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Abstract

Orchids are notable for their high diversity in vegetative, floral, and cytogenetic traits. Here we evaluated
how cytogenetic traits have evolved and covaried, and assessed their potential contribution to generic
delimitation, using Maxillariinae, an important Neotropical clade, as a model. The complete cytogenetic
dataset includes chromosome numbers for 107 species and genome size estimates for 67 species,
which are interpreted from an evolutionary perspective. Chromosome numbers ranged from 2n = 36 to
2n =76, with a predominance of counts between 2n = 36 and 2n = 42, consistent with x =20 and
recurrent dysploidy detected in the evolutionary analyses. Polyploidy was mainly detected at the
population level and was often associated with niche shifts. Genome size appears to be relatively stable
in Maxillariinae, with punctual increases and decreases across the phylogeny. Although a marginal effect
of heterochromatin block number on genome size variation was detected, PGLS models did not clearly
support an association between genome size and any cytogenetic variable. No karyotype trait explained
genome size variation; instead, Pagel’s A value close to 1 suggests that genome size varies largely as a
consequence of phylogenetic history, possibly reflecting changes in dispersed repetitive DNA sequences
rather than changes in chromosome number or heterochromatin distribution alone. Taken together, our
cytogenetic analyses, literature survey, and time-calibrated phylogeny provide independent evidence
relevant to generic boundaries in Maxillariinae, supporting the recognition of cytogenetically distinct
lineages that may be obscured under broadly circumscribed generic concepts.

1 Introduction

Changes in cytogenetic traits (e.g., chromosome number, position and number of heterochromatic bands
and rDNA sites, and genome size) play a significant role in plant evolution and diversification (Stebbins,
1971; Mayrose & Lysak, 2021; Benitez-Benitez et al., 2025). In the last decade, studies assessing the
main mechanisms involved in karyotype diversification have increasingly integrated species evolutionary
histories and phylogenetic comparative approaches, providing a more robust methodological framework
for cytogenetic analyses (e.g., Santos et al., 2025; Guerra et al., 2026; Martin-Hernanz et al., 2026) and
allowing to infer how cytogenetic traits evolve throughout species evolutionary process and whereas it is
potentially associated with different traits (Moraes et al., 2022; Barbosa et al., 2026; Luccetti et al., 2026;
Martin-Hernanz et al., 2026).

The recently diversified orchid Neotropical groups, due to its large diversity, stand out as an excellent
system for investigating the karyotype evolutionary patterns and potentially associations between
cytogenetic traits, and between cytogenetic and ecological traits. Among the recently diversified clades
is the species-rich subtribe Maxillariinae (Cymbidieae, Epidendroideae), exhibiting one of the highest
speciation rates in Orchidaceae (Zhang et al., 2023; Perez-Escobar et al., 2024). Despite the considerable
morphological diversity, Maxillariinae species can be recognized by a conservative basic floral plan with
an incumbent anther and four pollinia arranged in two pairs, usually with a larger pollinium attached to a
smaller one (Whitten et al., 2000; 2007; Singer & Koehler, 2004; Schuiteman & Chase, 2015; Meneguzzo &
Chase, 2025). However, internally, the circumscription of Maxillariinae has undergone substantial
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changes over time, based on both anatomical and molecular evidence (Hoehne, 1953, Pabst & Dungs,
1975, Dressler, 1993, Whitten et al., 2000, 2007, Christenson et al., 2012), and its classification continues
to undergo profound realignments in the delimitation of genera within the subtribe (Schuiteman & Chase,
2015, Meneguzzo & Chase, 2024).

Concerning cytogenetic traits, diploid chromosome numbers in Maxillariinae varies 1.3-fold (2n = 36 to
46), with some polyploid cytotypes, while genome size varies 3.85-folds (1C =1.59 pg to 6.12 pg) among
diploid species (Amorim-Silva et al., 2026). Maxillariinae taxa present a substantial variation in
heterochromatic bands and rDNA sites (e.g., Cabral et al., 2006; Koehler et al., 2008; Moraes et al., 2012;
2016; 2017). Given the recent origin of Maxillariinae and its cytogenetic variability, it is reasonable to
hypothesize that these cytogenetic traits retain a strong phylogenetic signal. Additionally, a previous
work suggested that genome size in Maxillariinae is associated with habit, with smaller genomes being
associated with epiphytism (Moraes et al., 2022), as previously proposed for orchids more broadly
(Leitch et al., 2009). Genome-size variation was also associated with the heterochromatin fraction in
orchids (Kao et al., 2001; Moraes et al., 2012), and this pattern may also explain the larger genome size
variation compared with chromosome number variation observed in Maxillariinae. Unfortunately,
Neotropical orchids, despite their available cytogenetic characterization, remain underrepresented in
phylogenetic hypotheses, limiting macroevolutionary investigations of chromosome and genome-size
evolution (Whitney & Garland Jr., 2010; Barbosa et al., 2026).

In this sense, the present study aims to investigate the mechanisms of cytogenetic evolution in
Neotropical orchids using Makxillariinae as a model. This study aims to assess whether cytogenetic traits
can provide independent evidence for evaluating generic boundaries in this recently diversified clade and
which cytogenetic trait (chromosome number, heterochromatin, and/or rDNA sites) could explain the
genome size variation observed in Maxillariinae. To do this, we expanded the representation of
cytogenetically characterized Neotropical species in a time calibrated phylogeny and generated and
summarized cytogenetic traits (chromosome numbers, heterochromatin banding patterns, rDNA in situ
hybridization, and genome size data) for the subtribe. Based on our approach, we address the following
questions: (1) What are the main mechanisms of karyotype and genome size evolution and the base
chromosome number and ancestral state for genome size?, (2) Which cytogenetic trait (chromosome
number, heterochromatic blocks, and/or rDNA sites) is correlated with genome size variation?, and (3)
Can cytogenetic traits provide independent evidence for assessing generic boundaries in Maxillariinae?

2 Materials And Methods
2.1 Plant Material

New DNA sequences were obtained from 58 specimens (Table S1), while new cytogenetic data were
obtained from 22 taxa for karyotype analysis (Table S2), and three species for genome size estimation
(Table S2). All specimens were field-collected or provided by private collections and scientific nurseries,
including the Frederico Hoehne Orchidarium at the Institute of Environmental Research, Sao Paulo, Brazil
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(hereafter referred to as “FHQ"), the Luiz de Queiroz College of Agriculture, University of Sdo Paulo
(“ESA”), and the Hannover Botanical Garden (“HAN"). Voucher specimens were deposited in the herbaria
EAN, UFP, SP, and HUFABC (abbreviations according to Thiers, 2026). Here, we follow the taxonomic
nomenclature proposed by Blanco et al. (2007), as it represents a more detailed taxonomic treatment of
Maxillariinae. Nevertheless, Table S1 provides a parallel comparison of the classifications of Blanco et
al. (2007) and Meneguzzo & Chase (2024).

2.2 Phylogenetic analysis and estimation of divergence
times

Genomic DNA was extracted from 58 specimens representing 45 species following Doyle & Doyle
(1987), without B-mercaptoethanol. Sequence amplification was performed using Platinum Taq High
Fidelity DNA Polymerase (Invitrogen Life Technologies) and one nuclear (ITS) and four from chloroplast
regions (matK, atpB-rbcL spacer, rbcL, and ycf1) were amplified with the following primers: 17SE and
26SE for the nuclear ribosomal internal transcribed spacer (ITS) sequences (Sun et al., 1994); 19F and
trnK2R, with the internal primer 308F used for sequencing, for the plastid gene matK and the flanking
region of trnK (hereafter referred to as matK; Goldman et al., 2001; Johnson & Soltis, 1994); MaxF and
MaxR for the plastid intergenic region atpB-rbcL spacer (Whitten et al., 2007); rbcL_aF and rbcL_aR for
ribulose-1,5-bisphosphate carboxylase/oxygenase (rbcL; Kress & Erickson, 2007); and 3720F and 5500R,
with additional internal primers intF and intR used for sequencing, for ycf1 (Neubig et al., 2009). PCR
reactions followed Whitten et al. (2007) and Neubig et al. (2009), and purification and sequencing were
performed by Macrogen (Seoul, South Korea; https://dna.macrogen.com/eng/), using the same primers.
A total of 141 new sequences were generated: 34 ITS, 38 matK, 43 atpB-rbcL, 15 rbcL, and 10 ycf1 (see
asterisks in Table S1).

