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The evolution of floral traits is a major contributor to plant diversification and
pollination specialization. In the Neotropical genus Costus, closely related species
exhibit distinct pollination syndromes, offering an opportunity to investigate the
molecular basis of floral adaptation. We present the first comparative analysis of
key floral developmental genes in two closely related spiral gingers with
contrasting pollination syndromes: Costus bracteatus (bee-pollinated) and
Costus zingiberoides (hummingbird-pollinated). Using newly generated
genome assemblies, phylogenetic inference, positive selection analyses, and in
silico protein modeling, we identified signatures of episodic positive selection in
four genes, with AGL6 and CUC-like showing lineage-specific divergence in C.
zingiberoides. Structural comparisons indicated notable conformational
differences, particularly in conserved domains such as the MADS-box and NAC
domains, with alanine scanning highlighting both stabilizing and destabilizing
mutations that may affect protein functionality. Overall, evolutionarily significant
divergence among floral developmental genes in these Costus lineages is
concentrated at a limited number of sites rather than widespread across genes,
suggesting that a small set of substitutions may contribute to differences in floral
morphology, providing insights into the genetic architecture of floral
diversification in monocots.

KEYWORDS
floral adaptation, flowering, MADS-box genes, monocots, natural selection

Introduction

The evolution and diversification of flowers represent a significant evolutionary
innovation in plants, fostering a remarkable diversity of forms shaped by selective agents
to enhance reproductive efficiency (Specht and Howarth, 2015; Jin et al., 2020; Benton et al.,
2022). The association between suites of floral traits and the action of pollinators or pollen
dispersal agents is commonly referred to as pollination syndromes, which encompass a
range of floral traits that facilitate the effective transfer of pollen by specific pollinators or
pollinating agents (Fenster et al., 2004; Dellinger, 2020). Pollination syndromes include
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characteristics such as shape, color, size, odor, flower arrangement,
nectar production, and other rewards (Kay and Schemske, 2003;
Fenster et al., 2004; Cronk and Ojeda, 2008; Abrol, 2012; Timerman
and Barrett, 2021; Lunau and Dyer, 2024).

Although some studies have questioned the predictive power of
pollination syndromes—arguing that most plant species do not
conform to discrete syndrome categories when floral traits are
analyzed in a multivariate phenotypic space (Dalsgaard et al,
2009; Ollerton et al., 2009)—more recent quantitative reviews and
meta-analyses indicate that pollination syndromes can reliably
predict primary pollinators (Rosas-Guerrero et al., 2014;
Dellinger, 2020). This ongoing debate has highlighted the need
for integrative frameworks that combine insights from genetics to
ecology in order to elucidate the mechanisms underlying floral
evolution. On the genetic front, however, relatively few studies have
analyzed the genomic basis of pollination syndromes. To date,
available evidence remains limited to traits, such as floral color
(Chen et al., 2024; Khojayori et al., 2024) and scent, which has been
repeatedly implicated in pollinator-mediated divergence and
reproductive isolation across angiosperms (Junker and
Parachnowitsch, 2015; Shen et al., 2024; Darragh et al., 2025).

We expect that molecular mechanisms underlying pollination
syndromes involve the coordinated action of genes regulating floral
anatomy, morphology, and development, including transcription
factors like AGAMOUS (AG), PISTILLATA (PI), and YABBY that
shape floral organs (Zhang et al, 2020) and might translate
pollinator-associated selective pressures into morphological
diversification (Almeida et al., 2015; Hou et al., 2022). Moreover,
genes influencing whole-flower traits, such as BIG BROTHER (BB),
LONGIFOLIA (LNG), and AUXIN RESPONSE FACTOR 2 (ARF2),
that control flower size (Disch et al., 2006), and MYB transcription
factors like RADIALIS (RAD) and DIVARICATA (DIV), that
govern bilateral symmetry (Preston and Hileman, 2009), might be
crucial for specialized pollination, since there is evidence of their
evolutionary roles across both eudicots and monocots
(Bruenn, 2017).

Another set of genes that are potentially related to pollination
efficiency are AGAMOUS-LIKE6 (AGL6), CUP-SHAPED
COTYLEDON (CUC), and YABBY - which regulate carpel fusion
and organ boundaries (Yockteng et al., 2013) - and genes involved
in pigment biosynthesis such as CHALCONE SYNTHASE (CHS),
DIHIDROXIFLAVONOL 4-REDUTASE (DFR), and FLAVONOL
SYNTHASE (FLS), which govern anthocyanin and flavonol
pathways (Edwards et al., 2021). Floral color is a key component
of pollination syndromes and plays a crucial role in attracting
specific pollinators. Accordingly, these genes are directly implicated
in the production of pigments that generate floral color diversity
and have been repeatedly linked with pollinator-associated floral
divergence (Sunil and Shetty, 2022). For instance, CHS shows both
purifying and episodic positive selection linked to functional
divergence (Yang et al, 2024), while DFR mutations affecting
substrate specificity have driven color shifts crucial for pollinator
interactions (Smith et al., 2013). It has also been reported that FLS
gene duplications enhances flavonoid-mediated traits like
coloration and UV protection, impacting pollination syndromes
(Davies et al., 2024).
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The spiral gingers of the genus Costus (Costaceae) comprise a
morphologically diverse radiation of Neotropical monocotyledons
and represent one of the best-studied systems for understanding the
evolution of floral diversity genes and pollination specialization
(Specht, 2006; Andre et al., 2016). Species of Costus exhibit a wide
range of floral architectures tightly associated with different
pollinators, making the genus a model for investigating how
ecological interactions shape floral form at both morphological
and genetic levels.

Within Costus, two predominant pollination syndromes are
recognized. Mellitophilous (bee-pollinated) species typically exhibit
open flowers with well-developed landing platforms, accessible
reproductive organs, and bright yellow or white coloration,
whereas ornithophilous (hummingbird-pollinated) species are
characterized by elongated, tubular corollas, reduced landing
structures, and reddish to orange pigmentation adapted to bird
vision and feeding behavior (Salzman et al., 2015; Vargas
et al., 2020).

Comparative phylogenetic and morphological studies indicate
that bee pollination is likely the ancestral condition in Neotropical
Costus, followed by multiple independent transitions to
hummingbird pollination throughout the radiation (Salzman
et al., 2015). Notably, these transitions are not strictly
unidirectional: several lineages exhibit evolutionary reversals to
ancestral floral states, underscoring the dynamic and complex
nature of pollination syndrome evolution in the genus
(Valderrama et al., 2022).

In particular, the closely related Costus bracteatus and Costus
zingiberoides species pair exhibit pronounced divergence in floral
traits that reflect contrasting pollination strategies. Costus
zingiberoides is characterized by elongated, tubular, reddish-orange
flowers with minimal landing platforms, a morphology classically
associated with hummingbird pollination (Maas et al., 2025). In
contrast, Costus bracteatus displays bright yellow flowers with wide-
open lips and readily accessible reproductive structures, features
typically aligned with bee pollination (Maas et al., 2025) (Figure 1).
These distinct floral phenotypes reflect adaptations to different
pollinators and serve as functional models to investigate whether
molecular divergence underlies these ecological specializations.

In addition to their divergent syndromes, these species offer
broader ecological and scientific value. Both are native to Central
and South America tropical forests, where spiral gingers often act as
important understory components in pollination networks,
sustaining local biodiversity (Salzman et al., 2015). Costus
bracteatus is also cultivated as an ornamental plant due to its
striking appearance and ease of propagation, and C. zingiberoides,
though less widely studied, is part of a lineage that includes species
with reported ethnobotanical uses (Govaerts, 1999). Their
ecological relevance and morphological diversity make them ideal
models for exploring the molecular basis of floral adaptation.

To improve our understanding of the genomic basis of
pollination syndromes, we focus on the contrast between Costus
bracteatus and Costus zingiberoides to investigate the molecular
evolution of twelve candidate genes with established roles in floral
development and morphology which play pivotal roles in shaping
plant-pollinator interactions, especially within monocotyledons
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Costus zingiberoides

Hummingbird-pollinated
morphology

« Elongated, tubular corolla

« Reddish-orange floral coloration

« Narrow floral opening

« Minimal or absent landing platform

Costus bracteatus

Bee-pollinated morphology

Bright yellow flowers

* Wide-open labellum (lip)
Shorter and more open corolla
Well-developed landing platform

o

L]

FIGURE 1

Schematic comparison of floral morphologies associated with different pollination syndromes in Costus. Costus zingiberoides exhibits elongated,
tubular, reddish—orange flowers with a narrow opening and reduced landing platform, traits often associated with hummingbird pollination. In
contrast, Costus bracteatus displays bright yellow flowers with a wide-open labellum and readily accessible reproductive structures, features typically

aligned with bee pollination.

(Preston and Hileman, 2009; Powell and Lenhard, 2012; Yockteng
et al., 2013; Madrigal et al,, 2019; Fattorini and Glover, 2020;
Valderrama et al., 2020; Zhang et al., 2020).

These genes extend beyond the canonical ABCE model of floral
organ identity (Coen and Meyerowitz, 1991). While the ABCE
framework has been instrumental in explaining floral patterning in
many angiosperms, floral diversity in Zingiberales cannot be fully
accounted for by this model alone, as petaloid organs frequently
derive from modified androecial structures rather than true petals
(Almeida et al., 2015). Consequently, genes classically associated
with stamen and carpel identity (e.g., AGAMOUS, AGL6), as well as
regulators of organ boundaries and growth (CUC, YABBY,
LONGIFOLIA), are directly implicated in shaping petaloidy, floral
architecture, and pollination-related traits in this lineage.

This comparative analysis provides insights into the molecular
divergence associated with contrasting pollination syndromes
within a broader evolutionary context in which repeated
transitions have been documented in Costus (Valderrama
et al., 2022).

