decision, the authors of the critique have chosen to disseminate their
submission as a preprint.["® In response, we feel it is important to share our reply,
especially in light of the critique’s public availability. While this exchange no longer
qualifies as a formal scientific publication, sharing our response allows us to present a
more balanced perspective, and affords us to defend our work against the circulated
criticisms. No further action is anticipated from our side beyond the release of this
response.
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By invoking published literature, Clement et al. attempted to undermine our study (/) that
challenged conventional perspectives on the origin and domestication of cupuacu
(Theobroma grandiflorum) and its relationship to cupui (T. subincanum). They claimed we
ignored long-term research in taxonomy, history, biogeography, and genetics, yet neglected
our recent and ongoing efforts in most of these areas (2—6). They questioned the validity of
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our genomic analyses, but their critique was devoid of empirical evidence or additional data
to support any of their claims, instead presenting irregular reasoning based on fundamental
errors. Furthermore, they relied on outdated sources when discussing Theobroma taxonomy
which may sound ultracrepidarian when addressing species delimitations. When Clement et
al. presented linguistic arguments, their interpretation was also—in our perspective—
speculative, and could be viewed from a different angle, as we will argue below.

The origin of cupuacgu has long been discussed across various fields, and both sides agree that
historical and archaeological evidence has only yielded inconclusive scenarios for the
species’ origin and domestication that lacked testing or empirical demonstration. When
looking into the references brought by the authors, Clement ef al. mention Augusto Ferreira
(7) and Adolpho Ducke (8), whose speculations would align with our findings, but they also
mention Cuatrecasas (9), and other authors, whose perspective differs from the one we shown
in our study. What the authors may have not conceived is that such inconsistency among
historical sources actually created an opportunity for further efforts, which is precisely what
our study addresses. But even before our study, another work (/0) emphasized that the
approximate location of 7. grandiflorum center of diversity in Eastern Para could not be
confirmed solely by analyzing populations from the “native region” defended by the authors
of the critique. In a previous, but still more recent revision of Clement et al. (11), Eastern
Para was suggested as the center of origin for cupuacu, but, curiously, its status was also
questioned according to the authors themselves (“Cupuac¢u?” in Fig. 1 of ref. (11)).

Recent studies on cacao (7. cacao), cupuagu’s close relative, demonstrate how past
relationships between humans and nature may have affected areas that appear primary but
might not be (2, 12). For cupuagu, Figure 1 underscores the difficulty in categorizing
specimens collected in regions that appear to be within primary forests. These examples
represent just a small fraction of the complex setting that we have been studying over the past
five years in the taxonomy of Theobroma. Furthermore, our analysis of preserved specimens
found in herbaria worldwide stress that there are no distinct morphological features that
reliably would separate the so-called “morphotypes” of cupui, agreeing with Cuatrecasas (9)
taxonomic delimitations. This conclusion is also supported by our published work detailing
the main patterns observed in this data (4). A recent study from our group (3) would dispel
any doubts about sister relationships between 7. grandiflorum and T. subincanum, but the
authors incorrectly assume that we consider one or other species as “valid” [sic] based on this
study, which is wrong, as we will discuss below.

The fact that “Amazonia is undercollected” should not be used as an argument to invalidate
our findings. Cuatrecasas’ monograph (9) was published during a time when collections were
even more limited than they are today, further emphasizing the need to continually revisit and
expand our knowledge of the region. In fact, because Amazonia is undercollected, every new
piece of data is a jewel, and our work simply underscores the importance of new data in
potentially reshaping our understanding of various topics. That is why we are currently
working on a new taxonomic revision of Theobroma (see ref. (6)) to update the knowledge
that has evolved since Cuatrecasas’ monograph on the genus, published almost 60 years ago
(9). We anticipate that Clement et al. would show evidence or demonstrate expert knowledge
on the morphological delimitations of 7heobroma species when they say “cupui is poorly
defined.” Instead, they seem to rely solely on the last taxonomic literature available without
critically analyzing it or verifying the primary data sources, and without cross-checking with
our own results that show a paraphyletic pattern.