Additional sequences for the five amplified markers were selected from the GenBank database,
prioritizing those that (1) were associated with voucher specimens and (2) exhibited the longest
sequence length and highest quality (Table S1). A total of 202 ITS, 225 matK, 168 atpB-rbcL, 75 rbcL, and
109 ycf1 sequences were included in the analysis, totaling 931 sequences representing 267 species,
covering 25 genera of the Maxillariinae subtribe sensu Whitten et al. (2007) and Blanco et al. (2007), and
16 species used as outgroups (Table S1).

Each marker dataset was aligned using Geneious v.7.1.9 (https://www.geneious.com) with the MAFFT
v7.017 plugin (Katoh et al., 2018) and trimmed using the smart-gap function implemented in ClipKit
(Steenwyk et al., 2020). A concatenated matrix including the five markers was generated using the
package ape 5.0 (Paradis et al., 2024). Such a matrix was analyzed under Maximum Likelihood (ML) and
Bayesian Inference (BI). For both analyses, the nucleotide substitution model for each partition was
selected using the modelTest function (Posada, 2008) from the R package phangorn (Schliep, 2017).
The selected models were GTR + [+G4 for ITS, matK, atpp-rbcL, and ycf1, and HKY + | for rbcL.

ML analyses were performed in IQ-TREE2 (Minh et al., 2020) with 1,000 ultrafast bootstrap replicates
(Hoang et al., 2018), while Bl analyses were conducted in MrBayes v.3.2.7 (Ronquist et al., 2012). For BI
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analyses, one hot and three cold chains were initiated from random trees to ensure convergence across
runs. Each chain ran for 20 million generations, with a sampling frequency of 1,000 generations.
Convergence was confirmed when the average standard deviation of split frequencies fell below 0.01,
and effective sample sizes (ESS) for each run were checked in Tracer v.1.7.1 (Rambaut et al., 2018). A
burn-in of 25% was applied, and trees were summarized in a majority-rule consensus tree, with branch
support assessed by posterior probabilities (PP = 0.95 being considered strong; Cummings et al., 2003;
Simmons et al., 2004). Phylogenetic conflicts and comparisons between reconstruction methods, ML
and BI, were performed using comparePhylo and coPhyloPlot functions from the R package ape (Paradis
et al., 2019). The resulting phylogenetic trees were visualised and edited with FigTree v.1.4.4
(https://tree.bio.ed.ac.uk/software/figtree/) and Adobe Photoshop CS5 (Adobe Systems, Inc.).

Divergence times were estimated using secondary calibration points from Givnish et al. (2015) for the
divergence between Oncidiinae and Zygopetalinae subtribes, set at 17.45 million years ago (Mya) (95%
highest posterior density interval: 14.16-21.15, normal distribution prior, mean = 18, SD = 1.7) and for the
crown age of Maxillariinae, set at 13.57 Mya (95% highest posterior density interval: 10.31-17.36,
normal distribution prior, mean = 14, SD = 1.8). Divergence times for the Maxillariinae genera were
estimated using the same matrix in BEAST 1.10.5 (Suchard et al., 2018). An uncorrelated lognormal
relaxed clock model was applied to all partitions, using GTR + 1+G4 for ITS, matK, atpB-rbcL, and ycf1, and
HKY + | for rbcL, with empirical base frequencies for all partitions. The starting tree was the ML
phylogeny obtained from IQ-TREEZ2, with a fixed topology to prevent discrepancies between molecular
dating and phylogenetic results. The Yule speciation model (Gernhard, 2008; Pennel & MacPherson,
2025) was used as the tree prior. MCMC chains were run for 1 billion generations, sampling every 1,000
generations. Convergence and effective sample sizes (ESS = 300) were verified in Tracer 1.7.2 (Rambaut
et al., 2018) for all parameters. The posterior tree sample was processed in LogCombiner by applying a
25% burn-in and thinning the tree file by retaining one tree every 10 sampled trees, corresponding to one
tree every 10,000 generations. A maximum clade credibility tree was subsequently generated in
TreeAnnotator.

2.3 Cytogenetic procedures

Chromosome preparation, banding and fluorescent in situ hybridization (FISH) - For chromosome
analyses, root tips were pre-treated with 0.002 M 8-hydroxyquinoline at 10°C for 20 hours and processed
following Moraes et al. (2012). Selected slides were stained with chromomycin A, (CMA) and 4',6-
diamidino-2-phenylindole (DAPI) following Schweizer (1976). For in situ hybridization, a D2 probe from
Lotus japonicus (Pedrosa et al., 2002) and an R2 probe from Arabidopsis thaliana (Wanzebock et al.,
1997) were used to localise 5S and 35S rDNA loci, respectively, in ten species (Table S2). The FISH
protocol followed Moraes et al. (2012). Slides were analyzed under an Olympus BX51 microscope, and
selected metaphases were captured with a CCD camera and analyzed using the Image CellSens
software (Olympus, Inc.). Images were processed uniformly for contrast and brightness using Adobe
Photoshop CS5 (Adobe Systems, Inc.).
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Genome size estimation - A similar amount of sample and internal standard (Vicia faba ssp. faba var.
equina cv. Inovec; 2C = 26.90 pg; DolezZel et al., 1992) fresh leaf tissue were macerated in 0.5 mL of ice-
cold Ebihara buffer (Ebihara et al., 2005) with 0.025 pg mL-" RNAse. The nuclear suspension was filtered
and stained with 12.5 pL of a 1 mg mL~" propidium iodide solution (PI, Sigma). Analyses were performed
using a FACSCanto Il flow cytometer (Becton Dickinson, San Jose, CA, USA), kindly made available by the
Department of Chemical and Biological Sciences at IBB-UNESP (Botucatu, Brazil). Histograms were
generated with FACSDiva software based on 5,000 nuclei (events), and statistical evaluations were
conducted using Flowing Software v.2.5.1 (https://www.flowingsoftware.com/). Quality control
measurements were based on the coefficient of variation (CV) for each measurement, which was
required to be below 5%, and on the standard deviation (SD) and variance among genome size
estimates, which were required to be below 3%. These limits ensure that variation observed within and
among measurements reflects technical variation rather than intraspecific variation among individuals
(Pellicer & Leitch, 2021).

Literature survey - The literature on chromosome number and genome size in Maxillariinae was
compiled using the online database OrchidCount (https://orchidcountsdb.epizy.com/; Amorim-Silva et
al., 2026). Information on chromosome banding and the localization of 5S and 45S rDNA sites was also
recorded based on searches conducted in the Web of Science database for all studies published since
1955 (Table S3). Updated scientific names were confirmed using World Flora Online
(https://www.worldfloraonline.org) and the Taxonomic Name Resolution Service (TNRS) v.4
(https://tnrs.iplantcollaborative.org/TNRSapp.html), as well as specialised taxonomic literature.

2.4 Macroevolution: Analyses of cytogenetic traits
evolution

Macroevolutionary analyses of cytogenetic traits were performed for the subtribe Maxillariinae based on
the ML phylogeny, together with cytogenetic data generated in this study and additional data compiled
from the literature. Two pruned phylogenetic trees were generated using drop.tip function from ape
package (Paradis et al., 2019) in R (v4.3.0; R Core Team 2025). The first tree included only species with
chromosome number data and was used for ancestral chromosome number reconstruction, whereas
the second included only species with genome size data and was used for ancestral genome size
reconstruction and genome size evolution analyses. All computational analyses were carried out using
R, except when otherwise specified.