Material and methods
Genome assembly and retrieval

Costus zingiberoides raw Illumina reads were downloaded from
NCBI's SRA repository under accession number SRR18516547

(Valderrama et al., 2022) and then subjected to genome assembly
using MaSuRCA v.4.1.0 (Zimin et al, 2013) with default
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parameters. This approach allows creation of “super-reads”,
which improve assembly of repetitive regions and low coverage
from short-read data. Although contiguity remains limited, super-
reads help preserve genetic regions of interest, making it a
recommended approach for species without additional
transcriptome evidence. Quality control was verified by FastQC
v0.12.0 program (Wingett and Andrews, 2018) followed by adapter
removal and quality filtering using Trimmomatic v0.39 program
(Bolger et al., 2014) with the following parameters:
ILLUMINACLIP: TruSeq3 adapter file (max 2 mismatches, min
length 30 bp), SLIDINGWINDOW:5:30, LEADING:5,
TRAILING:5, MINLEN:100, and AVGQUAL:30. Scaffolds shorter
than 1000 bp were removed using SeqKit v0.13.2 (Shen et al., 2016).
For C. bracteatus, we used the genome available on the CoGe
platform (https://genomevolution.org/coge/) under project ID
63654 assembled by Valderrama et al. (2022) following a hybrid
genome assembly approach with MaSuRCA v3.4.2 (Zimin et al,
2013) to utilize both the Illumina short reads and the error-
corrected Nanopore long reads. Default parameters were used in
the assembly, and the final assembly was polished using POLCA
(Zimin and Salzberg, 2020) as implemented in MaSuRCA v3.4.2.
The AUGUSTUS v3.1 program (Stanke et al., 2004) was used
for gene prediction using the BUSCO v5.5.0 pipeline (Waterhouse
RM, et al., 2018). The completeness of the assembled genome was
evaluated with a predefined set of universal orthologs available in
the embryophyta.odb9 database from OrthoDB v9.1 (Zdobnov
et al,, 2017). To identify putative homologous sequences between
both species, we employed a reference-guided reciprocal BLAST
strategy. Predicted proteins from both Costus species were
independently searched against the well-annotated Musa
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acuminata reference proteome (UniProt ID UP000012960) using
DIAMOND v2.1.10.164 (Buchfink et al., 2014). Candidate
homologs were then identified based on shared best hits to the
same Musa proteins, allowing the identification of corresponding
genes between the two Costus species. The analysis employed
default parameters, with an e-value of < 1 x 107>, an identity of >
70%, coverage of > 80%, and consideration of the highest bitscore
among candidate sequences.

Additional individual gene retrieval and
alignment

We retrieved sequences of twelve candidate genes previously
reported as involved in floral development, including shape, color,
size, and organ arrangement (Valderrama et al., 2022). Sequences
were obtained primarily from GenBank, prioritizing those that met
predefined reliability criteria established through BLAST search
parameters (see Supplementary Information 2) (Altschul et al.,
1990). The AGAMOUS sequence from Chamaecostus fusiformis
was provided by the authors of the PRJNA738961 bioproject.

We created separate alignments for each candidate
gene (AGAMOUS, PISTILATA, YABBY2, BIG BROTHER,
LONGIFOLIA-like, AUXIN RESPONSE FACTOR 2-like, RADIALIS,
AGAMOUS-LIKE6, CUP-SHAPED COTYLEDON-like, CHALCONE
SYNTHASE-like, DIHIDROXIFLAVONOL 4-REDUTASE, and
FLAVONOL SYNTHASE). Initially, the coding DNA sequences
(CDS) were aligned using MAFFT v7.520 (Katoh and Standley,
2013) with the parameters —genafpair —maxiterate 1000. These CDS
alignments were then translated into amino acid sequences to guide
structural and comparative analyses. All alignments were
subsequently manually refined using MEGA11 (Tamura et al,
2021) to ensure correct codon correspondence.

Evolutionary analyses

All maximum likelihood phylogenetic trees were inferred based
on DNA alignment with IQ-TREE v2.0.7 (Minh et al., 2020) using
the substitution model selected by ModelFinder (Kalyaanamoorthy
et al., 2017). Branch support was assessed with 1000 bootstrap
replicates. To place Costus zingiberoides and Costus bracteatus
within a phylogenetic framework of land plants and to estimate
their divergence time, we used conserved single-copy orthologs
from the embryophyta_odb10 dataset available on BUSCO
(Waterhouse RM, et al., 2018), which represents a curated
collection of orthogroups across Embryophyta. Only genes
without in-paralog copies were used. The Embryophyta species
tree was inferred using ASTRAL (Mirarab et al, 2014), which
employed individual gene trees generated by IQ-TREE v2.0.7
(Minh et al, 2020). Divergence times were estimated with the
RelTime method implemented in MEGA11 (Tamura et al., 2021)
following (Morris et al., 2018).

Scanning for episodic positive selection on selected genes was
performed using the aBSREL method (Smith et al,, 2015), as
implemented in HyPhy v2.5.7 (Kosakovsky Pond et al., 2020).
This method implements a branch-site model, identifying both
amino acid sites and branches of the phylogeny with dy/ds rate ratio
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significantly greater than one by fitting model complexity to the
dataset by determining the optimum number of rate categories for
each branch using the Akaike Information Criterion.

In silico prediction of protein structures

The three-dimensional modeling of proteins was conducted
through homology modeling using the Swiss-Model web server
(https://swissmodel.expasy.org/; (Waterhouse A, et al., 2018). This
platform performs homology-based modeling constrained to
experimentally solved templates of closely related proteins,
allowing greater control over conserved domains and ensuring
model comparability among genes and species (Kiefer et al., 2009;
Waterhouse A, et al., 2018). The analysis focused on Costus
bracteatus and Costus zingiberoides, and included proteins
encoded by genes showing evidence of positive selection, as well
as homologous proteins from phylogenetically related species that
did not exhibit positive selection, allowing a comparative
assessment of structural divergence. For each protein, the best
structural template was automatically selected based on the
highest statistical scores provided by Swiss-Model (e.g., GMQE
and QMEAN values), optimizing model reliability and accuracy
(Kiefer et al., 2009).

Model quality was assessed using the Ramachandran plot
(Ramakrishnan and Ramachandran, 1965) and QMEAN scores
(Benkert et al., 2009) implemented in the Swiss-model webserver.
The protein domains were predicted in silico using the PFAM
database (Mistry et al., 2021) and structural alignment was carried
out with UCSF Chimera v1.17.3 (Pettersen et al., 2004) using only
the protein domains identified, as this allows us a more accurate
comparison, while the N- and C-terminal regions can exhibit high
variability and flexibility. Additionally, the Root Mean Square
Deviation (RMSD) of alpha-carbon atoms (Co) was calculated
using UCSF Chimera’s “Match-align” tools to quantify structural
similarity. RMSD-Cao. provides an average measure of deviation
between equivalent atoms in superimposed protein structures,
serving as an indicator of conformational differences. Lower
RMSD values suggest a higher structural similarity.

Structural impacts of amino acid
substitutions on proteins

To evaluate the impact of amino acid replacements on protein
structure under positive selection, an alanine scanning analysis was
performed using the FoldX software (Guerois et al., 2002). This
software estimates the free energy (AG) of proteins using a
combination of empirical factors, such as electrostatic interactions,
van der Waals forces, hydrophobicity, solvation effects, and
hydrogen bonding. The mutational effect (AAGg,q) is calculated as
the difference between the free energy of the wild-type (AG,) and
the mutant structure (AGy,,) using the formula:

AAGeg = AGgigwt = AGrold mut

A AAG value less than 0 indicates a stabilizing mutation, while
values greater than 0 suggest destabilization. Mutations were
categorized into five stability-impact groups: highly stabilizing (AAG
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< —1.84 kcal-mol ™), slightly stabilizing (~1.84 to —0.46 kcal-mol™),
neutral (-0.46 to +0.46 kcal-mol™), slightly destabilizing (+0.46 to
+1.84 kcal-mol ™), and highly destabilizing (AAG > +1.84 kcal-mol™).
This classification helps interpret the structural and functional
consequences of mutations on protein stability.

Results

Genome assembly and annotation of
Costus

Due to the lack of a publicly available genome assembly for C.
zingiberoides, we performed a de novo assembly using Illumina
short reads, which resulted in 76,483 contigs with an N50 of 16 kb
while the number of scaffolds was 54,383 with an N50 of 20 kb. The
total length of the genome was 706,297,564. The completeness
assessment, including the percentage of completeness, the number
of single-copy genes, and other relevant metrics, is provided in the
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supplementary materials (Supplementary Figure 1). The C.
bracteatus genome assembled by Valderrama et al. (2022) after
polishing resulted in 13,709 contigs with an N50 of 142,42 kb and
BUSCO analysis showed 1,291 out of 1,375 complete BUSCOs with
1,163 single-copy and 128 duplicated, with an additional 33
fragmented BUSCOs and 51 missing BUSCOs.

Evolutionary history and signatures of
selection in floral developmental genes

Evolutionary relationships were inferred for twelve genes
associated with floral development and morphological traits
directly linked to pollination syndromes. These genes—
LONGIFOLIA-like, FLS, PISTILLATA, RADIALIS, YABBY2,
AGL6, CUC-like, AGAMOUS, AUXIN RESPONSE FACTOR 2-
like, BIG BROTHER, CHALCONE SYNTHASE-like, and
DIHIDROXIFLAVONOL 4-REDUTASE—were selected based on
their regulatory roles in floral form and function. The dataset
encompasses representatives from eight distinct monocot orders,
and includes selected eudicot species from Arabidopsis thaliana, A.

Asparagales
Poales
Zingiberales
Pandanales

Liliales
Commaelinales

Curcumy

OPeGa_azurag
2 eujLwnIe esnk

He

Dendrobium catenatum

A
s
=3 i
i,
e

Maximum likelihood gene trees of LONGIFOLIA-like (A), AGL6 (B), CUC-like (C), and AGAMOUS (D). Branch colors correspond to taxonomic orders.
Red branches indicate lineages with evidence of positive selection: Zingiber officinale (A), Costus zingiberoides (B), Oryza sativa and Setaria viridis
(C), and Hordeum vulgare, Zea mays, Lacandonia schismatica, Elaeis guineensis, Alpinia oblongifolia, and Lilium longiflorum (D). Yellow circles mark
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lyrata, Raphanus sativus, Brassica rapa, Camelina sativa, and
Antirrhinum majus, which were used as outgroups to root
individual gene trees and improve the inference of evolutionary
directionality. The distribution of species per gene varied, with the
number of sequences for each gene depending on the availability in
GenBank (Supplementary Information 2).

We placed both Costus within a species-level phylogeny
constructed from conserved single-copy orthologs retrieved from
the embryophyta_odb10 dataset which includes well-characterized
orthologous groups shared across land plants. In this framework,
both Costus species were consistently recovered as sister taxa to
Musa. Divergence time estimates calibrated using the split between
Amborella and the remaining angiosperms (minimum age 125.0
Ma, maximum 247.2 Ma), resulting in a divergence time of
approximately 5.7 million years ago for the two Costus species
(Supplementary Figure 3). This phylogenetic framework supports
subsequent analyses of lineage-specific evolutionary patterns
among floral developmental genes.