That said, we will move on to a central topic on Clement et al. critique: does domestication
create new species? The authors resolutely assert that no, but we diverge. Decisions regarding
taxonomic ranks are arbitrary, and there is no inherent criterion dictating whether something
should be classified as a species, variety, or subspecies (/3). When studying domestication,
numerous instances arise where “species” are actually considered subspecies, forms, or
varieties of the progenitor (see ref. (/4) for a review of over two hundred crops). For
cupuagu, if we were to adopt 7. grandiflorum as conspecific to 7. subincanum, which would
follow Clement et al. logic, one might expect the names used in cultivation would mirror
those in nature. However, this would ignore two hundred years of usage of both names. Also,
following plant nomenclature rules (/5), the correct name for the combined species (wild
form + domesticate) would be 7. grandiflorum (Willd. ex Spreng.) K.Schum., as its
basionym, Bubroma grandiflorum Willd. ex Spreng. (1826), predates 7. subincanum Mart.
(1830). This might appear illogical since the domesticated form would serve as the “parent”
of the taxon from which it was derived; but this discrepancy exists just because the
domesticate was recognized and named before the wild form was. At this point, and for the
sake of nomenclatural stability, we are happy to maintain both entities as “valid species” [sic]
(incorrect and inappropriate terminology that Clement ef al. used to refer to what would be a
correct name for a species in a rank), regardless of their origin. This decision, however, is out
of scope of this discussion, was never a topic of debate in our published study (/), and it
would be valid for future taxonomic treatments, as the one we are currently working (see ref.

(6)).

In terms of genetics, our results indicate that cupui populations have maintained their natural
genetic structure and phenotype over time, exhibiting a paraphyletic assemblage, contrary to
the findings for cupuagu in our study. In natural settings, many authors in phylogeography
and population genetics suggest that the origin of a new species often involves the paraphyly
of its sister species (e.g. 14). Nevertheless, it appears that the authors have not considered our
results collectively and misinterpreted many of our figures, which demonstrated: (i) low
levels of heterozygosity, Fst, and nucleotide diversity in cupuagu, not typical characteristics
of wild species; (ii) a highly homogeneous ADMIXTURE sampling, indicating a new genetic
group of cupuacu, as depicted in Fig. 2d of the main manuscript; and (iii) high levels of
mutation loads, evidenced by fewer genes under much stronger selective pressure in cupuagu
compared to cupui, consistent with the “cost-of-domestication” hypothesis (/7-19).
Considering these results collectively, it is plausible, based on the evidence we have
presented, to interpret that the genetic structure revealed by cupuacu would not be due to
natural processes like natural selection or genetic drift, but likely reflects artificial selection.
To challenge these findings, new samples or analyses would be required. Regrettably, the
authors have not introduced any new data or analysis to effectively counter our results, so the
discussion is limited to speculation.

Clement et al. also write their critics on genetics based on arguments that are simply irregular
or inappropriate. For instance, they misinterpreted Fig. S6 of our work, incorrectly alleging
low ancestral range probabilities. They persist in suggesting that we should have dated a
phylogeny based on Richardson et al. (20), employing an illogical method of cross-checking
two different phylogenies constructed under different optimization methods to estimate
lineage divergence times based on the branch length of one phylogeny with the estimated age
of the other, which is simply wrong. Even if we were to entertain their insistence on using
such irregular method, we would require either sequences from the branch to calibrate (fossil
data of Theobroma, which is nonexistent), or utilize secondary calibration based on ages of
Richardson et al. (20). However, this is exceedingly complex and cannot be reduced to



simple cross-comparison (as suggested by Clement et al.), as the calibration points of
Richardson et al. are distant from Theobroma, introducing increased error.

They also critiqued our method of variant calling, stating that we used the reference genome
of T. cacao (a species from the same genus). However, along with de novo assembly, this is a
very common approach in population genomics, and some studies actually recommend to use
closely related reference genomes for SNP discovery, not to say that this has also been
discussed empirically in many instances for RADseq data (2/-23), with both the reference-
aligned and de novo assembly pipelines being able to yield reliable results for species from
the same genus (24). While the reference genome of 7. grandiflorum is still not fully
available (25), it would be great to have seen this discussion grounded in empirical analyses
or data. These analyses could have empirically demonstrated the potential impact of various
parameters on our results, but, disappointingly, these were not made by the authors.