Chromosome number and karyotype rearrangements - For chromosome number and karyotype
rearrangements, we used ChromEvol v.2 (homogeneous models, Mayrose et al., 2010; Glick & Mayrose,
2014) and ChromEvol v.3 (heterogeneous models, Shafir et al., 2025). The best-fitting model, selected
based on Akaike Information Criterion (AIC; Akaike, 1974), considering AAIC < 2 (Burnham & Anderson,
2002), was reanalyzed using 10,000 stochastic simulations to estimate the expected number of
chromosome-number changes along branches and to infer ancestral haploid chromosome numbers at
selected nodes across the phylogenetic hypothesis. Based on the best-fitting model in ChromEvol v.2,
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model adequacy was assessed using the simulation-based framework implemented in the ChromEvol
web server (https://chromevol.evolseq.net/), following Rice & Mayrose (2021).

Genome size evolution - The ancestral genome size for Maxillariinae was reconstructed using the
fastAnc function from the R package phytools (Revell, 2024). Temporal changes in genome size states
was tested using four evolutionary models to evaluate whether genome size evolution is better explained
by stochastic divergence (Brownian Motion; Felsenstein, 1973), attraction towards adaptive optima
(Ornstein-Uhlenbeck; Butler & King, 2004; Cressler et al., 2015), rapid early diversification (Early Burst;
Harmon et al., 2010), or present no association with phylogenetic history (White Noise; Week et al.,
2021). The best-fitting model was identified based on the corrected Akaike Information Criterion (AICc;
Akaike, 1974), considering AAIC < 2, using the fitContinuous function from the R package geiger (Pennell
et al., 2014). The phylogenetic signal, which reflects the tendency for phylogenetically closely related
species to be more similar to each other for a given trait, was estimated with Pagel's A (Pagel, 1999) and
Blomberg's K (Blomberg et al., 2003) indexes using the phylosig function from the R package phytools
(Revell, 2024).

Cytogenetic traits associations - To test whether cytogenetic traits explain variation in genome size
while accounting for phylogenetic non-independence, we conducted phylogeny-based regressions using
Phylogenetic Generalized Least Squares (PGLS) using both pgls function (R package caper; Orme et al.,
2023) and likelihood-based generalized least squares models (gls function, R package nime; Pinheiro et
al., 2023), combined with a Pagel’s A correlation structure (corPagel from R package ape; Paradis et al.,
2019). Genome size was treated as the response variable, whereas chromosome number, number of
heterochromatic blocks, and number of rDNA sites were treated as explanatory variables.

Because cytogenetic traits were not available for all species, univariate PGLS models were fitted using
datasets containing the intersection of species for which genome size and the respective predictor were
available. To enable direct comparison among alternative predictors, an additional reduced dataset
including all cytogenetic traits was assembled, and all competing models were fitted using the same
species set and a consistently pruned phylogeny.

For multivariate models, potential collinearity among explanatory variables was assessed using variance
inflation factors (VIF function from R package car; Fox et al., 2026). Model support was evaluated using
the corrected Akaike Information Criterion (AlCc) calculated with the AlCc() function from the R package
MuMin (Barton 2026), considering AAIC < 2. Parameter estimates and statistical significance were
interpreted in conjunction with model comparison results and the estimated strength of phylogenetic
signal.

3 Results
3.1 Phylogenetic analysis and divergence times
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The concatenated alignment matrix included 267 species and comprised 7,079 aligned nucleotide sites
with 3,578 unique sites, 26.5% of missing data, and 1,712 parsimony informative sites. The ML (Fig. 1A
and Fig. S1A) and BI (Fig. S1B) trees were largely congruent (Fig. S2). Differences between the analyses
mainly involved minor rearrangements among species within genera or shifts in the position of some
genera, such as Brasiliorchis (Fig. S2). Several dichotomies recovered in ML appeared as polytomies in
Bl. Consequently, the ML tree contained 266 nodes and the Bl tree 230 nodes. In total, 55 clades were
recovered only in ML, whereas 19 were recovered only in Bl (Fig. S3).

Despite these small differences, both analyses recovered all genera as monophyletic, except Heterotaxis
and Nitidobulbon. Nitidobulbon proboscideum was recovered outside the clade comprising the remaining
species of Nitidobulbon and Heterotaxis, whereas the other two Nitidobulbon species [N. cymbidioides
and N. nasutum] formed a well-supported clade nested within Heterotaxis in both ML and Bl trees (Fig.
S1).

According to the divergence-time analysis, the crown age of Maxillariinae was estimated at 15.59 Mya
(Fig. 1B and Fig. S4). The clade comprising Hylaeorchis petiolaris, Bifrenaria, Rudolfiella, and Scuticaria,
corresponding to Bifrenaria sensu Meneguzzo & Chase (2024) (Group 1 in Table S1), was estimated to
have originated at 11.16 Mya. In this clade, two genera of Amazonian origin diversified more recently in
the Atlantic Forest, forming distinct clades: Scuticaria, which originated at 7.75 Mya in the Amazonian
region, diversified in the Atlantic Forest at approximately 4.87 Mya, while Bifrenaria, which originated at
6.85 Mya in the Amazonian region and dispersed to and diversified in southeastern Brazil at 3.32 Mya
(Fig. S4).

The clade corresponding to Maxillaria sensu Meneguzzo & Chase (2024) (Group 2 in Table S1) was
estimated to have originated at 13.06 Mya, with 12 out of the 17 genera sensu Blanco et al. (2007)
showing crown ages between 8 and 6 Mya. The five exceptions were Cryptocentrum, the oldest genus in
Maxillariinae, with an estimated crown age of 8.58 Mya, and the more recently diversified genera
Rhetinantha (4.06 Mya), Sauvetrea (4.04 Mya), Mapinguari (2.54 Mya), and Cyrtidiorchis (2.17 Mya). The
clade comprising Xylobium, Lycaste, Ida, and Anguloa (Group 3 in Table S1) has an estimated crown age
of 10.88 Mya and genera crown ages ranging from 4.84 Mya to 2.14 Mya, the latter corresponding to
Anguloa, the youngest genera in Maxillariinae.

3.2 Cytogenetic characterization

The chromosome numbers of 22 taxa distributed across 11 genera sensu Blanco et al. (2007), or three
genera sensu Schuiteman & Chase (2015) and Meneguzzo & Chase (2024), were determined (Table 1,
Figs. 2 and 3). Twelve of the 22 taxa presented here with chromosome number data were also reported
in a previous study (Moraes et al., 2022), with the same individuals analyzed in both studies (see PW in
Table S3). When combining our data with compiled data from the literature, our complete dataset
comprised chromosome numbers for 107 species (Table S3), which presented diploid chromosome
number ranging from 2n = 36 to 60, with a prevalence of chromosome numbers between 2n =36 and 42
(account for 88.03% of all records), with 2n = 40 being the most prevalent chromosome number
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(56.41%). Such a tendency could be observed both in the present analyzed species, as in the literature
survey. Polyploid cytotypes were described for three species (2.8% of taxa): Bifrenaria tyrianthina var.
magnacalcarata, Bif. tetragona, and Christensonella subulata, each presenting cytotypes with 2n =38 and
2n =76. Maxillariella alba, analyzed here presenting cytotypes of 2n =40 and 2n = 60, could be
considered the fourth species if 2n = 60 represent a triploidy. Dysploid cytotypes were observed in seven
species (6.54% of recorded species; Table S3).
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Table 1

Cytogenetics results for analysed species. The chromosome number, number and position of
heterochromatic bands (CMA and DAPI), and 5S and 45S rDNA sites are presented. Concerning
heterochromatic bands and rDNA sites, the number of bands/sites following the position on the

chromosome (tr = terminal, px = proximal, int = interstitial) are presented. The table follows the

taxonomic proposal of Blanco et al. (2007), and for each genus, the total number of taxa according to
Blanco et al. (2007) and/or the World Flora Online database is presented in parentheses.