Out of the twelve candidate genes analyzed (Supplementary
Table 1), four exhibited evidence of episodic positive selection on
at least one lineage, namely, the LNG-like (Zingiber officinale), AGL6
(Costus zingiberoides), CUC-like (Oryza sativa and Setaria viridis),
and AGAMOUS (Hordeum vulgare, Zea mays, Lacandonia
schismatica, Elaeis guineensis, Alpina oblongifolia and Lilium
longiflorum) coding sequences (Figure 2). These were nonetheless
included for downstream structural and mutational analyses in silico
to enable comparative evaluation between Costus and other lineages
under selection, thereby identifying both shared and unique
molecular features. This approach allows a broader understanding
of how different selective regimes may have shaped the diversification
of floral traits and pollination strategies across monocots.

10.3389/fevo.2026.1750171

Structural modeling and comparative
mutational analyses of floral regulatory
proteins

Three-dimensional protein structures were modeled with a
targeted, hypothesis-driven strategy focusing on genes and lineages
most relevant to pollination-related divergence. Structural models
were generated for Costus bracteatus and C. zingiberoides, as well as
for homologous proteins from selected species whose genes showed
evidence of positive selection in the phylogenetic analyses. To provide
a structural baseline, a limited set of phylogenetically related species
lacking signatures of positive selection was also included.

Root Mean Square Deviation (RMSD) analyses were performed
jointly among all modeled proteins corresponding to each gene, in
addition, leave-one-out RMSD comparisons were performed to
evaluate the relative structural divergence of the two Costus
species to maximize biological interpretability by highlighting
lineage-specific structural changes potentially associated with
adaptive evolution, while avoiding unnecessary expansion of
structurally conserved comparisons that would not directly
inform the study’s central hypotheses. This strategy enabled a
more refined assessment of lineage-specific structural changes
associated with differential selective pressures.

Structurally conserved floral regulatory
proteins between Costus species

The following genes exhibited a high degree of structural
conservation between C. bracteatus and C. zingiberoides, despite
their contrasting pollination syndromes, suggesting strong
functional constraints on protein architecture.

>

B Musa acuminata

B C. zingiberoides
B C. bracteatus
RMSD-Ca global: 1.060 (&)

LNG protein

0

B 7. aestivum
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The LNG-like protein was modeled for four species, Musa
acuminata (not under positive selection), Costus zingiberoides
(not under positive selection), Costus bracteatus (not under
positive selection) and Zingiber officinale (under positive
selection). The RMSD Co values indicated moderate structural
divergence among homologs (RMSD = 1.06; Figure 3). When
comparing each Costus protein to the set of non-Costus
homologs, both C. zingiberoides and C. bracteatus exhibited
comparable RMSD values (1.23 A for both species), suggesting a
similar degree of structural conservation relative to other lineages.
Structural alignment highlighted several regions of divergence
between species, particularly in the IPR025486 domain of LNG-
like protein and with unknown function identified by the Pfam
webserver, spanning from AA 919 to AA 1100 for M. acuminata,
AA 820 to 984 for Z. officinale, and from 890 to 1065 for
C. bracteatus and C. zingiberoides (Figure 4).

10.3389/fevo.2026.1750171

In silico alanine scanning was performed to evaluate the impact
of single-residue substitutions on protein stability, revealed that
most alanine substitutions in LNG-like sequences are destabilizing
for both proteins, mainly in residues of its domain (Figure 4).
However, when matching the highlighted amino acid replacements
with the alanine-scanning energy values, three specific sites in Z.
officinale showed a stabilizing effect on the protein structure —
Ser842 (+0.93 kcal-mol !, position 31), Asn926 (+0.93 kcal-mol ™,
position 146), and Thr929 (+0.93 keal-mol ™, position 149). In
contrast, the residues at the corresponding positions in the Costus
species generally exhibited destabilizing effects upon alanine
substitution, suggesting that these stabilizing mutations may
contribute to structural optimization unique to Z. officinale.

AGL6 proteins were modeled for Dendrocalamus latiflorus,
Cymbidium faberi, and C. bracteatus, as well as C. zingiberoides.
Although the former species are more distantly related, their
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proteins yielded higher-quality structural models, thereby enabling
more robust comparative analyses. The overall RMSD-Co. among
all modeled proteins indicated moderate divergence (0.858 A;
Figure 3). When compared individually to non-Costus homologs,
C. zingiberoides (0.847 A) and C. bracteatus (0.876 A) displayed
similar structural deviation, suggesting comparable levels of
conservation within the genus. The MADS-box domain of
proteins across species was shown to be a highly conserved
structure with a RMSD- Ca of 0.512 (A), while its K domain
showed greater structural variation, with a RMSD- Co. of 1.126
(A) (Figure 3).

Few conformational changes were detected between Costus
species in proteins that were not inferred to have undergone
positive selection. Structural and mutational alignment analyses in
silico showed high conservation of protein domains between the
two species (Supplementary Figures 5-13). RADIALIS stood out by
presenting variation in total protein length, with the C. zingiberoides
sequence being shorter than that of C. bracteatus. Despite this

10.3389/fevo.2026.1750171

difference, both species exhibited a similar mutational profile under
alanine scanning, with a higher proportion of substitutions causing
strong destabilizing effects (Supplementary Figure 8). Another
noteworthy case was the CHS-like protein, where specific point
amino acid replacements distinguished the two species structurally,
and alanine scanning predicted that several sites in both
proteins could lead to considerable destabilization if replaced
(Supplementary Figure 12).

Lineage-specific structural divergence
between Costus bracteatus and Costus
zingiberoides

In contrast to the conserved patterns described above, some genes
exhibited lineage-specific structural features between the two Costus
species, potentially reflecting divergent evolutionary trajectories.

Despite the structural conservation of the domains, at least 32
mutations occurred in the AGL6 MADS-Box domain sites of C.
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zingiberoides (start of the domain in 2-78 aa) when compared to the
other three proteins, and 22 amino acid replacements are shown
exclusively in the K domain of C. zingiberoides (domain starts at
97aa and ends at 167aa) (Figure 5).

The mutational analysis in silico revealed that most alanine
substitutions in the AGL6 protein sequences of C. zingiberoides
resulted in either moderate or significant destabilization,
particularly within residues located in the MADS-box and K
domains (Figure 5). Residues whose replacement did not
significantly alter stability were classified as neutral, with 21
residues in the MADS-box and 37 in the K domain falling into
this category (Supplementary Table 1). Conversely, ten residues
were identified as contributing to enhanced protein stability, with
nine categorized as slightly stabilizing and one as highly stabilizing.
Notably, seven of the ten stabilizing residues were situated within

10.3389/fevo.2026.1750171

the MADS-box domain, while only one was located in the K
domain, highlighting the MADS-box’s central role in maintaining
structural integrity. Among the mutations observed exclusively in
the MADS-box domain of C. zingiberoides, three—Cys20 (-0.48
keal'mol™), Ser33 (-0.57 kcal-mol™), and Gly44 (-1.88 keal'mol™)
—were predicted by alanine scanning to confer additional
stabilization to the protein.

In Costus bracteatus, the AGL6 protein exhibited a reduced overall
length compared to other species (Figure 3), with a shorter MADS-
box domain composed of 29 amino acid residues and a K-box domain
with 47 residues (Figure 5). The mutational effect analysis in silico for
C. bracteatus revealed a predominance of slightly destabilizing
substitutions distributed along the protein sequence (Figure 5).

For CUC-like, we modeled the NAC domain (start of the
domain at 22aa and ends at 175aa) in six species, Triticum
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aestivum, Zingiber officinale, C. bracteatus, and C. zingiberoides, and
in Oryza sativa and Setaria viridis. The RMSD Cot values were low
across all species, indicating high conservation of the NAC domain.
Furthermore, the structural alignment (Figure 6) showed a small
amount of amino acid replacements occurring in this domain,
reinforcing the conservative nature of this region. When

10.3389/fevo.2026.1750171

compared individually to non-Costus homologs, C. bracteatus
exhibited a lower RMSD value (0.378 A) than C. zingiberoides
(0.610 A), suggesting that C. bracteatus retained a more conserved
NAC domain conformation. Structural alignments revealed
minimal variation in C. bracteatus, while C. zingiberoides
displayed several lineage-specific amino acid substitutions within
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the NAC domain, reflecting a subtle yet potentially meaningful
divergence in a functionally constrained region.

The alanine scanning analysis (Figure 6) revealed a
consistent destabilizing pattern across both Costus species, with
predicted amino acid replacements leading to substantial
destabilization, comparable to the profiles observed in the two
other species whose CUC-like genes are under positive selection
(Supplementary Figure 4). Amid the observed amino acid
replacements, three residues—Glu (position 5), Thr (position 147),
and Ser (position 160)—were conserved between the two positively
selected species, whereas Costus harbors different residues at these
sites. The alanine scanning outcomes revealed that the substitution at
position 5 generally reduces stability across species; position 147 is
neutral in O. sativa, S. viridis, and C. bracteatus, but destabilizing in C.
zingiberoides (-0.474 kcal-mol™!); and position 160 shows a stabilizing
effect in both Costus species, contrasting with neutral effects in the
positively selected species. These findings suggest that while the NAC
domain is generally conserved, specific residues may act as hotspots
critical for the protein’s stability and functional dynamics in different
monocot species.

AGAMOUS protein was modeled for Musa acuminata, C.
bracteatus, and C. zingiberoides (not under positive selection), Zea
mays, Lacandonia schismatica, Elaeis guineensis, Alpinia
oblongifolia, and Lilium longiflorum, the latter of which were
found under positive selection. Between the two Costus species,
RMSD overall values were 1.561 A (C. bracteatus) and 1.588 A (C.
zingiberoides), suggesting slightly higher structural flexibility
relative to other genes analyzed. The global RMSD-Co for the
MADS-box domain in these all species was highly conserved, with a
value of 0.378 (A). Similarly, the K-domain also showed notable
conservation with an RMSD-Ca. of 0.767 (A) (Figure 3). The
structural alignment of the protein sites revealed that fewer
amino acid substitutions occur in the MADS-box domain than in
the K domain, which presents a large number of replacements
(Figure 7). When comparing the MADS-box and K domains, the
MADS-box consistently showed more destabilizing amino acid
replacements across most species.