Moving ahead, integrating linguistic insights into our discussion adds a compelling layer to
the ongoing discourse. As biologists and archaeologists, we find this approach unexpected,
but valuable for understanding the complexities inherent in our subject. However, we note
that Clement ef al. seem fixated on emphasizing the modern dispersal of the Tupi-Guaranis,
overlooking the broader context of Macro-Tupi language expansion linked to these
populations before European colonization (26). Recent studies, for instance, have revealed a
nuanced pattern of Tupi populations living in the Amazon Basin approximately 2,000 years
ago (27). Although this timeframe is more recent than the dates suggested by our
demographic analyses of cupuacu, it indicates that the linguistic approach may also extend
back significantly before colonization, adding at least a layer of complexity to the subject.

Furthermore, our study outlines two distinct “pulses” in the domestication of cupuagu, and
we actually do hypothesized that the fruit likely began to be widely dispersed throughout the
Amazon basin only within the last 200 years, when it became widely popular. Our
demographic reconstruction suggests the initial domestication pulse by 5,000—8,000 years,
but this does not necessarily imply that the larger fruits of cupuagu were “created” and
“named” at that time. Given that cupuagu has a generation time of 3—5 years (28, 29), it is
challenging to determine precisely when the fruit became “large enough” to be referred to as
“cupuagu’ or to distinguish the linguistic split from the genetic divergence. This ambiguity
suggests that the recognition of larger cupuagu fruits may have occurred later or through
multiple instances, illustrating the gradual evolution of domestication practices over
millennia. Nonetheless, our main conclusions remain valid until new evidence, based on fresh
data, either corroborates or refutes our hypotheses. Other arguments based on speculation are
essentially opinions or theoretical exercises that align with one classical viewpoint or another.
They, however, do little to advance the discussion when not properly based on new data or
analyses, instead contributing to confusion, and somehow disrupting the scientific process of
knowledge generation.

In conclusion, our published study introduces novel evidence based on genomic data that
challenges prevailing perspectives defended by Clement et al. arguments, which often lacked
conclusive findings in prior literature. We acknowledge the limitations of our study,
particularly in geographic sampling, but this has already been stated in the published
manuscript (/), where we already advocated for future studies to address these gaps with new
data and analyses. While critiques from other disciplines can be pertinent, those made by
Clement et al. appear to restate a reactionary stance in response to new hypotheses arising
from novel evidence. Rather than providing a substantive challenge to the conclusions drawn



from our published study, they simply reinforce established viewpoints. This approach, in our
view, does not offer the significant insights or advancements that would warrant a publication
in the Matters Arising section.
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Abstract

By invoking published literature, Clement et al. attempted to undermine our study that
challenged conventional perspectives on the origin and domestication of cupuacu

(Theobroma grandiflorum) and its relationship to cupui (T. subincanum). They claimed we
ignored long-term research in taxonomy, history, biogeography, and genetics, yet neglected



our recent and ongoing efforts in most of these areas. They questioned the validity of our
genomic analyses, but their critique was devoid of empirical evidence or additional data to
support any of their claims, instead presenting irregular reasoning based on fundamental
errors. Furthermore, they relied on outdated sources when discussing Theobroma taxonomy
which may sound ultracrepidarian when addressing species delimitations. When Clement et
al. presented linguistic arguments, their interpretation was also, in our perspective,
speculative and could be viewed from a different angle, as we will argue in this piece.

Keywords: botany, cacao, domestication, matters arising, species delimitations, 7heobroma.



a

INSTITUTO AGRONOMICO DO’ NORTEM,”O
PLANTAS DA AMAZONIA
Batade= (Colombla
Theobroma

b THE NEW YORK BOTANICAL GARDEN
Institute of Economic Botany
PLANTS OF BRAZIL-- State of Maranhio

No. 478 Sterculiaceae

Theobroma grandiflorum

Municipio de Mong#o: Basin of the Rio Turiagu;
Ka'apor Indian Reserve; In the settlement of

Leticia; mata.
Lrvore, 5 m.; flores roxas cla-
IT'dSe

Urutawy .