Species 2n CMA+ DAPI+ rDNA rDNA 1Cx Fig.
5S 45S (pg)

Brasiliorchis Singer, Koehler and Carnevali (13)

Brasiliorchis consanguinea 40 4 px 0 2 int 4 px 3A-
(Klotzsch) R.B.Singer, S.Koehler B
and Carnevali+

Camaridium Lindl. (80)

Camaridium ochroleucum Lindl. 38 2px+2 2 px 2A
int

Lycaste Lindl. (51)

Lycaste aromatica (Graham) 40 2int+2 0 2tr 2tr 3C-
Lindl. tr D

Maxillaria Ruiz and Pav. (200)

Maxillaria bradei Schitr. ex 40 2tr 2 px 21r 21tr 3E-

Hoehne+ F

Maxillaria crocea Lindl. 40 2px+2 6 px 2B
tr

Maxillaria kegelii Rchb.f. 40 2px+2 6 px 2C
tr

Maxillaria leucaimata Barb.Rodr.+ 40 2tr 4 px 2 px+ 21r 3G-

2 tr** H

Maxillaria ochroleuca Lodd. ex 40 2tr 14 px 2D

Lindl.

Maxillaria spiritu-sanctensis 40 4int+2 6 px 2E

Pabst tr

Maxillariella Blanco and Carnevali (50)

Macxillariella alba (Hook.) Blanco 60 4tr 0 2F
and Carnevali

Maxillariella aff. alba (Hook.) 50 2px 0 2G
Blanco and Carnevali

Maxillariella tenuifolia (Lindl.) 40 2px 0 2H
Blanco and Carnevali+
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Species

Gentil+

Blanco+

Blanco+

Makxillariella variabilis (Bateman
ex Lindl.) Blanco and Carnevali+

Mormolyca Fenzl (25)

Mormolyca ringens (Lindl.)

Mormolyca rufescens (Lindl.)

Nitidobulbon nasutum (Rchb.f.)
Ojeda and Carnevali+

Ornithidium Salisb. ex R.Br. (60)

Ornithidium adendrobium
(Rchb.f.) Blanco and Ojeda

Rhetinantha Blanco (15)
Rhetinantha cerifera (Barb.Rodr.)
Rhetinantha friedrichsthalii
(Rchb.f.) Blanco+

Scuticaria Lindl. (9)

Scuticaria irwiniana Pabst.
Scuticaria itirapinensis Pabst.
Scuticaria kautskyi Pabst.

Scuticaria steelei (Hook.) Lindl.+
Trigonidium Lindl. (7)

Trigonidium acuminatum
Bateman ex Lindl.

Trigonidium obtusum LindlI.

2n

42

40

40

46

38

36

40

40

40

CMA+

Brasiliorchis Singer, Koehler and Carnevali (13)

2 px

41r

16 px

2int+4
tr

2 pXx

2px+2
int

2 tr

2 sm px
+ 38 px*

2 tr

2tr

DAPI+ rDNA
58

0 2 px

30 px

18-20

pX

Nitidobulbon Ojeda, Carnevali and Romero (three species)

12 px

0 21tr
0

2 px 4tr
0 2 int
0 2 int
0 2 int

rDNA 1Cx
45S (pg)
2 px
2 px
21r
5.06
4.25
10.9
2 px
21r
21tr

Fig.

3L-

2l

2J

2K

3I-K

2L

3N-

3P-

3R-

3T-

The banding/signal positions are classified as terminal (tr), proximal (px), or interstitial (in).
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* duplicated proximal DAPI+ bands, one in each chromosome arm
**duplicated 5S rDNA sites indicated by the presence of two sites in the same chromosome arm.
+' indicate specimens already analysed on Moraes et al. (2022) for chromosome number

A considerable variation in heterochromatic banding patterns was observed among the 22 taxa analyzed
(Table 1, Figs. 2 and 3). All taxa showed GC-rich heterochromatic blocks (CMA* bands) and 11 taxa also
presented AT-rich proximal heterochromatic blocks (DAPI* bands). While CMA* bands varied in both
number and chromosomal position, DAPI* bands were consistently located in proximal regions and
varied only in number (Fig. 4).

The most common pattern was two CMA* band pairs, detected in 11 taxa (50%) and located in proximal
and/or terminal positions (Fig. 4), followed by four CMA* band pairs, detected in seven taxa (31.8%). The
highest number of CMA* bands was observed in Scuticaria steelei (2n = 40; Fig. 3P), which presented one
pair of large proximal CMA* bands and minor heterochromatic bands on all other chromosomes. This
species also differs from all other Maxillariinae genera by its large chromosomes, measuring
approximately 5-6 um (Fig. 3P-Q). Proximal distended CMA* bands were observed in four taxa:
Camaridium ochroleucum (2n = 38; Fig. 2A), Brasiliorchis consanguinea (2n = 40; Fig. 3A), Mor. rufescens
(Fig. 2J), and Ornithidium adendrobium (2n = 38; Fig. 31-K). Among the 18 surveyed genera (Table S3),
CMA* bands were typically located in terminal regions, whereas DAPI* bands, detected in 37 species
from ten genera, were most commonly located in proximal regions (83.33%). Only six species (16.67%)
showed terminal DAPI* bands, and one species, Rudolfiella aurantiaca, presented both terminal and
proximal DAPI* bands.

The most common pattern for the 5S rDNA sites in present study (Table 1 and Figs. 3 and 4B) was one
pair. Among the ten analyzed species, two exhibited two pairs of 5S rDNA: Max. leucaimata with four
sites occur on a single chromosome pair (Fig. 3G-H) and Rhe. friedrichsthalii with two pairs of 5S rDNA
sites on two separate chromosome pairs(Fig. 3N-O). Considering the 35S rDNA sites, it is always co-
localized with CMA* band and the present data suggest that the most common pattern is a single
terminal pair (Fig. 3; Table 1), in agreement with the pattern observed when the full dataset is considered
(Table S3): c. 60% of species present one site pair and 69.4% present terminal sites.

The literature survey retrieved data for 38 species, totalizing information for 48 species when combined
with the present dataset (Table S3). The most common pattern for 5S rDNA was also a single pair of
sites (45.61%; Table S3). A higher number of site pairs were observed in 18 species with 15 species
presenting two pairs, Rud. aurantiaca with three pairs, Tri. egertonianum with four pairs and Brasiliorchis
porphyrostele presenting three sites (one homomorphic and one heteromorphic pair). The position of 5S
rDNA sites was variable, with 45.61% located at the terminal position, 28.07% at the interstitial position,
and 26.07% of sites at the proximal position. However, when well-sampled genera were considered, a
consistent positional pattern emerged. For example, Bifrenaria (44.4% of the genus sampled) presented
5S rDNA sites predominantly at the proximal position, Brasiliorchis (76.9%) predominantly at the terminal
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position, and Christensonella (45.5%) predominantly at the interstitial position (Table S3). A recurrent
chromosome rearrangement affecting 5S rDNA sites involved site duplication, resulting in two sites on
the same chromosome, one located proximally and the other at the interstitial or terminal position
detected in five species from five different genera (Table S3). The number of 35S rDNA sites was less
variable than that of 5S rDNA: 29 species (60.42%) presented one pair of sites and 18 species (37.50%)
presented two pairs, whereas Brasiliorchis ubatubana presented five pairs. The chromosomal position of
35S rDNA sites was also less variable, with 69.4% located at the terminal position and 30.6% at the
proximal position, and no interstitial sites observed.