Nevertheless, the AGAMOUS proteins from C. bracteatus and
C. zingiberoides presented a distinct structural profile. Both species
lacked the MADS-box domain entirely and retained only the K-box
domain (Figure 3), which was notably conserved across taxa
(Figure 7). Despite the absence of the MADS-box, the alanine
scanning results for both Costus species revealed a consistent
pattern of slightly destabilizing effects distributed throughout the
protein sequence (Figure 7).

Discussion

Floral developmental genes often play pleiotropic roles,
integrating organ identity, growth, and boundary formation
during flower development. In monocots, and particularly in
Zingiberales, modifications in a small number of regulatory genes
can lead to pronounced changes in floral architecture, even when
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most components of the developmental network remain conserved
(Theissen and Melzer, 2007; Yockteng et al., 2013; Valderrama et al.,
2022). Therefore, understanding the evolutionary behavior of
individual regulators requires interpreting molecular divergence
in light of their known developmental functions.

In this context, our analyses of twelve floral developmental
genes likely associated with the evolution of pollination syndromes
in Costus species revealed that the candidates AGL6 and CUC-like
exhibited contrasting evolutionary dynamics between C. bracteatus
and C. zingiberoides since their divergence approximately 5.7
million years ago. Both genes stand out as strong candidates
mediating the molecular basis of the contrasting bee- and bird-
pollination syndromes. In contrast, the remaining floral
development genes showed overall conservation across both
Costus species, with limited conformational divergence in most
proteins (Supplementary Figures 6-13), suggesting structural
constraints consistent with their essential developmental
functions (Guerois et al., 2002; Theissen and Melzer, 2007).

In silico alanine scanning was performed to assess the impact of
single-residue substitutions on the stability of putative proteins
linked to floral development. Biologically, residues whose
substitution strongly destabilizes the protein are likely critical for
structure or function and are under strong selective constraint,
while neutral residues tolerate variation and may represent sites
with greater evolutionary potential. Stabilizing residues may
reflect adaptive tradeoffs, balancing stability with functional
flexibility, or specific adaptations across Costus lineages (Guerois
et al., 2002).

Evolutionary dynamics and selection
patterns in floral morphology candidate
genes linked to pollination syndromes

One of the most remarkable discoveries was the identification of
positive selection acting on specific branches of the phylogenies for
four genes. In LONGIFOLIA-like—they play a role in controlling
flower size (Disch et al., 2006), positive selection was detected in Z.
officinale, whereas AGL6 emerged as the most compelling candidate
for pollination-related adaptation, showing evidence of diversifying
selection in C. zingiberoides, an ornithophilous species pollinated by
hummingbirds (Maas, 1977).

AGL6 is a MADS-box family gene that plays a central role in
floral organ identity, carpel fusion, and perianth development
across angiosperms, with particularly important functions in
monocots where petaloid organs often derive from modified
androecial structures (Yockteng et al., 2013). Changes in AGL6
expression or protein structure have been linked to variation in
floral symmetry, organ fusion, and reproductive morphology. These
findings align with the hypothesis that shifts in pollination
syndromes may be associated with substitutions in genes
regulating floral traits, as proposed by Valderrama et al. (2022).

Interestingly, the branch leading to C. zingiberoides in the AGL6
phylogeny is markedly elongated relative to other taxa, despite
comparable sequence lengths among homologous sequences. This
expansion may suggest an episode of accelerated molecular
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evolution, potentially shaped by adaptive divergence associated with
shifts in pollination strategy (Frachon and Schiestl, 2024).

The differential selection regime acting on Z. officinale and C.
zingiberoides may reflect adaptive changes in flower size regulation
and carpel fusion in response to the specific requirements of their
pollinators, with bees and birds favoring different floral
characteristics (Fenster et al., 2004; Fattorini and Glover, 2020).

The CUP-SHAPED COTYLEDON (CUC) genes belong to the
NAC family of transcription factors and are primarily involved in
establishing organ boundaries, maintaining meristem, and
separating floral organs during development (Hibara et al., 2006).
Alterations in the function of boundary genes can influence floral
architecture, organ fusion, and overall flower shape.

CUC-like selection tests showed evidence of positive selection in
O. sativa and S. viridis—species that are mostly self-pollinated but
can also rely on wind pollination (Muhammad et al., 2022).
Although wind-pollinated species usually face weaker selective
pressure on floral traits (Friedman and Barrett, 2009; Fattorini
and Glover, 2020), this pattern suggests that CUC-like may also
contribute to broader developmental roles beyond floral
morphology, possibly linked to boundary formation and other
processes essential for grass fitness.

AGAMOUS is a canonical MADS-box gene that specifies
stamen and carpel identity and contributes to floral meristem
determinacy (Zhang et al, 2020). While its core functions are
conserved, several monocot lineages exhibit structural or
regulatory divergence in AGAMOUS-like genes (Almeida et al.,
2015). We detected signatures of episodic positive selection in AG-
like across multiple monocot lineages with contrasting reproductive
strategies (Devos et al.,, 2005; Sakai et al., 2013). In Costus, the
observed truncation and domain differences should be interpreted
cautiously, as they may reflect either lineage-specific divergence or
limitations of draft assemblies/annotation. Nonetheless, these
features are consistent with previously reported cases of altered
selective regimes and domain evolution in floral developmental
regulators (Auge et al,, 2019; Dellinger, 2020).

Taken together, these results indicate that divergence between
C. bracteatus and C. zingiberoides is not characterized by
widespread adaptive evolution across floral developmental genes,
but instead by lineage-specific selection acting on a restricted subset
of key regulators.

Structural changes and positive selection

The structural comparison of LNG-like proteins revealed a high
degree of conservation among the two Costus species, consistent with a
stable evolutionary pattern previously described for LONGIFOLIA-like
proteins in Arabidopsis (Lee and Kim, 2018). This structural stability
suggests that LNG-like proteins in Costus have maintained a conserved
role in regulating organ elongation and floral morphology, which may
reflect the shared developmental constraints. In contrast, Z. officinale
exhibited specific substitutions—Ser842, Asn926, and Thr929—that
slightly stabilized its protein conformation, distinguishing it from the
other species, whose equivalent residues were generally destabilizing
upon alanine mutation i silico. While the biological significance of this
subtle stabilization is uncertain, it may reflect lineage-specific variation
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in protein flexibility, potentially related to shifts in floral traits observed
across Zingiberales (Yockteng et al, 2013; Almeida et al, 2018;
Valderrama et al., 2022). These observations highlight structural
differences among LNG-like proteins across taxa, but further
experimental or comparative analyses would be required to
determine their functional or evolutionary implications.

In C. bracteatus, the NAC domain remains highly conserved,
with minimal divergence compared to other monocots not under
positive selection, consistent with a functionally constrained
developmental role. In contrast, C. zingiberoides harbors more
divergent residues in this region, suggesting lineage-specific
modulation of boundary gene function. Notably, alanine scanning
revealed a predominantly destabilizing mutational profile in both
species, resembling patterns seen in positively selected lineages and
pointing to structural sensitivity at key residues.

Remarkably, three positions that are conserved in positively
selected species—Glu3 (position 5), Thr153 (position 147), and
Ser162 (position 160)—correspond to distinct residues in C.
zingiberoides and C. bracteatus, with varying effects on stability.
These changes may alter the interaction of CUC-like proteins with
other NAC family members or downstream targets, thereby
affecting traits such as floral architecture, organ fusion, and
meristem development. Because pollination syndromes appear
less directly implicated, it is plausible that adaptive modifications
in CUC-like reflect broader developmental processes, including
boundary formation and organogenesis. This interpretation is
consistent with evidence that boundary genes like CUC-like act
synergistically with other transcription factors to establish spatial
patterns essential for plant development (Takada et al., 2001;
Nakamura et al., 2024).

Analysis of the structure of AGL6 revealed notable differences
in the MADS-box and K-domains across species. The MADS-box
domain exhibited a high degree of conservation (RMSD-Co. 0.512
A), whereas the K-domain showed greater variability (RMSD-Co.
1.126 A), particularly in C. zingiberoides, which presented 32 unique
amino acid replacements in the MADS-box and 22 in the K-domain
when compared to C. bracteatus, D. latiflorus and C. faberi
(Figure 5). In contrast, C. bracteatus shows slightly higher RMSD
values (0.876 A) but fewer unique residues, indicating a
combination of overall structural conservation with lineage-
specific divergence in C. zingiberoides. These differences could
potentially arise from the presence of multiple gene copies or
from the assembly process, as heterozygosity or incomplete gene
assembly could contribute to these observed variations (Sun et al.,
2022). Further investigation, such as using allele-specific strategies,
would be necessary to confirm the presence of multiple copies or
other sources of variation.

Notably, while the MADS-box domain is generally considered
highly conserved due to its critical role in DNA binding and
transcriptional regulation (Riechmann et al., 1996; Adhikari and
Kasahara, 2024), the presence of exclusive amino acid replacements
in C. zingiberoides might be associated with the pollination
syndromes in this lineage (Valderrama et al., 2022). Furthermore,
three amino acid replacements — Cys20 (-0.48 kcal mol '), Ser33
(-0.57 keal mol™), and Gly44 (-1.88 kcal mol™") — were identified
as stabilizing, suggesting compensatory effects that help maintain
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structural integrity while permitting functional flexibility (Dreni
and Zhang, 2016). Although no site-specific selection test was
performed, these residues occur at positions that are otherwise
conserved across species, which may indicate diversifying selection
within C. zingiberoides. Given that amino acid replacements in the
MADS domain can alter oligomerization and DNA-binding
specificity, such substitutions could influence the assembly or
target recognition of AGL6 complexes (Lai et al., 2019; Kappel
et al., 2021), potentially contributing to lineage-specific
regulatory divergence.

The K-domain of AGL6, which mediates protein-protein
interactions (Fan et al., 1997; Veron et al., 2007), exhibited
considerable divergence, with 15 non-consensus sites across
aligned sequences. Such variability supports the view that
variability in this region can promote species-specific adaptations,
particularly those influencing floral morphology and pollinator
interactions (Almeida et al., 2015).