Moist terra firme forest on mild slope.
Tree 15.0 cm DBH.

Inventory voucher #=983 (Fertile)

Uses: Edible fruit

kupihu'y

s‘chultes DeVe?
Black 46-61

22"VIII"19“ W.L. Balée & B.G. Ribeiro 6 Feb. 1985

Field work supported by John Edward Noble Foundation

d ACS /773

FLORA OF BRAZIL

No. 1274 B. A. Krukoff

Oct, 1931

Theobroma  @ran a(,\.c/om.(m §Cﬁqm‘

"Cupu assi." Tree 25 ft. high, 4 inches
in diemeter breast high; terra firma,
Lago do Italiano.

: State of Amazonas: municipality of Mahacapuru, Soli-
moes River region.

e 'ERCULTACEAE f PROGRAMA FLORA
COLOMBTIA Projeto Flora Amazfnicz
Amazonas THE NEW YORK BOTANICAL GARDEN

INPA-MUSEU PARAENSE EMILIO GOELDI
Plants of Brazilian Amazonia—State of Para

Theobroma grandiflorum (Willd.ex Spreng.)
Schumann / det. C.L. Cristobal 1983 No. 1669

Leticia, margin of disturbed Mauritia swamp

¥ Theobroma grandiflorum C.DC.
and adjacent pasture N of city, alt. ca 120 m.

Near Rio Itacaiunas: Approx. 80km from
Marabé; 37km S on PA 150 and 50km WNW on
service road. Clearing site for railway
construction, forest on terra firme.

Tree 10m, fruits brown.
20 Nov. 1977 D. C. Daly, R. Callejas,

Tree 8 m, flowers maroon, fruits brown-
pubescent.

Al Gentry &

Juan Revilla 20535

MISSOURI BOTANICAL GARDEN HERBARIUM (MO) M. G. da Silva, E. L. Taylor, Sterculiaceae
C. Rosario, M. R. dos Santos 3 Dec. 1981
PROGRAMA FLORA PROJETO FLORA AMAZONICA h B e
g THE NEW YORK BOTANICAL GARDEN STERCUL. :
INSTITUTO NACIONAL DE PESQUISAS DA AMAZONIA - MANAUS PROGRAMA FLORA  PROJETO FLORA AMAZONICA
J ITHE NEW YORK BOTANICAL (.‘\ARDL\'
BRAZII‘: state Of Amazonas INSTITUTO NACIONAL DE PESQUISAS DA AMAZONIA  MUSEU GOELDI
N . i BRAZIL: State of Pari

0 12492 Theobroma grandiflorum (Willd. ex Spreng.)

No. 9589 Theobroma grandiflorum

det. T. Plowman 1983 Ko Steliime

MUNICTPIO TUCURUT: km. 25 south of Repré@sa Tucurui
on road (BR 422) to Breu Branco. Approx. 3°52'S.,
49°44'W. Alt. 90 m.
Tree 16 m. tall x 1 m. in cerfumference in forest on
sandy soil. Infected with "vassoura de bruxa'. Fruit
cauliflorous on larger branches, dark brown, 23 cm. long
X 9 cm. diameter. Pulp white.

MUNICIPIO DE TEFE: Lago Tefé, northwest shore. Approx. 3°20°S., 64°50'W.
Banks of Lago Tefé and forest margin.