The genome size was determined for three Scuticaria species: Scu. irwiniana Pabst, 1C = 5.06 pg; Scu.
itirapinensis Pabst, 1C = 4.25 pg; and Scu. kautskyi Pabst, 1C = 10.90 pg (Table 1 and Table S3).
Combining literature records with the data obtained here, genome size estimates were available for 67
species and varied nearly sevenfold, from 1C = 1.59 pg in Tri. acuminatum to 1C = 10.93 pg in Scu.
kautskyi (Table S3), both species presenting 2n = 40. Despite the large variability and large genomes, the
average 1C-value for Maxillariinae is 1C = 3.45 + 1.35 pg (Table S3).

3.3 Macroevolution - Analysis of character evolution.

Considering the punctual differences detected between both phylogenetic reconstruction methods, the
macroevolution analyses were performed using the ML phylogenetic tree which showed a low number of
politomies.

3.3.1 Chromosome number and genome size evolution and
ancestral reconstruction

The analysis using ChromEvol v.2 suggested x = 20 as the base chromosome number for subtribe
Maxillariinae (Fig. 5), which was conserved in 80% of genera (Table 2). The best fitting model was
Constant Rate Demi; however, considering the AAIC < 2, this model cannot be clearly distinguished from
Linear Rate Demi and Constant Rate Demi Est (Table S4). These models assume ascending and
descending dysploidy, duplication and demi-duplication in very similar rates (Table S4); however,
whereas the two former models assume duplication and demi-duplication at the same rate, the last
assumes that these events occur at independent rates. The difference between the two former models
lies in the rate of chromosome number change: while the constant-rate model assumes that changes
occur independently of the current chromosome number, the linear-rate model allows changes to depend
on its current value.

ChromEvol v.3, which allows heterogeneous models, inferred the model without rate shifts (i.e.,
equivalent to the homogeneous model) as the most suitable, with karyotype change rates consistent
with those obtained using ChromEvol v.2 (Table S4). In both analyses, ascending and descending
dysploidy were the most frequent rearrangements, particularly descending dysploidy. However, the base
chromosome number inferred by ChromEvol v.3 was x = 18 for Maxillariinae, but matched ChromEvol v.2
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ancestral base number for all genera (Table 2). The very low rate of base number transitions indicates
that this shift is negligible for Maxillariinae (Table 2 and Table S4).
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Table 2

Compilation of cytogenetic data for Maxillariinae genera based on a literature survey combined with new
data obtained in this study. For each genus with more than one species sampled in the phylogeny and
with available chromosome number and genome size data, we report the genera total number of
species, following Blanco et al. (2007), the number of species with chromosome number and genome
size data reported (with sampling percentages), and the estimated ancestral base chromosome number
and genome size.

Genus Total Sampled Base Sampled Ancestral
Number  Species with Chromosome Species Reconstruction
of Chromosome Number (x) with of Genome Size
Species  Number (%) Genome (1C, in pg)

Size (%)

Anguloa Ruiz & 14 3(21.40) 20 2 (14.3) 3.72

Pav.

Bifrenaria Lindl. 23 10 (43.50) 19 7 (30.4) 3.67

Brasiliorchis 13 12 (92.30) 20 10 (76.9) 3.7

Singer, Koehler &

Carnevali

Camaridium 80 4 (5) 20 3(3.7) 2.73

Lindl.

Christensonella 12 8 (66.70) 18 8 (66.7) 2.41

Szlach., Mytnik,

Gorniak &

Smiszek

Heterotaxis Lindl. 13 /3 8(61.5)/1 20 6 (46.15) 3.22

/ Nitidobulbon (33.3) /0

Ojeda, Carnevali

& Romero

Lycaste Lindl. 51 12 (23.53) 20 3(5.88) 3.26

Maxillaria Ruiz & 200 11 (4.40) 20 4(2) 2.57

Pav.

Maxillariella 50 8 (16) 20 4 (8) 2.83

Blanco &

Carnevali

Mormolyca Fenzl, 25 2 (8) 20 2 (8) 2.89

Denkschr.

Ornithidium 60 6 (10) 20 2(3.3) *

Salisb. ex R.Br.

Rhetinantha 15 4 (26.70) 19 2 (13.35) 2.86

Blanco

Scuticaria Lindl. 12 2 (16.67) 20 5(41.67) 3.94

Trigonidium 7 4 (57.10) 20 4 (57.10) 2.63

Lindl.
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Genus Total Sampled Base Sampled Ancestral
Number  Species with Chromosome Species Reconstruction
of Chromosome Number (x) with of Genome Size
Species  Number (%) Genome (1C, in pg)

Size (%)
Xylobium LindlI. 39 4 (10.26) 20 3(7.69) 3.83

Since the best-fitting models showed similar support and karyotype change rates, model adequacy was
assessed using the Constant Rate Demi homogeneous model. Good performance was observed for
Variance (p = 0.31) and Shannon’s entropy (p = 0.07), indicating that simulated chromosome numbers
fall within parameter space and that chromosome numbers are relatively homogeneously distributed
across the phylogeny (Table S5). The last two parameters, related to Parsimony, both showed p = 0.0
(Table S5), suggesting that the model overestimates the number of chromosomal changes across the
phylogeny and through time.

The ancestral genome size of Makxillariinae was estimated at 1C = 3.74 pg, with a tendency toward
genome size reduction throughout the phylogeny (Fig. 5, Table 2). Punctual increases were observed in
Scuticaria and specific terminals inside Brasiliorchis (Fig. 5).

3.3.2 Evolutionary mode and trait evolution of genome size

Three evolutionary models were tested, Brownian Motion (BM), Ornstein—Uhlenbeck (OU), and Early
Burst (EB), along with the White Noise model (WN), used as a non-phylogenetic null model (Table S6).
BM and OU were the best-fitting models (AAIC < 2); however, the a parameter in the OU model was
estimated as zero, indicating that the OU process collapses to BM. Both Blomberg's K and Pagel’s A
indicated strong phylogenetic signal (K =0.589 and A = 0.999, respectivelly; Table S6).

3.3.3 Associations among karyotypic traits and genome
size

To test which karyotype traits are associated with genome size and may explain its variation, the
relationships between genome size and three karyotype traits are tested. The karyotype variables
showed no evidence of collinearity (variance inflation factors: 1.17, 1.16, and 1.03 for chromosome
number, number of heterochromatic blocks, and number of rDNA sites, respectively); therefore, both
univariate and multivariate models were evaluated. Univariate and multivariate PGLS analyses yielded
inconsistent results depending on the implementation used.

In univariate analyses, models including karyotype predictors did not outperform the null model (Table
S7) indicating that chromosome number, heterochromatin block number, and rDNA site number do not
explain additional variation in genome size beyond phylogenetic effects. Even considering a small
dataset composed only of species with data for the four karyotype traits, no model outperformed the null
model (Table S8).
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In contrast, multivariate PGLS analyses implemented using the pgls function detected an effect of
heterochromatin block number on genome size variation in Maxillariinae (p = 0.034; Table S9). However,
this effect was not supported by likelihood-based generalized least squares models (gls with Pagel’s A).
Likelihood-based GLS models showed better performance than pgls-based models (AAICc = 36.45).
Such results reinforce the conclusion that karyotype traits do not independently explain genome size
variation in this clade, in agreement with univariate PGLS analyses.

In all models, Pagel’s A was estimated at or near 1, indicating a strong phylogenetic signal in genome
size and suggesting that most of the observed variation is explained by shared evolutionary history
rather than by the tested cytogenetic predictors (Fig. 4).

4 Discussion

In the present study, we obtained karyological and genome size data for 25 taxa (22 and three taxa,
respectively) across 11 genera of the subtribe Maxillariinae (sensu Blanco et al., 2007). Additionally, we
compiled published chromosome number data (now available for 107 species) and genome size data
(now available for 67 species) for the group. Based on this combined dataset and in the light of a new
time calibrated phylogeny, we modeled chromosome number and genome size evolution, estimating
ancestral states for both traits. These approaches allowed us to assess karyotype and genome size
diversity within Maxillariinae, evaluating whether genome size variation could be explained by other
cytogenetic traits or its variation is explained by Maxillariinae evolutionary history and if cytogenetic
traits are taxonomically informative to elucidate Maxillariinae genera boundaries.