In C. zingiberoides, the high number of amino acid
replacements in the MADS-box relative to the K-domain of
AGL6 contrasts with the typical pattern in other species, where
variability is concentrated in the K-domain (Yockteng et al., 2013).
This inversion may reflect lineage-specific functional shifts linked to
the recurrent transitions and reversions of pollination syndromes
documented in Costus (Vargas et al., 2020; Valderrama et al., 2022).
More broadly, these results provide a molecular basis for the
hypothesis that structural mutations in conserved domains,
although rare, can be functionally necessary and positively
selected to allow conformational flexibility and adaptation to
changing ecological pressures (Sen et al., 2011; Piot et al., 2017).
This flexibility may be particularly important for traits like carpel
fusion, a key determinant of reproductive success in monocots and
regulated by AGL6 (Ruelens et al., 2013).

Interestingly, Costus bracteatus exhibited an AGL6 protein model
with a reduced overall length and lacking the canonical MADS-box
domain, a feature that is typically conserved across monocots.
However, because gene models were derived from a draft genome
using ab initio and homology-based annotation, this apparent
truncation cannot be unequivocally distinguished from a potential
annotation or assembly artifact. Despite this uncertainty, similar
truncations in MADS-type transcription factors have been reported
in other species, such as maize, where lineage-specific loss or reduction
of MADS domains has been associated with neofunctionalization or
altered regulatory functions (Liu et al., 2020). Despite the absence of the
MADS-box, the K-domain remains relatively conserved, and the
alanine scanning indicated predominantly slightly destabilizing
substitutions, suggesting that the truncated protein retains a degree
of structural stability (Piot et al., 2017). Although this feature could
reflect a novel aspect of AGL6 evolution in C. bracteatus, particularly in
light of its distinct floral morphology, any functional association with
pollination syndrome should be interpreted cautiously, given the
speculative nature of in silico predictions and the lack of
experimental validation (Gupta et al., 2014).

The AGAMOUS proteins of C. bracteatus and C. zingiberoides
lack the canonical MADS-box domain but retain a conserved K-
domain, representing a striking structural simplification that may
indicate a divergent evolutionary trajectory within Costus. Although
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this absence could reflect technical limitations inherent to in silico
gene recovery, similar domain losses or truncations have been
reported in other plant lineages, such as grasses, where MADS-
type genes experienced partial domain loss associated with relaxed
selective constraints and potential neofunctionalization (Schilling
et al., 2015; Liu et al., 2020).

These examples suggest that the loss of the MADS-box in
Costus AGAMOUS protein may not solely reflect annotation
artifacts but could represent a genuine evolutionary modification,
potentially linked to subfunctionalization or compensatory
regulatory mechanisms among other MADS-box paralogs.
Consistent with this, alanine scanning revealed only slightly
destabilizing effects in both proteins, suggesting a residual
structural stability that may permit limited or alternative
functionality even in the absence of the canonical DNA-binding
domain, as previously proposed for other truncated MADS-type
proteins (Ferrario et al., 2004).

Taken together, the observed amino acid replacements and
alanine scanning results suggest that AGAMOUS contributes to
floral phenotypic diversity across monocots. The interplay between
stabilizing and destabilizing amino acid replacements may
represent an evolutionary strategy that preserves protein stability
while allowing for adaptive change. Such modifications likely
facilitate adaptation to specific pollination syndromes and
underscore the pleiotropic role of AGAMOUS in both floral
development and diversification (Zhang et al., 2024).

Overall, our results indicate that the divergent pollination
syndromes of C. bracteatus and C. zingiberoides are shaped by
selective fine-tuning of a small number of key developmental
regulators rather than by generalized divergence across the floral
gene network. While most floral genes remain under strong
functional constraint, lineage-specific selection and structural
modification of proteins such as AGL6 and CUC-like likely
modulate floral architecture, organ fusion, and morphology in
ways that affect pollinator interaction.

Although the C. zingiberoides genome shows moderate
contiguity and the gene annotation relied on ab initio and
homology-based approaches—well-established for non-model
species and widely applied in in silico evolutionary studies—
assemblies with moderate scores can still yield robust
evolutionary inferences when analyses focus on well-characterized
coding sequences (Simao et al., 2015; Veeckman et al., 2016; Kersey,
2019). This way, our study providing initial evolutionary inferences
presented here. Nonetheless, future work incorporating long-read
sequencing, improved genome assemblies, transcriptome-based
gene models, molecular dynamics and experimental validation
would allow a more comprehensive assessment of gene and
protein evolution across Costus species.

Conclusion

We investigated the evolutionary history of genes across
monocots, focusing on two closely related Costus species with
contrasting pollination syndromes and floral morphologies.
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Comparative analyses between bee-pollinated C. bracteatus and
hummingbird-pollinated C. zingiberoides revealed lineage-specific
differences in gene structure and predicted protein stability,
particularly in regulators such as AGL6, AGAMOUS, RADIALIS,
and CHS-like. Among these, the AGL6 gene showed evidence of
branch-specific positive selection, and both AGL6 and CUC-like
exhibited pronounced divergence between the two spiral gingers.
Although MADS-box and NAC domains remain broadly
conserved, the observed species-specific substitutions and
structural differences suggest localized functional diversification.
Computational alanine scanning analyses further indicated that
both stabilizing and destabilizing amino acid replacements may
contribute to protein-level adaptive flexibility. Our results support a
model in which adaptive divergence in these lineages is
concentrated at a limited number of sites rather than widespread
across genes, providing a comparative framework to guide future
experimental tests of genotype—phenotype links and the molecular
basis of floral diversification in monocots.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding authors.

Author contributions

DD: Conceptualization, Data curation, Formal analysis,
Investigation, Methodology, Validation, Visualization, Writing -
original draft, Writing - review & editing. JL: Conceptualization,
Investigation, Supervision, Writing - original draft. CDS:
Conceptualization, Investigation, Supervision, Writing - original
draft. TA: Conceptualization, Formal analysis, Funding acquisition,
Investigation, Project administration, Supervision, Writing - original
draft. CGS: Conceptualization, Formal analysis, Funding acquisition,
Investigation, Methodology, Project administration, Validation,
Visualization, Writing — original draft, Writing — review & editing.

Funding

The author(s) declared that financial support was received for
this work and/or its publication. This study is part of the
requirements for DAJ’s doctoral degree in Genetics at the
Universidade Federal do Rio de Janeiro. DAJ was supported by a
scholarship from CAPES -88887.832282/2023-00. We acknowledge

References

Abrol, D. P. (2012). Non bee pollinators-plant interaction. Pollination Biol., 265-310.
doi: 10.1007/978-94-007-1942-2_9

Frontiers in Ecology and Evolution

14

10.3389/fevo.2026.1750171

the funding by the National Council for Scientific and
Technological Development (CNPq). This study was also
financed by the Coordenagdo de Aperfeicoamento de Pessoal de
Nivel Superior -Brasil (CAPES Finance Code 001). CGS is
supported by grants 309165/2019-9, 409963/2023-2, and 302910/
2025-5 from the Conselho Nacional de Desenvolvimento Cientifico
e Tecnologico (CNPq). TA was supported by grant Universal
Project 402680/2021-9 from the Conselho Nacional de
Desenvolvimento Cientifico e Tecnologico (CNPq).

Conflict of interest

The author(s) declared that this work was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The author CGS declared that they were an editorial board
member of Frontiers, at the time of submission. This had no impact
on the peer review process and the final decision.

Generative Al statement

The author(s) declared that generative Al was not used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible.
If you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fevo.2026.1750171/
full#supplementary-material

Adhikari, P. B., and Kasahara, R. D. (2024). An overview on MADS box members in
plants: A meta-review. Int. J. Mol. Sci. 25, 8233. doi: 10.3390/IJMS25158233/S1

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fevo.2026.1750171/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fevo.2026.1750171/full#supplementary-material
https://doi.org/10.1007/978-94-007-1942-2_9
https://doi.org/10.3390/IJMS25158233/S1
https://doi.org/10.3389/fevo.2026.1750171
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

de Jesus et al.

Almeida, A. M. R, Pifieyro-Nelson, A., Yockteng, R. B, and Specht, C. D. (2018).
Comparative analysis of whole flower transcriptomes in the Zingiberales. Peer] 2018,
€5490. doi: 10.7717/PEER].5490/SUPP-6

Almeida, A. M., Yockteng, R., Otoni, W. C,, and Specht, C. D. (2015). Positive selection
on the K domain of the AGAMOUS protein in the Zingiberales suggests a mechanism
for the evolution of androecial morphology. Evodevo 6, 1-15. doi: 10.1186/s13227-015-
0002-x

Altschul, S. F., Gish, W., Miller, W., Myers, E. W,, and Lipman, D. J. (1990). Basic
local alignment search tool. J. Mol. Biol. 215, 403-410. doi: 10.1016/S0022-2836(05)
80360-2

André, T., Salzman, S., Wendt, T., and Specht, C. (2016). Speciation dynamics
and biogeography of Neotropical spiral gingers (Costaceae). Mol. Phylogenet Evol.
103, 55-63. doi: 10.1016/j.ympev.2016.07.008

Auge, G. A, Penfield, S., and Donohue, K. (2019). Pleiotropy in developmental
regulation by flowering-pathway genes: is it an evolutionary constraint?
New Phytologist. 224, 55-70. doi: 10.1111/nph.15901

Benkert, P., Kiinzli, M., and Schwede, T. (2009). QMEAN server for protein model
quality estimation. Nucleic Acids Res. 37, W510-W514. doi: 10.1093/nar/gkp322

Benton, M. J., Wilf, P., and Sauquet, H. (2022). The Angiosperm Terrestrial Revolution
and the origins of modern biodiversity. New Phytologist. 233, 2017-2035. doi: 10.1111/
NPH.17822

Bolger, A. M., Lohse, M., and Usadel, B. (2014). Trimmomatic: A flexible trimmer for
Illlumina sequence data. Bioinformatics 30, 2114-2120. doi: 10.1093/bioinformatics/
btul70

Bruenn, R. A. (2017). The development and evolution of floral symmetry in the
zingiberales and interactive tools for teaching evolution (ArborEd). PhD thesis,
University of California, Berkeley, USA.