Cultivated tree 8 m. tall at former house site on
lakeshore. Fruits cauliflorous, dark brown, still
unripe, 20 cm. long x 10 cm. diameter.

v n Zn
N.v. “cupuagu

PHOTOS; FRUIT COLLECTION. SEE FRUIT COLLECTION

WOOD VOUCHER, FRULIT COLLECTION

E D C. A. Cid I. Plowman, N. A. Rosa & C. S. Rosério 15 Mar. 1980
Coll. T. Plowman, E. W. Davis, C. A. Cid, fo Simt

I. L. Amaral, J. Lima & J. Guedes 11- 14 Dec. 1982 Plants collected under the joint sponsors!

e National Science Foundation Latin An
Cientifico e Tecrolbgico. in collaboration wil

borative program and
> Nacional de Pes

the Conselho Nacional de Desenvolrime
quisas da AmarBnia - Museu Goeld, Bel

Figure 1. Selected specimen labels of Theobroma grandiflorum preserved collections from
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“wild” and “cultivated” specimens. Even when cultivation information is not explicitly
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settlements. Specimens were collected from multiple locations in both the Western (a, d, e, g)
and Eastern Amazon basin (b, c, f, h), including the region where Clement et al. propose as
the “native area” of cupuacu. These and other specimens were physically examined during
our ongoing taxonomic research and are preserved in herbaria (e.g. refs. 2—5). Specimen
identities have been confirmed, and this work is part of our broader efforts to study the
taxonomy and diversity of Theobroma species. We believe that these efforts were neglected
by the authors of the critique.
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From: commsenv@nature.com
To: matheus.colli.silva@alumni.usp.br
CC: m.collisilva@kew.org

Dear Dr Colli-Silva,

Thank you for your reply to the Matters Arising titled "Finding the origin of domestication of
cupuagu requires more than genomics", from Clement et al. We have sent the exchange (both
the Matters Arising and your Reply) to 2 reviewers and have now received their reports
which we include below.

As you will see, both reviewers largely agree with your position and suggest the criticisms

put forward do not substantively challenge the analyses and results in your published article.
After considering this feedback carefully, we have therefore declined to publish the exchange.

Thank you for your timely responses and cooperation on this matter.
Yours sincerely,

Joe Aslin

Deputy Editor,

Communications Earth & Environment

https://www.nature.com/commsenv/
Twitter; @CommsEarth

Reviewers' comments:
Reviewer #1 (Remarks to the Author):

Reply to: Finding the origin of domestication of cupuagu requires more than genomics

I find myself largely in agreement with Colli-Silva in their responses to Clements et al. The
criticisms raised, are based on inappropriate evidence in terms of phylogenetic arguments.
Arguments about species definitions and association with domestication are a distraction. The
linguistics is speculative, and not a strong basis of evidence for the early stages of
domestication which current understanding of the trajectory of domestication evolution are
usually deep timed and in periods beyond human consciousness.

That said I have no issue with the critique and response being published, if only to give the
authors the opportunity to defend their work against the doubts raised in other disciplines.

Reviewer #2 (Remarks to the Author):

Reviewing the "Reply to: Finding the origin of domestication of cupuagu requires more than
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genomics" by Colli-Silva et al. I share many of the authors points, mainly that the original
work was not a species delimitation work, therefore the whole argument of whether
Theobroma grandiflorus is a "valid species" or not is besides the point. Additionally, "dating"
a divergence of two closely related taxa by extrapolating the age of a tree where Theobroma
subincanum was not included and was based on entirely different data with different
substitution is simply irregular. However, I think the authors could expland a litttle bit more
on the rationale they followed in their sampling, specially focusing between the putatively
wild capuacu and cultivars. Many crop trees do not have very obvious differences between
cultivated and wild plants, but in this case, is it expected that the putatively wild individuals
to be morphologically different to cultivated ones? Additionally, Clement et al. refer to the
"native " range of cupuagu as restricted and allopatric from cultivated cupuagu and cupui. Are
there any ecological or geographical barriers that would justify this stance? Because the lack
of admixture in cupuagu and evidence of a strong selective sweep suggest that geography has
no role to play in the distribution of genetic diversity, however I would like the authors to
address whether if samples of cupuacu from the area that is not sympatric with cupui would
change the results.

Finally, I do not think any domestication and management in a tree species in the last 100-200
years would show such a strong bottleneck in whole genome data, thus there must be other
explanations. It is not uncommon that a species can be domesticated for one use and later
selected for a different use entirely, thus shifting the selection pressures. Are there other uses
for cupuacu that could have existed 5-7K years ago?
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