4.1 Maxillariinae phylogeny and divergence times

Our results largely agree with Whitten et al. (2007), and the few differences detected are mainly
associated with polytomies described by the latter. Almost all genera were recovered as monophyletic in
both studies, with the main difference being the recovery of Nitidobulbon nested within Heterotaxis in the
present study.

The small genus Nitidobulbon has already been considered part of Heterotaxis due to its morphological
similarity and could be misidentified as Heterotaxis, especially when only vegetative material is available
(Ojeda et al., 2003; 2009). Phylogenetic analyses have recovered Nitidobulbon as monophyletic using
both morphological data and nuclear ITS marker (Ojeda et al., 2003; Moraes et al., 2017), but as nested
within Heterotaxis when chloroplast markers were used, as observed here. Even with our sampling, when
only the ITS marker was used, Nitidobulbon was recovered as monophyletic (Fig. S5). Such differences
between nuclear and chloroplast markers suggest potential hybridization between genera (Moraes et al.,
2016), reflecting the close relationship between Nitidobulbon and Heterotaxis.

Despite its importance in the Neotropical epiphytic stratum, Maxillariinae has been poorly represented in

biogeographic studies and time-calibrated phylogenies. Based on limited sampling, crown age estimates

for Maxillariinae have varied widely among studies (Gustafsson et al., 2010; Givnish et al., 2016; Pérez-
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Escobar et al., 2017; Serna-Sanchez et al., 2021). Nevertheless, more recently, Zhang et al. (2023)
estimated the crown age of Makxillariinae at 11.62 Mya and suggested a recent diversification during
Late Miocene epoch (Neogene Period), presenting one of the highest diversification rates among
Neotropical epiphytes, as also suggested by Pérez-Escobar et al. (2024). The crown age estimates of
Zhang et al. (2023) are broadly consistent with ours, although slightly younger for the three main clades:
Bifrenaria sensu Meneguzzo & Chase (2024), 9.02 Mya (7.93-9.14 Mya) versus 11.23 Mya here;
Maxillaria sensu Schuiteman & Chase (2015), 8.67 Mya (8.21-8.94 Mya) versus 13.10 Mya here; and the
clade comprising Xylobium, Lycaste, Ida, and Anguloa (Lycaste sensu Meneguzzo et al., 2022), 9.43 Mya
(8.84-9.96 Mya) versus 10.94 Mya here. Therefore, despite differences in absolute age estimates,
previous studies and the present analysis consistently support Maxillariinae as a relatively young lineage
that experienced rapid evolutionary radiation during the Neogene Period, with genera diversifying mainly
in the last 8 to 6 Mya.

Overall, the information generated here establishes the evolutionary context needed to interpret the
mechanisms underlying karyotype and genome-size evolution, and lineage boundaries in Maxillariinae
based on multiple evidences. The recent origin of the subtribe, together with its high diversification rate,
suggests that many of the present chromosomal rearrangements observed occurred over a relatively
short evolutionary interval.

4.2 Karyotype diversity in Makxillariinae

The subtribe Maxillariinae shows a conserved chromosome number ranging from 2n = 36 to 60, both in
the new data presented here and in the literature survey. Considering the ten taxa not included in Moraes
et al. (2022; Table S3), for four taxa this is the first report of chromosome number [Maxillaria ochroleuca,
Max. spiritu-sanctensis (both with 2n = 40), Maxillariela aff. alba (2n = 50), and Ornithidium adendrobium
(2n = 38)] and four species showed the same chromosome number as previously reported in the
literature [Lycaste aromatica, Maxillaria crocea Lindl., Trigonidium acuminatum, and Tri. obtusum, all with
2n = 40; Table S3]. The two remaining species differed from those reported in the literature: Maxillariela
alba (2n = 60 here vs. 2n = 40; Blumenschein & Paker, 1963) and Camaridium ochroleucum, with a
dysploid variation (2n = 38 here vs. 2n = 40; Blumenschein and Paker, 1963).

The origin of the cytotypes reported here for Maxillariella alba (2n = 40 and 2n = 60) may represent a
polyploid cytotype, representing one of the four species with polyploid cytotypes described in the
subtribe. The other three polyploid cytotypes represent species that exhibit niche divergence by changing
habit from epiphytic to obligatory or facultative lithophytic habit. For example, Bifrenaria tyrianthina var.
magnacalcarata is the only species in the genus exclusively rupicolous, whereas the remaining Bifrenaria
species are predominantly epiphytic (Koehler et al., 2004; Moraes et al., 2017). The morphological
differences between epiphytic and rupicolous populations led Frederico Hoehne (1950) to propose two
varieties of Bif. tetragona: Bif. tetragona var. umbrophila and B. tetragona var. rupicola, both currently
treated as heterotypic synonyms of B. tetragona (2n = 38/76). Similarly, Christensonella subulata (2n =
38/76) occurs preferentially on rocky outcrops and is the only species of the genus also recorded in
mountain savannas with rocky outcrops, an environment characterized by high solar radiation, water
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deficit, and shallow soils (Koehler et al., 2012). Such a shift away from the ecological niche of diploid
counterparts is commonly associated with polyploid success.

Despite the well-established role of polyploidy as a major driver of plant evolution (Heslop-Harrison et al.,
2023), including in different orchids lineages (Del Prete et al., 1991; D’Emerico et al., 2005; Cordeiro et al.,
2018), in Maxillariinae, polyploidy seems to have a limited role, with polyploid cytotypes primarily
associated with intraspecific variation (Felix & Guerra, 2000; Koehler et al., 2008; Moraes et al., 2016;
2017; 2022) and environmental heterogeneity, raising the possibility that polyploidy is linked to local
adaptation in distinct ecological contexts (e.g., Griinig et al., 2024; Mortier et al., 2024; Lu et al., 2025;
Pungarsek et al., 2026). Indeed, niche shifts, through the associated environmental stress, may promote
a higher frequency of unreduced gametes, thereby favoring polyploid formation (Ramsey & Schemske,
1998; Soltis et al., 2003; Parisod et al., 2010; Van der Peer et al., 2021). The niche shifts may evolve as a
consequence of geographical differentiation after polyploidy rather than as direct adaptations to
environmental stress (Clo et al.,, 2022; Kauai et al., 2026). Additionally, considering the recent
Maxillariinae, mostly between 8 and 6 Mya, the low frequency of polyploid species may be associated
with the absence of major geological disturbances which could promote ancient large-scale whole
genome duplication events (Van de Peer et al., 2021; Chen et al., 2026).

However, delayed effects of older genome duplication events could still be shaping the evolution of this
clade, especially through dysploidy, which is one of the most common mechanisms in the diploidisation
process (Mayrose & Lysak, 2021; Li et al., 2021). Finally, niche shifts could be observed in the three
Maxillariinae species with polyploid cytotypes; however, Maxillariella alba (2n = 60) showed no apparent
change in habit or distribution compared with its related diploid cytotype.

4.3 Dysploidy as the main mechanism shaping karyotype
in Maxillariinae

Dysploidy seems to play a central role in chromosome evolution in this group, as well as in angiosperms
(Carta et al., 2020). Here, the importance of dysploidy is reflected in the observed data and supported by
karyotype evolution analyses performed using ChromEvol (v.2 and v.3), as well as the chromosome
banding pattern and in situ localization of 5S and 35S rDNA. The convergence among these different
lines of evidence strongly indicates that karyotype evolution in Maxillariinae is driven primarily by
structural rearrangements associated with ascending and descending dysploidy, rather than by genome
duplication events.