Buchfink, B., Xie, C., and Huson, D. H. (2014). Fast and sensitive protein alignment
using Diamond. Nat. Methods 12, 59-60. doi: 10.1038/nmeth.3176

Chen, H., Berg, C. S., Samuli, M., Sotola, V. A., Sweigart, A. L., Yuan, Y. W, et al.
(2024). The genetic architecture of floral trait divergence between hummingbird- and
self-pollinated monkeyflower (Mimulus) species. New Phytologist 245, 2255-2267.
doi: 10.1111/nph.20348

Coen, E. S,, and Meyerowitz, E. M. (1991). The war of the whorls: genetic interactions
controlling flower development. Nature 353, 31-37. doi: 10.1038/353031a0

Cronk, Q., and Ojeda, 1. (2008). Bird-pollinated flowers in an evolutionary and
molecular context. J. Experimental Botany 59, 715-727. doi: 10.1093/jxb/ern009

Dalsgaard, B., Martin Gonzélez, A. M., Olesen, J. M., Ollerton, J., Timmermann, A.,
Andersen, L. H., et al. (2009). Plant-hummingbird interactions in the West Indies:
Floral specialisation gradients associated with environment and hummingbird size.
Oecologia 159, 757-766. doi: 10.1007/s00442-008-1255-z

Darragh, K., Kay, K. M., and Ramirez, S. R. (2025). The convergent evolution of
hummingbird pollination results in repeated floral scent loss through gene
downregulation. Mol. Biol. Evol. 42, msaf027. doi: 10.1093/molbev/msaf027

Davies, K. M., Andre, C. M., Kulshrestha, S., Zhou, Y., Schwinn, K. E., Albert, N. W,
et al. (2024). The evolution of flavonoid biosynthesis. Philos. Trans. R Soc. Lond B Biol.
Sci. 379, 20230361. doi: 10.1098/rstb.2023.0361

Dellinger, A. S. (2020). Pollination syndromes in the 21st century: where do we stand
and where may we go? New Phytologist. 228, 1193-1213. doi: 10.1111/nph.16793

Devos, Y., Reheul, D., and De Schrijver, A. (2005). The co-existence between transgenic
and non-transgenic maize in the European Union: a focus on pollen flow and cross-
fertilization. Environ. Biosafety Res. 4, 71-87. doi: 10.1051/ebr:2005013

Disch, S., Anastasiou, E., Sharma, V. K,, Laux, T., Fletcher, J. C., Lenhard, M., et al.
(2006). The E3 ubiquitin ligase BIG BROTHER controls arabidopsis organ size in a
dosage-dependent manner. Curr. Biol. 16, 272-279. doi: 10.1016/].CUB.2005.12.026

Dreni, L., and Zhang, D. (2016). Flower development: the evolutionary history and
functions of the AGL6 subfamily MADS-box genes. J. Exp. Bot. 67, 1625-1638.
doi: 10.1093/JXB/ERW046

Edwards, M. B., Choi, G. P. T., Derieg, N. J., Min, Y., Diana, A. C., Hodges, S. A,
et al. (2021). Genetic architecture of floral traits in bee- and hummingbird-pollinated
sister species of Aquilegia (columbine). Evol. (N Y). 75, 2197-2216. doi: 10.1111/
evo.14313

Fan, H. Y., Hu, Y., Tudor, M., and Ma, H. (1997). Specific interactions between the K
domains of AG and AGLs, members of the MADS domain family of DNA binding
proteins. Plant J. 12, 999-1010. doi: 10.1046/].1365-313X.1997.12050999.X

Fattorini, R., and Glover, B. J. (2020). Molecular mechanisms of pollination biology.
Annu. Rev. Plant Biol. 71, 487-515. doi: 10.1146/annurev-arplant-081519-040003

Fenster, C. B., Armbruster, W. S., Wilson, P., Dudash, M. R., and Thomson, J. D.
(2004). Pollination syndromes and floral specialization. Source: Annu. Rev. Ecology. 35,
375-403. doi: 10.2307/annurev.ecolsys.34.011802.30000015

Ferrario, S., Busscher, J., Franken, J., Gerats, T., Vandenbussche, M., Angenent, G. C,,
et al. (2004). Ectopic expression of the petunia MADS box gene UNSHAVEN
accelerates flowering and confers leaf-like characteristics to floral organs in a
dominant-negative manner. Plant Cell. 16, 1490-1505. doi: 10.1105/TPC.019679

Frontiers in Ecology and Evolution

15

10.3389/fevo.2026.1750171

Frachon, L., and Schiestl, F. P. (2024). Rapid genomic evolution in Brassica rapa with
bumblebee selection in experimental evolution. BMC Ecol. Evol. 24, 1-11. doi: 10.1186/
$12862-023-02194-Y/FIGURES/4

Friedman, J., and Barrett, S. C. H. (2009). Wind of change: New insights on the ecology
and evolution of pollination and mating in wind-pollinated plants. Ann. Bot. 103,
1515-1527. doi: 10.1093/aob/mcp035

Govaerts, R. (1999). World checklist of seed plants. Volume 3, part 1, the species.
Antwerp, Belgium: Continental Publishing.

Guerois, R., Nielsen, J. E., and Serrano, L. (2002). Predicting changes in the stability of
proteins and protein complexes: a study of more than 1000 mutations. J. Mol. Biol. 320,
369-387. doi: 10.1016/50022-2836(02)00442-4

Gupta, C. L., Akhtar, S., and Bajpai, P. (2014). In silico protein modeling: possibilities
and limitations. EXCLI J. 13, 513.

Hibara, K. I, Karim, M. R,, Takada, S., Taoka, K. L., Furutani, M., Aida, M., et al. (2006).
Arabidopsis cup-shaped cotyledon3 regulates postembryonic shoot meristem and
organ boundary formation. Plant Cell. 18, 2946-2957. doi: 10.1105/TPC.106.045716

Hou, X. J., Ye, L. X,, Ai, X. Y, Hu, C. G, Cheng, Z. P., Zhang, J. Z,, et al. (2022).
Functional analysis of a PISTILLATA-like gene CcMADS20 involved in floral organs
specification in citrus. Plant Sci. 319, 111263. doi: 10.1016/j.plantsci.2022.111263

Jin, S., Nasim, Z., Susila, H., and Ahn, J. H. (2020). Evolution and functional
diversification of Flowering Locus T/Terminal Flower 1 family genes in plants.
Semin. Cell Dev. Biol 109, 20-30. doi: 10.1016/j.semcdb.2020.05.007

Junker, R. R., and Parachnowitsch, A. L. (2015). Working towards a holistic view on
flower traits—how floral scents mediate plant-animal interactions in concert with
other floral characters. J. Indian Inst. Sci. 95, 43-68.

Kalyaanamoorthy, S., Minh, B. Q., Wong, T. K. F., Von Haeseler, A., and Jermiin, L. S.
(2017). ModelFinder: fast model selection for accurate phylogenetic estimates. Nat.
Methods 14, 6. doi: 10.1038/nmeth.4285

Kippel, S., Eggeling, R., Rimpler, F., Groth, M., Melzer, R., Theif$en, G., et al. (2021).
DNA-binding properties of the MADS-domain transcription factor SEPALLATA3 and
mutant variants characterized by SELEX-seq. Plant Mol. Biol. 105, 543-557.
doi: 10.1007/S11103-020-01108-6/FIGURES/6

Katoh, K., and Standley, D. M. (2013). MAFFT multiple sequence alignment software
version 7: Improvements in performance and usability. Mol. Biol. Evol. 30, 772-780.
doi: 10.1093/molbev/mst010

Kay, K. M., and Schemske, D. W. (2003). Pollinator assemblages and visitation rates for
11 species of neotropical costus (Costaceae). Biotropica 35, 198-207. doi: 10.1111/
J.1744-7429.2003.TB00279.X

Kersey, P. J. (2019). Plant genome sequences: past, present, future. Curr. Opin. Plant
Biol. 48, 1-8. doi: 10.1016/j.pbi.2018.11.001

Khojayori, F. N, Ponraj, U., Buch, K,, Zhao, Y., Herrera-Ubaldo, H., Glover, B. J., et al.
(2024). Evolution and development of complex floral displays. Development 151,
dev203027. doi: 10.1242/dev.203027

Kiefer, F., Arnold, K., Kunzli, M., Bordoli, L., and Schwede, T. (2009). The SWISS-
MODEL Repository and associated resources. Nucleic Acids Res. 37, D387-D392.
doi: 10.1093/nar/gkn750

Kosakovsky Pond, S. L., Poon, A. F. Y., Velazquez, R,, Weaver, S., Hepler, N. L,
Murrell, B., et al. (2020). HyPhy 2.5—A customizable platform for evolutionary
hypothesis testing using phylogenies. Mol. Biol. Evol. 37, 295-299. doi: 10.1093/
MOLBEV/MSZ197

Lai, X., Daher, H., Galien, A., Hugouvieux, V., and Zubieta, C. (2019). Structural basis
for plant MADS transcription factor oligomerization. Comput. Struct. Biotechnol. J. 17,
946-953. doi: 10.1016/].CSBJ.2019.06.014

Lee, Y. K, and Kim, L J. (2018). Functional conservation of Arabidopsis LNG1 in
tobacco relating to leaf shape change by increasing longitudinal cell elongation by
overexpression. Genes Genomics 40, 1053-1062. doi: 10.1007/s13258-018-0712-2

Liu, Y., Jia, Z., Li, X, Wang, Z.,, Chen, F,, Mi, G,, et al. (2020). Involvement of a
truncated MADS-box transcription factor ZmTMMI in root nitrate foraging. J. Exp.
Bot. 71, 4547-4561. doi: 10.1093/JXB/ERAA116

Lunau, K., and Dyer, A. G. (2024). The modelling of flower colour: spectral purity or
colour contrast as biologically relevant descriptors of flower colour signals for bees
depending upon the perceptual task. Plant Biol 26, 896-910. doi: 10.1111/PLB.13682

Maas, P. J. M. (1977). Renealmia (Zingiberaceae-zingiberoideae) costoideae
(Additions)(Zingiberaceae). Flora Neotropica. 18, 1-218.