The basic number (x) suggested to Maxillariinae s.I. is x = 20/18, which agrees with the widely observed
2n = 40 throughout the subtribe and also largely found within the subtribe Stanhopeinae (Felix & Guerra,
2000), the sister clade to Maxillariinae (Whitten et al., 2000). The frequent dysploidy observed in the
subtribe can be found both in generic and infrageneric levels. For example, among the fifteen analyzed
genera with more than three species sampled, only four genera showed a stable diploid chromosome
number, whereas ten genera exhibited dysploid variation (either dysploid species and/or dysploid
cytotypes).
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The extensive variation in heterochromatin banding patterns revealed by CMA/DAPI in Maxillariinae, as
observed in Christensonella (Koehler et al., 2008) and Heterotaxis (Moraes et al., 2017), as well as in
other orchid groups, as in Paphiopedilum (Cox et al., 1998; Lan et al., 2011) illustrate the importance of
centric fusion-fission as the source of the observed ascendent dysploidy tendency (Jones, 1998; Perry et
al., 2004). Nevertheless, in the case of Cam. ochroleucum analyzed here, the dysploidy difference (2n =
38 vs. 2n = 40) could be suggested as a consequence of technical error, since distended constrictions
may favour erroneous chromosome counts by conventional staining. Chromosome number
determinations that rely solely on conventional techniques may yield erroneous results, since distended
regions often do not stain. Hence, to confirm undocumented or ambiguous chromosome counts
reported in the literature, techniques such as heterochromatin banding are desirable, as they ensure that
distended heterochromatic blocks are stained and detectable, allowing not only the correct chromosome
number determination, as the identification of chromosome rearrangements involved in dysploid
variation.

Also the rDNA localization can reveal structural chromosome rearrangements. The most common
organization of 5S and 35S rDNA in plants is two sites for both markers, with 5S preferentially located in
proximal positions, whereas 35S is commonly located in terminal positions (Roa & Guerra 2012; 2015;
Garcia et al., 2017). Our results agree with those previously suggested by these authors, except for the
recurrent terminal position of 5S rDNA in Makxillariinae.

An atypical 5S rDNA organization with two 5S rDNA sites on the same chromosome was observed in five
Maxillariinae species, suggesting a structural rearrangement, such as a chromosome inversion.
However, such rearrangements can be favored by the known association between rDNA sites (both 5S
and 35S rDNA) and transposable elements (TE; Garcia et al., 2024). TEs may carry rDNA fragments,
affecting the number and position of rDNA sites by mobilizing them across the genome or promoting
structural rearrangements through recombination (Garcia & Gaiesky, 2015). For example, the TEs
Cassandra, En/Spm-like, and Ty1-copia-like elements are found commonly associated to 5S rDNA
(Kalendar et al., 2008; Raskina et al., 2004), with the former presenting a mimic of 5S rDNA promoter
sequence in its LTR region (Maiwald et al., 2024). These TEs could favour the origin of new rDNA sites on
the same chromosome or on different chromosomes, as detected in some Maxillariinae species.
Multiple 35S rDNA sites may likewise have been favored by TE-rDNA associations, which could have
promoted the spread of rDNA sites across the genome in orchids, as suggested in Paphiopedilum (Lan et
al., 2011; Garcia et al., 2024). In this sense, TE-mediated displacement of rDNA sequences could partially
explain the diversity of 5S and 35S rDNA patterns observed in Maxillariinae, both by moving sequences
across the genome and by promoting structural chromosomal rearrangements.

4.4 Genome size diversity and evolution in Maxillariinae

According to Leitch et al. (2010), the genome size in Maxillariinae should be considered small (median
1C =3.38 pg and mean 1C = 3.45 pg). The ancestral genome size for the subtribe and for the genera are
similar, with lineage-specific reductions and increases detected across the subtribe. The genome size
variation reflects the karyotype evolutionary history, with its dysploid and polyploid events, as well as the
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accumulation/excision of repetitive DNA (Bhadra et al., 2023). Considering species with stable
chromosome number, the genome size increase reflects a higher amplification than excision rate, which
is suggested to be particularly observed in species with 1C = 10 pg. Depending on the organization of the
repetitive sequences, such sequences could be detected as heterochromatic blocks, as already
observed in plants (e.g., Capsicum; Park et al., 2011) and animals (such as bats; Volleth et al., 2023). In
orchids, a direct correlation between heterochromatic blocks and genome size was detected in
Phalaenopsis (Kao et al., 2001) and in Brasiliorchis (Moraes et al., 2012). Taking into account the
sevenfold genome size variation in Maxillariinae, along with a robust phylogeny and a large karyotype
characterization dataset, it is possible to discuss the origin of genome size variation: whether it is
caused by changes in chromosome number (dysploid and/or polyploid) or by repetitive DNA expansion,
and if such expansion could be detected as heterochromatic blocks and/or rDNA sites.

The best-fitting model, Brownian Motion, suggests that genome size evolves through the gradual
accumulation of small and random changes along the phylogeny and it was already suggested as the
best-fitting model for genome size in a sample of Maxillariinae orchids (Moraes et al., 2022). The present
results agree with the strong phylogenetic signal detected (A = 0.999), indicating that closely related
species tend to exhibit similar genome sizes, as commonly observed in different angiosperm groups
(Ortiz et al., 2026; Barbosa et al., 2026) and reinforce the assumption that phylogenetic comparative
methods are mandatory when studying trait evolution and associations (Whitney and Garland Jr., 2010;
Barbosa et al., 2026). The alpha value (a = 0) indicates no detectable attraction towards an evolutionary
optimum, which makes the Ornstein-Uhlenbeck model converge to Brownian Motion, suggesting that
genome size diversification is better explained by phylogenetic history than by stabilizing selection
around a particular value. However, Ornstein-Uhlenbeck model outperformed Brownian Motion in an
alternative orchid sample (Travnicek et al., 2019) and other plant groups (e. g., Bromelioideae; Paule et
al., 2020).

4.5 Are karyotype traits associated with genome size?

The overall effect of karyotype traits on genome size variation reveals no association with chromosome
number, probably due to the low rate of polyploidy in the subtribe and the lower effect of recurrent
dysploidy, which changes chromosome number but, usually, does not affect genome size in a substantial
manner. Decoupling between chromosome number and genome size has already been suggested (Carta
et al., 2020; Martin-Hernanz et al., 2026). However, the weak association between genome size and
heterochromatin blocks was detected, but it was restricted to a single multivariate PGLS implementation
and was not supported by information-theoretic model comparison. In this sense, such a result should
be interpreted as a method-dependent artifact rather than robust evidence of an association, not
supporting the suggested correlation between genome size and heterochromatic blocks as previously
suggested (Kao et al., 2011; Moraes et al., 2012; Volleth et al., 2023), but agreeing with literature which
did not find correlation between maize genome size and knob heterochromatin (Realini et al., 2021),
neither rDNA sites number (Barbosa et al., 2026). Consistent with this interpretation, genome size
variation in Maxillariinae likely reflects variation in the repetitive DNA fraction dispersed throughout the
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genome rather than organized into heterochromatic blocks or rDNA sites, following the tendency
observed in different groups of plants and animals (Potapenko et al., 2026, Zhao et al., 2025). In
Maxillariinae, the genus Scuticaria illustrates this pattern.

Despite presenting the largest genome sizes in the subtribe, all Scuticaria species present 2n = 40, the
most common chromosome number in Maxillariinae, reinforcing the limited role of numerical karyotype
changes in genome size evolution within the subtribe. Furthermore, the Scuticaria species analyzed so
far do not present large heterochromatic blocks on their chromosomes; however, their chromosomes are
two to four times longer than the average chromosome of the other genera, suggesting that the
accumulated repetitive sequences are spread throughout the karyotype, increasing the chromosome
size as observed in Helianthemum (Martin-Hernanz et al., 2026), rather than organized into distinct
blocks, as detected in Brasiliochis schunkeana (Moraes et al., 2012). Together, these results indicate that
genome size evolution in Maxillariinae is largely decoupled from karyotype traits as chromosome
number variation, heterochromatic blocks and/or rDNA sites and may be driven primarily by lineage-
specific changes in dispersed repetitive DNA content, making this DNA fraction an important
mechanism driving genome evolution in Maxillariinae.