Maas, P. J. M., de Kamer, H. M., André¢, T., Skinner, D., Valderrama, E., Specht, C. D.,
et al. (2025). A revision of the Neotropical Costaceae: results from sixty years of
taxonomic struggle. bioRxiv 01, 15.633188. doi: 10.1101/2025.01.15.633188

Madrigal, Y., Alzate, J. F., Gonzalez, F., and Pabon-Mora, N. (2019). Evolution of
RADIALIS and DIVARICATA gene lineages in flowering plants with an expanded
sampling in non-core eudicots. Am. J. Bot. 106, 334-351. doi: 10.1002/AJB2.1243

Minh, B. Q., Schmidt, H. A., Chernomor, O., Schrempf, D., Woodhams, M. D., Von
Haeseler, A., et al. (2020). IQ-TREE 2: new models and efficient methods for
phylogenetic inference in the genomic era. Mol. Biol. Evol. 37, 1530-1534.
doi: 10.1093/molbev/msaa015

frontiersin.org


https://doi.org/10.7717/PEERJ.5490/SUPP-6
https://doi.org/10.1186/s13227-015-0002-x
https://doi.org/10.1186/s13227-015-0002-x
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1016/j.ympev.2016.07.008
https://doi.org/10.1111/nph.15901
https://doi.org/10.1093/nar/gkp322
https://doi.org/10.1111/NPH.17822
https://doi.org/10.1111/NPH.17822
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1038/nmeth.3176
https://doi.org/10.1111/nph.20348
https://doi.org/10.1038/353031a0
https://doi.org/10.1093/jxb/ern009
https://doi.org/10.1007/s00442-008-1255-z
https://doi.org/10.1093/molbev/msaf027
https://doi.org/10.1098/rstb.2023.0361
https://doi.org/10.1111/nph.16793
https://doi.org/10.1051/ebr:2005013
https://doi.org/10.1016/J.CUB.2005.12.026
https://doi.org/10.1093/JXB/ERW046
https://doi.org/10.1111/evo.14313
https://doi.org/10.1111/evo.14313
https://doi.org/10.1046/J.1365-313X.1997.12050999.X
https://doi.org/10.1146/annurev-arplant-081519-040003
https://doi.org/10.2307/annurev.ecolsys.34.011802.30000015
https://doi.org/10.1105/TPC.019679
https://doi.org/10.1186/S12862-023-02194-Y/FIGURES/4
https://doi.org/10.1186/S12862-023-02194-Y/FIGURES/4
https://doi.org/10.1093/aob/mcp035
https://doi.org/10.1016/S0022-2836(02)00442-4
https://doi.org/10.1105/TPC.106.045716
https://doi.org/10.1016/j.plantsci.2022.111263
https://doi.org/10.1016/j.semcdb.2020.05.007
https://doi.org/10.1038/nmeth.4285
https://doi.org/10.1007/S11103-020-01108-6/FIGURES/6
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1111/J.1744-7429.2003.TB00279.X
https://doi.org/10.1111/J.1744-7429.2003.TB00279.X
https://doi.org/10.1016/j.pbi.2018.11.001
https://doi.org/10.1242/dev.203027
https://doi.org/10.1093/nar/gkn750
https://doi.org/10.1093/MOLBEV/MSZ197
https://doi.org/10.1093/MOLBEV/MSZ197
https://doi.org/10.1016/J.CSBJ.2019.06.014
https://doi.org/10.1007/s13258-018-0712-2
https://doi.org/10.1093/JXB/ERAA116
https://doi.org/10.1111/PLB.13682
https://doi.org/10.1101/2025.01.15.633188
https://doi.org/10.1002/AJB2.1243
https://doi.org/10.1093/molbev/msaa015
https://doi.org/10.3389/fevo.2026.1750171
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

de Jesus et al.

Mirarab, S., Reaz, R, Bayzid, M. S., Zimmermann, T., Swenson, M. S., Warnow, T., et al.
(2014). ASTRAL: genome-scale coalescent-based species tree estimation.
Bioinformatics 30, i541-i548. doi: 10.1093/BIOINFORMATICS/BTU462

Mistry, J., Chuguransky, S., Williams, L., Qureshi, M., Salazar, G. A., Sonnhammer, E.
L. L, et al. (2021). Pfam: The protein families database in 2021. Nucleic Acids Res. 49,
D412-D419. doi: 10.1093/nar/gkaa913

Morris, J. L., Puttick, M. N., Clark, J. W., Edwards, D., Kenrick, P., Pressel, S., et al. (2018).
The timescale of early land plant evolution. Proc. Natl. Acad. Sci. U S A. 115, E2274-E2283.
doi: 10.1073/PNAS.1719588115/SUPPL_FILE/PNAS.1719588115.SAPP.PDF

Muhammad, W., Ahmad, M., and Sarwar, S. S. H. (2022). “Rice pollination,” in Modern
Techniques of Rice Crop Production. Eds. S. Naeem, Atique-ur-Rehman,, S. Ahmad and
M. Hasanuzzaman (Springer Singapore, Singapore), 295-302. doi: 10.1007/978-981-
16-4955-4_17

Nakamura, S., Kinoshita, A., Koga, H., and Tsukaya, H. (2024). Expression analyses of
Cup-shaped cotyledon and Shoot meristemless in the one-leaf plant Monophyllaea
glabra reveal neoteny evolution of shoot meristem. Sci. Rep. 14, 1. doi: 10.1038/s41598-
024-62049-4

Ollerton, J., Alarcon, R., Waser, N. M., Price, M. V., Watts, S., Cranmer, L., et al. (2009).
A global test of the pollination syndrome hypothesis. Ann. Bot. 103, 1471-1480.
doi: 10.1093/a0b/mcp031

Pettersen, E. F., Goddard, T. D., Huang, C. C., Couch, G. S., Greenblatt, D. M., Meng, E.
C., et al. (2004). UCSF Chimera - A visualization system for exploratory research and
analysis. J. Comput. Chem. 25, 1605-1612. doi: 10.1002/jcc.20084

Piot, A., Hackel, J., Christin, P. A, and Besnard, G. (2017). One-third of the plastid
genes evolved under positive selection in PACMAD grasses. Planta 247, 1. doi: 10.1007/
500425-017-2781-X

Powell, A. E., and Lenhard, M. (2012). Control of organ size in plants. Curr. Biol. 22,
360-367. doi: 10.1016/j.cub.2012.02.010

Preston, J. C., and Hileman, L. C. (2009). Developmental genetics of floral symmetry
evolution. Trends Plant Sci. 14, 147-154. doi: 10.1016/]. TPLANTS.2008.12.005/ASSET/
C8D332CB-5C61-4F71-A8C9-756D03E7E65D/MAIN.ASSETS/GR2.JPG

Ramakrishnan, C., and Ramachandran, G. N. (1965). Stereochemical criteria for
polypeptide and protein chain conformations: II. Allowed conformations for a pair
of peptide units. Biophys. J. 5, 909-933. doi: 10.1016/S0006-3495(65)86759-5

Riechmann, J. L., Wang, M., and Meyerowitz, E. M. (1996). DNA-binding properties of
arabidopsis MADS domain homeotic proteins APETALA1, APETALA3, PISTILLATA
and AGAMOUS. Nucleic Acids Res. 24, 3134-3141. doi: 10.1093/NAR/24.16.3134

Rosas-Guerrero, V., Aguilar, R,, Martén-Rodriguez, S., Ashworth, L., Lopezaraiza-
Mikel, M., Bastida, J. M., et al. (2014). A quantitative review of pollination syndromes:
Do floral traits predict effective pollinators? Ecol. Lett. 17, 388-400. doi: 10.1111/
ele.12224

Ruelens, P., De Maagd, R. A., Proost, S., Theiflen, G., Geuten, K., Kaufmann, K., et al.
(2013). Flowering Locus C in monocots and the tandem origin of angiosperm-specific
MADS-box genes. Nat. Commun. 4, 1. doi: 10.1038/ncomms3280

Sakai, S., Kawakita, A., Ooi, K., and Inoue, T. (2013). Variation in the strength of
association among pollination systems and floral traits: Evolutionary changes in the
floral traits of Bornean gingers (Zingiberaceae). Am. J. Bot. 100, 546-555. doi: 10.3732/
2jb.1200359

Salzman, S., Driscoll, H. E., Renner, T., André, T., Shen, S., Specht, C. D., et al. (2015).
Spiraling into history: A molecular phylogeny and investigation of biogeographic
origins and floral evolution for the genus costus. Syst. Bot. 40, 104-115. doi: 10.1600/
036364415X686404

Schilling, S., Gramzow, L., Lobbes, D., Kirbis, A., Weilandt, L., Hoffmeier, A., et al.
(2015). Non-canonical structure, function and phylogeny of the Bsister MADS-box
gene OsMADS30 of rice (Oryza sativa). Plant J. 84, 1059-1072. doi: 10.1111/TPJ.13055

Sen, L., Fares, M. A, Liang, B., Gao, L., Wang, B., Wang, T., et al. (2011). Molecular
evolution of rbcL in three gymnosperm families: Identifying adaptive and
coevolutionary patterns. Biol. Direct. 6, 1-19. doi: 10.1186/1745-6150-6-29/TABLES/5

Shen, W,, Le, S, Li, Y., and Hu, F. (2016). SeqKit: A cross-platform and ultrafast
toolkit for FASTA/Q file manipulation. PloS One 11, €0163962. doi: 10.1371/
journal.pone.0163962

Shen, Y., Rao, Y., Ma, M., Li, Y., He, Y., Wang, Z,, et al. (2024). Coordination among
flower pigments, scents and pollinators in ornamental plants. Hortic. Adv. 2, 6.
doi: 10.1007/s44281-024-00029-4

Siméo, F. A., Waterhouse, R. M., Ioannidis, P., Kriventseva, E. V., and Zdobnov, E. M.
(2015). BUSCO: Assessing genome assembly and annotation completeness with single-
copy orthologs. Bioinformatics 31, 3210-3212. doi: 10.1093/bioinformatics/btv351

Smith, M. D., Wertheim, J. O., Weaver, S., Murrell, B., Scheffler, K.,
Kosakovsky Pond, S. L., et al. (2015). Less is more: an adaptive branch-site random
effects model for efficient detection of episodic diversifying selection. Mol. Biol. Evol. 32,
1342-1353. doi: 10.1093/MOLBEV/MSV 022

Smith, S. D., Wang, S., and Rausher, M. D. (2013). Functional evolution of an
anthocyanin pathway enzyme during a flower color transition. Mol. Biol. Evol. 30,
602-612. doi: 10.1093/molbev/mss255

Frontiers in Ecology and Evolution

10.3389/fevo.2026.1750171

Specht, C. D. (2006). Systematics and evolution of the tropical monocot family
costaceae (Zingiberales): A multiple dataset approach. Syst. Bot. 31, 89-106.
doi: 10.1600/036364406775971840

Specht, C. D., and Howarth, D. G. (2015). Adaptation in flower form: A comparative
evodevo approach. New Phytologist. 206, 74-90. doi: 10.1111/nph.13198