4.6 Insights on Maxillariinae generic boundaries based on
cytogenetic traits

Generic boundaries in Maxillariinae have been the subject of intense taxonomic debate in recent
decades, often alternating between approaches that recognize smaller, more homogeneous lineages
(splitting proposals by Whitten et al., 2007; Blanco et al., 2007) and more conservative proposals that
recognize a small number of broadly circumscribed genera (lumping as suggested by Schuiteman &
Chase, 2015; Meneguzzo & Chase, 2024). Although both approaches only recognized monophyletic
groups, they may differ in how well they reflect the biological diversity and evolutionary history of the
lineages. For example, Schuiteman & Chase (2015) suggested further enlarging the original megagenus
Maxillaria, arguing that a single megagenus would be easily morphologically diagnosable by its one-
flowered inflorescence and non-plicate leaves. On the other hand, many taxonomists, since Hoehne
(1947), have argued that smaller clades make scientific names more predictive of taxon traits, thereby
making communication more informative.

The recent origin and one of the highest speciation rates in Orchidaceae suggested to Maxillariinae, and
especially to Maxillaria, just reinforce how challenging it could be to define the taxonomic limits (Pérez-
Escobar et al., 2024). However, taking all together, our complete dataset, comprising more than one
hundred species, many of them characterized by chromosome banding and rDNA localization,
suggested that different lineages present distinct karyotypic patterns. For example, considering the four
well-sampled genera (with more than 40% of their species analyzed), such a combination of cytogenetic
traits seems to reveal genus-specific cytogenetic patterns, suggesting that the megagenus Maxillaria
groups independent evolutionary lineages. Therefore, although both lumping and splitting approaches
are possible since both approaches recover monophyletic groups, the broad lumping approach may
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group cytogenetically distinct evolutionary lineages and reduce the biological informativeness of generic
names.

5 Conclusion

Taken together, our karyological, genome-size, and phylogenetic data provide a framework for
interpreting cytogenetic evolution in Maxillariinae and assessing its relevance to generic boundaries. Our
results suggest that, from an ancestral condition of x = 20 and a relatively small genome, Maxillariinae
karyotypes were shaped primarily by recurrent dysploidy, whereas polyploidy played a more limited role,
mostly at the population level, and may be associated with niche shifts. The complete cytogenetic
dataset, comprising more than one hundred species, many characterized by chromosome banding and
rDNA loci, indicates that different lineages have distinct karyotypic profiles. Genome-size variation
appears to be largely decoupled from chromosome number and heterochromatin blocks, and may
instead reflect changes in dispersed repetitive DNA. These results provide independent cytogenetic
evidence relevant to generic boundaries in Maxillariinae, supporting the recognition of cytogenetically
distinct lineages that may be obscured under broadly circumscribed generic concepts. The recent origin
and rapid diversification inferred for Maxillariinae, especially within Maxillaria s.I., further highlight the
difficulty of defining generic limits in the subtribe. Thus, although broader taxonomic circumscriptions
may be nomenclaturally acceptable, they may also group distinct evolutionary lineages and reduce the
biological informativeness of generic names.
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Figure 1

Phylogenetic relationships and divergence-time estimates in Maxillariinae.Genera are indicated by
different colours and stylized flowers. (A) Maximum Likelihood topology. Red circles indicate bootstrap
support values of 0—50, whereas blue triangles indicate values of 51-75; branches without symbols
have support values = 76. (B) Time-calibrated phylogeny of Maxillariinae, with node ages based on height
median indicated in million years ago (Mya). The legend indicates geological periods and their
corresponding ages in Mya.
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Figure 2

Superimposed images of metaphases after CMA (yellow) / DAPI (blue) banding. (A) Camaridium
ochroleucum Lindl. (2n = 38); (B) Maxillaria crocea Lindl. (2n = 40); (C) Maxillaria kegelii Rchb.f. (2n = 40);
(D) Maxillaria ochroleuca Lodd. ex Lindl. (2n = 40); (E) Maxillaria spiritu-sanctensis Pabst (2n = 40); (F)
Makxillariella alba (Hook.) Blanco and Carnevali (2n = 60); (G) Maxillariella aff. alba (Hook.) Blanco and
Carnevali (2n = 50); (H) Maxillariella tenuifolia (Lindl.) Blanco and Carnevali (2n = 40); (I) Mormolyca
ringens (Lindl.) Gentil (2n = 40); (J) Mormolyca rufescens (Lindl.) Blanco (2n = 40); (K) Nitidobulbon
nasutum (Rchb.f.) Ojeda and Carnevali (2n = 46); (L) Rhetinantha cerifera (Barb.Rodr.) Blanco (2n = 38).
Arrows indicate small CMA* bands, whereas arrowheads indicate small DAPI* bands (the total number
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of bands is summarised in Table 1). Chromosomes bearing small heterochromatic bands are highlighted

in detail in A, B, H, I, K, and L. Dotted lines in (D) and (J) indicate distended CMA? bands linking the
satellite to the chromosome. The scale bar in (L) indicates 10 pm.
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Superimposed images of metaphases after CMA (yellow) / DAPI (blue) banding and in situ hybridisation
locating 5S and 45S rDNA sites. (A-B) Brasiliorchis consanguinea (Klotzsch) R.B.Singer, S.Koehler and
Carnevali (2n = 40); (C-D) Lycaste aromatica (Graham) Lindl. (2n = 40); (E-F) Maxillaria bradei Schiltr. ex
Hoehne (2n = 40); (G-H) Maxillaria leucaimata Barb.Rodr. (2n = 40); (I-K) Ornithidium adendrobium
(Rchb.f.) Blanco and Ojeda (2n = 38); (L-M) Maxillariella variabilis (Bateman ex Lindl.) Blanco and
Carnevali (2n = 42); (N-O) Rhetinantha friedrichsthalii (Rchb.f.) Blanco (2n = 36); (P-Q) Scuticaria steelei
(Hook.) Lindl. (2n = 40); (R-S) Trigonidium acuminatum Bateman ex Lindl. (2n = 40); (T-U) Trigonidium
obtusum Lindl. (2n = 40). Panelsin A, C, E, G, |, J, L, N, PR, and U show CMA/DAPI-stained metaphases,
whereas the remaining metaphases show in situ hybridisation using 5S (red) and 45S (green) rDNA
probes. Dotted line in (I) indicates distended constrictions stained with CMA. Arrows indicate small
CMA* bands, whereas arrowheads indicate small DAPI* bands (total number of bands is summarised in
Table 1). Chromosomes bearing small heterochromatic bands are highlighted in boxed details. The scale
bar in (U) indicates 10 pm.
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Figure 4

Representative idiograms of selected Maxillariinae species showing variation in chromosome number
and in the distribution of heterochromatic bands and ribosomal DNA loci. (A) Distribution of CMA*
(yellow) and DAPI* (blue) bands. (B) Distribution of CMA* bands (yellow), 45S rDNA loci (green), and 5S
rDNA loci (purple), together with DAPI* bands (blue) when present. Chromosome numbers are indicated
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below each idiogram. Chromosomes are arranged according to decreasing size and are not drawn to

scale.
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Figure 5

Chromosome number and genome size ancestral reconstruction. The Maxillariinae phylogenetic tree

inferred under Maximum Likelihood (ML) was pruned to retain only species for which genome size data

were available. Pie charts on the nodes represent the highest probabilities of haploid chromosome

numbers inferred from ancestral state reconstruction, with colours corresponding to the values shown in
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the legend. The haploid chromosome number detected for each species is indicated next to the species
name. For species with more than one chromosome number reported, only the most common
chromosome number is indicated. Branches are colored according to genome size (1C, in pg), following
the legend. Upward and downward arrows indicate the largest and smallest genome sizes, respectively.
Photos: Ana Paula de Moraes.
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