Stanke, M., Steinkamp, R., Waack, S., and Morgenstern, B. (2004). AUGUSTUS: A web
server for gene finding in eukaryotes. Nucleic Acids Res. 32, W309-W312. doi: 10.1093/nar/

gkh379

Sun, J. W. C,, Sharifi, M. R, and Rundel, P. W. (2022). Plasticity in compensatory
growth to artificial defoliation and light availability in four neotropical understory and
forest edge herb species. Biology 11, 1532. doi: 10.3390/BIOLOGY11101532

Sunil, L., and Shetty, N. P. (2022). Biosynthesis and regulation of anthocyanin
pathway genes. Appl. Microbiol. Biotechnol. 106, 1783-1798. doi: 10.1007/S00253-
022-11835-Z

Takada, S., Hibara, K. I, Ishida, T., and Tasaka, M. (2001). The CUP-SHAPED
COTYLEDONT1 gene of Arabidopsis regulates shoot apical meristem formation.
Development 128, 1127-1135. doi: 10.1242/DEV.128.7.1127

Tamura, K., Stecher, G., and Kumar, S. (2021). MEGA11: molecular evolutionary
genetics analysis version 11. Mol. Biol. Evol. 38, 3022-3027. doi: 10.1093/molbev/
msab120

Theissen, G., and Melzer, R. (2007). Molecular mechanisms underlying origin and
diversification of the angiosperm flower. Ann. Bot. 100, 603-619. doi: 10.1093/aob/
mcm143

Timerman, D., and Barrett, S. C. H. (2021). The biomechanics of pollen release: new
perspectives on the evolution of wind pollination in angiosperms. Biol. Rev. 96, 2146
2163. doi: 10.1111/BRV.12745

Valderrama, E., Sass, C., Pinilla-Vargas, M., Skinner, D., Maas, P. J. M., Maas-van de
Kamer, H., et al. (2020). Unraveling the spiraling radiation: A phylogenomic analysis of
neotropical costus L. Front. Plant Sci. 11. doi: 10.3389/FPLS.2020.01195/BIBTEX

Valderrama, E., Landis, J. B., Skinner, D., Maas, P. J. M., Maas-van de Kramer, H.,
André, T,, et al. (2022). The genetic mechanisms underlying the convergent evolution
of pollination syndromes in the Neotropical radiation of Costus L. Front. Plant Sci. 13.
doi: 10.3389/fpls.2022.874322

Vargas, O. M., Goldston, B., Grossenbacher, D. L., and Kay, K. M. (2020). Patterns of
speciation are similar across mountainous and lowland regions for a Neotropical plant
radiation (Costaceae: Costus). Evol. (N Y). 74, 2644-2661. doi: 10.1111/EV0.14108

Veeckman, E., Ruttink, T., and Vandepoele, K. (2016). Are we there yet? Reliably
estimating the completeness of plant genome sequences. Plant Cell. 28, 1759-1768.
doi: 10.1105/tpc.16.00349

Veron, A. S., Kaufmann, K., and Bornberg-Bauer, E. (2007). Evidence of interaction
network evolution by whole-genome duplications: A case study in MADS-box proteins.
Mol. Biol. Evol. 24, 670-678. doi: 10.1093/MOLBEV/MSL197

Waterhouse, A., Bertoni, M., Bienert, S., Studer, G., Tauriello, G., Gumienny, R., et al.
(2018). SWISS-MODEL: Homology modelling of protein structures and complexes.
Nucleic Acids Res. 46, W296-W303. doi: 10.1093/nar/gky427

Waterhouse, R. M., Seppey, M., Simao, F. A., Manni, M., Ioannidis, P., Klioutchnikov,
G., et al. (2018). BUSCO applications from quality assessments to gene prediction and
phylogenomics. Mol. Biol. Evol. 35, 543-548. doi: 10.1093/molbev/msx319

Wingett, S. W., and Andrews, S. (2018). FastQ Screen: A tool for multi-genome
mapping and quality control. FI000Res 7, 1338. doi: 10.12688/f1000research.15931.2

Yang, L., Zhang, S., Chu, D., and Wang, X. (2024). Exploring the evolution of CHS gene
family in plants. Front. Genet. 15. doi: 10.3389/fgene.2024.1368358

Yockteng, R., Almeida, A. M. R., Morioka, K., Alvarez-Buylla, E. R., and Specht, C. D.
(2013). Molecular evolution and patterns of duplication in the SEP/AGL6-like lineage
of the zingiberales: A proposed mechanism for floral diversification. Mol. Biol. Evol. 30,
2401-2422. doi: 10.1093/molbev/mst137

Zdobnov, E. M., Tegenfeldt, F., Kuznetsov, D., Waterhouse, R. M., Simao, F. A,
Toannidis, P., et al. (2017). OrthoDB v9.1: cataloging evolutionary and functional
annotations for animal, fungal, plant, archaeal, bacterial and viral orthologs. Nucleic
Acids Res. 45, D744-D749. doi: 10.1093/NAR/GKW1119

Zhang, Z., Zou, W,, Lin, P., Wang, Z., Chen, Y., Yang, X,, et al. (2024). Evolution and
function of MADS-box transcription factors in plants. Int. J. Mol. Sci. 25, 13278.
doi: 10.3390/1JMS252413278

Zhang, T, Li, C, Li, D, Liu, Y,, and Yang, X. (2020). Roles of YABBY transcription
factors in the modulation of morphogenesis, development, and phytohormone and
stress responses in plants. . Plant Res. 133, 751-763. doi: 10.1007/S10265-020-01227-7/
FIGURES/2

Zimin, A. V., Margais, G., Puiu, D., Roberts, M., Salzberg, S. L., Yorke, J. A,, et al. (2013).
The MaSuRCA genome assembler. Bioinformatics 29, 2669-2677. doi: 10.1093/
bioinformatics/btt476

Zimin, A. V., and Salzberg, S. L. (2020). The genome polishing tool POLCA makes fast
and accurate corrections in genome assemblies. PloS Comput. Biol. 16, 2669-2677.
doi: 10.1371/journal.pcbi.1007981

frontiersin.org


https://doi.org/10.1093/BIOINFORMATICS/BTU462
https://doi.org/10.1093/nar/gkaa913
https://doi.org/10.1073/PNAS.1719588115/SUPPL_FILE/PNAS.1719588115.SAPP.PDF
https://doi.org/10.1007/978-981-16-4955-4_17
https://doi.org/10.1007/978-981-16-4955-4_17
https://doi.org/10.1038/s41598-024-62049-4
https://doi.org/10.1038/s41598-024-62049-4
https://doi.org/10.1093/aob/mcp031
https://doi.org/10.1002/jcc.20084
https://doi.org/10.1007/S00425-017-2781-X
https://doi.org/10.1007/S00425-017-2781-X
https://doi.org/10.1016/j.cub.2012.02.010
https://doi.org/10.1016/J.TPLANTS.2008.12.005/ASSET/C8D332CB-5C61-4F71-A8C9-756D03E7E65D/MAIN.ASSETS/GR2.JPG
https://doi.org/10.1016/J.TPLANTS.2008.12.005/ASSET/C8D332CB-5C61-4F71-A8C9-756D03E7E65D/MAIN.ASSETS/GR2.JPG
https://doi.org/10.1016/S0006-3495(65)86759-5
https://doi.org/10.1093/NAR/24.16.3134
https://doi.org/10.1111/ele.12224
https://doi.org/10.1111/ele.12224
https://doi.org/10.1038/ncomms3280
https://doi.org/10.3732/ajb.1200359
https://doi.org/10.3732/ajb.1200359
https://doi.org/10.1600/036364415X686404
https://doi.org/10.1600/036364415X686404
https://doi.org/10.1111/TPJ.13055
https://doi.org/10.1186/1745-6150-6-29/TABLES/5
https://doi.org/10.1371/journal.pone.0163962
https://doi.org/10.1371/journal.pone.0163962
https://doi.org/10.1007/s44281-024-00029-4
https://doi.org/10.1093/bioinformatics/btv351
https://doi.org/10.1093/MOLBEV/MSV022
https://doi.org/10.1093/molbev/mss255
https://doi.org/10.1600/036364406775971840
https://doi.org/10.1111/nph.13198
https://doi.org/10.1093/nar/gkh379
https://doi.org/10.1093/nar/gkh379
https://doi.org/10.3390/BIOLOGY11101532
https://doi.org/10.1007/S00253-022-11835-Z
https://doi.org/10.1007/S00253-022-11835-Z
https://doi.org/10.1242/DEV.128.7.1127
https://doi.org/10.1093/molbev/msab120
https://doi.org/10.1093/molbev/msab120
https://doi.org/10.1093/aob/mcm143
https://doi.org/10.1093/aob/mcm143
https://doi.org/10.1111/BRV.12745
https://doi.org/10.3389/FPLS.2020.01195/BIBTEX
https://doi.org/10.3389/fpls.2022.874322
https://doi.org/10.1111/EVO.14108
https://doi.org/10.1105/tpc.16.00349
https://doi.org/10.1093/MOLBEV/MSL197
https://doi.org/10.1093/nar/gky427
https://doi.org/10.1093/molbev/msx319
https://doi.org/10.12688/f1000research.15931.2
https://doi.org/10.3389/fgene.2024.1368358
https://doi.org/10.1093/molbev/mst137
https://doi.org/10.1093/NAR/GKW1119
https://doi.org/10.3390/IJMS252413278
https://doi.org/10.1007/S10265-020-01227-7/FIGURES/2
https://doi.org/10.1007/S10265-020-01227-7/FIGURES/2
https://doi.org/10.1093/bioinformatics/btt476
https://doi.org/10.1093/bioinformatics/btt476
https://doi.org/10.1371/journal.pcbi.1007981
https://doi.org/10.3389/fevo.2026.1750171
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

	Molecular evolution of floral development genes in spiral gingers with divergent pollination syndromes
	Introduction
	Material and methods
	Genome assembly and retrieval
	Additional individual gene retrieval and alignment
	Evolutionary analyses
	In silico prediction of protein structures
	Structural impacts of amino acid substitutions on proteins

	Results
	Genome assembly and annotation of Costus
	Evolutionary history and signatures of selection in floral developmental genes
	Structural modeling and comparative mutational analyses of floral regulatory proteins
	Structurally conserved floral regulatory proteins between Costus species
	Lineage-specific structural divergence between Costus bracteatus and Costus zingiberoides

	Discussion
	Evolutionary dynamics and selection patterns in floral morphology candidate genes linked to pollination syndromes
	Structural changes and positive selection

	Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


